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Abstract 
A multimodal optomechatronics system is presented for 

measuring and monitoring change in cultural heritage objects 

exposed to environmental condition fluctuations or conservation 

treatments. It combines structured light, 3D colour digital image 

correlation and multispectral imaging, delivering information about 

an object's 3D shape, displacements, strains and reflectivity. The 

high functionality and applicability of the system are presented with 

the example of historical parchment subjected to changes in relative 

humidity. 

Motivation  
The influence of environmental conditions on Cultural 

Heritage Objects (CHOs) usually results in changes to their physical 

and mechanical properties. The heritage science community is 

conducting extensive research to understand, document and monitor 

the slightest changes occurring in CHOs, and use the information 

towards archiving and preventive conservation [1]–[4]. Full-field 

optical measurement methods, which are non-destructive, and non-

contact monitoring tools, are a common strategy for documenting 

and assessing changes in CHOs. Their advantages also include the 

capability to provide shape and displacement data with different 

sensitivities, measurement ranges, and spatial, spectral, and 

temporal resolutions depending on the application needs, while they 

can often be used in situ. Such optical methods include coherent 

light (holographic and speckle interferometry, grating 

interferometry) [2], [4] and noncoherent light methods 

(photogrammetry [5], [6], moiré fringe methods [3], structured light 

methods (SL) [7], [8], digital image correlation (DIC) [9], 

multispectral (MS) and hyperspectral imaging [10]–[12]. 

In particular, incoherent light approaches have been included 

in the daily practices of conservators and museum professionals 

throughout the last decades. This can be attributed to the lower 

hardware requirements, complexity, and expense compared to 

coherent light approaches. Furthermore, the adjustable acquisition 

parameters, minimal operational hazards, and the possibility of 

being operated by non-specialized personnel make them ideal 

everyday tools for conservation scientists. 

However, extracting accurate conclusions regarding an object's 

surface condition typically requires combining multiple pieces of 

information from more than one imaging modality. This task can be 

rather complex, involving the development of instrumentation 

which combines multiple modalities into a unique measurement 

system[13] followed by multimodal and multiscale data fusion 

through post-processing algorithms [14].  

The work presented in this paper follows the latter approach, 

the combination of multiple imaging modalities originating from a 

single system for a multimodal imaging approach. Despite the 

numerous references and existing research for individual modalities 

in the field of Cultural Heritage [15], multimodal solutions 

originating from single setups are scarce and require special 

attention devoted to merging all measured data into a common 

coordinate system. Keeping these in mind, the primary scientific 

objective of this work is to present a multimodal approach in both 

the acquisition and processing of the collected data. To achieve this, 

multiple imaging modalities have been selected to be combined into 

a relatively low-cost device that can be used in situ. The modalities 

selected for the multimodal system described in this work are SL, 

3D colour DIC (cDIC) [16] and multispectral imaging. Using the 

selected modalities, we can monitor in situ and in a non-destructive 

way the:  

• shape (P(x,y,z) 

• reflectivity information (P(λ1,….λi)) 

• full-field displacements, both in-plane U(x,y) and 

V(x,y) and out of plane W(x,y)  

while offering the option for strains estimation through derivatives 

calculations [9]. 

The functionality and applicability of the proposed system are 

presented using the example of a historical parchment exposed to 

changes in relative humidity (RH). Parchment is a complex 

biological material and an important carrier of written cultural 

heritage in the form of manuscripts, books, and scrolls. As a result, 

many research investigations are being conducted to document, 

monitor, and comprehend the physical features of parchment as well 

as the causes of its degradation. 

Experimental Apparatus 
We have developed a custom-made scanner (dimensions 

~60x10x16cm, weight <7kg) capable of recording multimodal 

information using three incoherent light methods, presented in Fig. 

1: structured light, 3D cDIC and multispectral imaging. It is a 

compact system comprised of two colour cameras (Basler ace 

acA4112-8gc) in a stereo configuration, equipped with 16mm 

lenses, an image projector (DLP 3010 EMV-lc, with 

synchronization board) and white LED illumination sources, with 
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two colour temperature options (approx.. 5600K and 3200K) 

(Akurat LL2120hp), mounted on a tripod. Data capturing and 

processing have been realized using Python and MATLAB, while 

DIC analysis is performed using VIC – 3D7 software from 

Correlated Solutions. 

For each modality, sets of images are recorded with different 

illumination schemes. The 3D cDIC data are recorded using the 

white light illumination, and preprocessing of the data involves 

demosaicing, followed by calculating the displacement maps. 3D 

DIC is a method essentially tracking the position of unique intensity 

pattern across subsequent images, though correlation criteria, for the 

calculation of displacements and strains. To optimize the result for 

natural texture objects, we followed the approach described in [16] 

by generating merged displacement and strain maps from the 

individual colour channels based on the optimum correlation for 

each pixel. The structured light method is achieved by capturing 

images of the object under varying illumination patterns projected 

onto the object. Finally, the spectral reflectance content is recorded 

within the visible region of the spectrum utilizing the RGB camera 

channels and the LED illumination of the projector. In an approach 

similar to the one described in [17], [18] the camera sensitivity 

functions, and the projector LEDs' spectral power distributions 

(SPD) have been experimentally measured (Fig.2). The final 

spectral bands result from combining the projector illumination with 

the camera's sensitivity functions. The result is a five-band 

multispectral system, two arising from the combination of the red 

and blue projector SPD with the respective camera channels and 

three more from the green camera channel and its combination with 

the projector SPD for each LED. Therefore, the reflectance modality 

consists of 5 spectral bands, with varying bandwidths distributed 

within the visible part of the spectrum (Fig. 3).  

Proper geometric, colourimetric and spectral calibration 

protocols are performed before each measurement. Then, results are 

extracted for each technique, in terms of the shape, displacements, 

and reflectance factor for each spectral band. Finally, the individual 

modality outcomes are merged into a single dataset which is 

represented by points with multiple information (shape (x,y,z), 

reflectance (λ1,..,λ5), and displacements (U, V, W)), as shown in Fig. 

4. 

Figure 2: Experimentally determined a) normalized camera sensitivity 

functions and b) spectral power distribution of projector primary LEDs. 

Figure 3: Multispectral bands as they were experimentally 

determined from the combination of camera sensitivity functions and the 

LED spectral power distribution. 

Figure 1: The photo of the prototype of the system: C1,C2 – 

cameras, P – digital projector, L1, L2 – light sources, T- tripod. 

Figure 4: The pipeline of multimodal measurement acquisition and 

processing of multimodal data 
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Experimental Scenario 
A historical parchment sample has been chosen for the 

multimodal measurement. It is a handwritten manuscript from the 

fourteenth century with an unknown provenance (Fig. 5). The 

parchment was discovered within a book cover serving as a 

supporting spine strap. The historical material has been mounted 

using a system with elastic hinges as described in [19], [20] and its 

response to naturally varying humidity levels, ranging from 35%-

55%, during a day was monitored.  

The measurements were performed using two different 

protocols:  

 

- Capturing data at the beginning and the end of the RH changes 

using three modalities while the object is in static conditions. 

The static conditions correspond to RH=35% at the beginning 

of the experiment and RH=55% at the end. In both cases, the 

environment was stable for approximately 30mins before the 

data recording. 

- Capturing data during the RH changes with one modality, 3D 

cDIC, to monitor the sample's response. 

 

The recording protocols followed for this experiment are not 

restrictive and can be modified based on the application 

requirements. It is possible to perform a monitoring session with 

recording at consistent time intervals based on the expected 

response time of the object to the external loading. The recorded 

data are image files in bmp and png format, while the output data 

are in bmp, mat and ply format. The input and output data format is 

not restrictive to these categories and can be modified. 

Results 
Through multimodal measurement, we recorded information 

regarding multiple quantities of the object. The recorded datasets 

can be visualized in multiple ways, depending on the application's 

purposes. For example, in Fig. 6a-e, we present details from the 

multispectral data of the sample for RH=35%. An area of the sample 

corresponding to the letter "O" of the manuscript, which is red, fades 

for the spectral bands of 590nm and 624nm (marked with red in 

Figs. 6a-e). The reflectance factor and spectral reconstruction of that 

area correspond to the plot in Fig. 6f. The reflectance factor is 

calculated after flat field correction and dark current removal, for 

each multispectral band at the peak wavelength (Fig. 3). 

In addition to the shape and reflectivity, the in (U, V) and out 

(W) of plane displacements and strains (εxx, εyy, εxy.) of the 

parchment, as a response to the relative humidity fluctuation are also 

recorded. Representative results from displacement and strains 

analysis are shown in Fig.7, where the W displacement map (Fig. 

7a) along with U and V in plane displacements (Fig. 7b, c) and 

strains (Fig. 7d-f) of the historical manuscript are presented for the 

maximum humidity percentage of the experiment (RH=55%). The 

out-of-plane displacement (W, Fig.7a) is low [19] due to the 

presence of the mounting system (Fig. 5a), which prevents the 

sample from significant deformation. At the same time, the in-plane 

displacements (U, V) show the effect of the fixture with almost 

linear terms and peak-to-valley values in the range of 0.3mm (Figs. 

7b and c respectively). The higher strain values are located around 

the edge of the sample and close to the mounting, where while lower 

values are observed in the middle (Figs. 7d-f).  

Conclusions 
We have designed and built a portable, relatively low-cost 

measurement system that enables multimodal data acquisition and 

processing sufficient for archiving, documentation, and structural 

monitoring of various CHOs, under variable external conditions. 

The system, for the first time, offers for each measurement point the 

results, which include shape (x,y,z), reflectance spectra (λ1,...,λ5), 

displacements (u,v,w) and strains (εxx, εyy, εxy.) of the object under 

investigation within a common coordinate system. The functionality 

of the apparatus is illustrated through the example measurement 

session of a historical parchment exposed to RH changes. We 

successfully recorded this parchment's geometrical features, 

displacements, strains, and reflectance content in a noninvasive 

way.  

Figure 5: a) Parchment manuscript and mounting system, 

along with b) the corresponding shape from SL. 

Figure 6: Detail from multispectral dataset of the historical manuscript (the 

wavelength indicates the peak of the band) (a-e), along with the reflectance 

factor of one exemplary point and its spectral reconstruction (f). The origin point 

on the sample is denoted with red colour. 
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The same apparatus can be used also to monitor other CHOs 

and materials sensitive to environmental conditions or undergoing 

conservation treatments. It is additionally possible to analyze 

changes in the 3D shape, reflectance and displacements occurring 

during storage or display to allow conservators to effectively assess 

the condition of the sample and prevent future degradation. 

Depending on the measurement objective, the modalities can be 

used selectively, or combined as proposed herein.  

Acknowledgments 
This research was carried out as part of the CHANGE (Cultural 

Heritage Analysis for New Generation) Innovative Training Network project 

funded by the European Union’s Horizon 2020 research and innovation 

programme under the Marie Skłodowska-Curie grant agreement No. 

813789. The author would also like to thank Dr. Dorota Dzik Kruszelnicka, 

from the Faculty of Conservation and Restoration of Works of Art, Academy 

of Fine Arts in Warsaw Poland, for providing the historical parchment for 

the measurements.  

References 
[1] A. Osman and A. Moropoulou, Eds., Advanced Nondestructive 

and Structural Techniques for Diagnosis, Redesign and Health 

Monitoring for the Preservation of Cultural Heritage, vol. 16. in 

Springer Proceedings in Materials, vol. 16. Cham: Springer 

International Publishing, 2022. doi: 10.1007/978-3-031-03795-5. 

[2] P. K. Rastogi, Ed., Holographic Interferometry, vol. 68. Berlin, 

Heidelberg: Springer Berlin Heidelberg, 1994. doi: 10.1007/978-

3-540-48078-5. 

[3] K. Patorski and M. Kujawińska, Handbook of the Moiré Fringe 

Technique. Elsevier Science, 1993. 

[4] R. S. Sirohi, “Speckle Metrology: Some Newer Techniques and 

Applications,” in International Trends in Optics and Photonics: 

ICO IV, T. Asakura, Ed., Berlin, Heidelberg: Springer Berlin 

Heidelberg, 1999, pp. 318–327. doi: 10.1007/978-3-540-48886-

6_20. 

[5] B. K. Means, “3D Recording, Documentation and Management 

of Cultural Heritage,” Hist Archaeol, vol. 51, no. 4, pp. 582–583, 

2017, doi: 10.1007/s41636-017-0055-x. 

[6] H. M. Yilmaz, M. Yakar, S. A. Gulec, and O. N. Dulgerler, 

“Importance of digital close-range photogrammetry in 

documentation of cultural heritage,” J Cult Herit, vol. 8, no. 4, 

pp. 428–433, 2007, doi: 10.1016/j.culher.2007.07.004. 

[7] M. Karaszewski, R. Sitnik, and E. Bunsch, “On-line, collision-

free positioning of a scanner during fully automated three-

dimensional measurement of cultural heritage objects,” Rob 

Auton Syst, vol. 60, no. 9, pp. 1205–1219, 2012, doi: 

10.1016/j.robot.2012.05.005. 

[8] R. Sitnik, J. F. Krzeslowski, and G. Maczkowski, “Archiving 

shape and appearance of cultural heritage objects using structured 

light projection and multispectral imaging,” Optical Engineering, 

vol. 51, no. 2, pp. 1–8, Mar. 2012, doi: 

10.1117/1.OE.51.2.021115. 

[9] M. A. Sutton, J. J. Orteu, and H. Schreier, Image Correlation for 

Shape, Motion and Deformation Measurements. Springer US, 

2009. doi: 10.1007/978-0-387-78747-3. 

[10] X. Huang, E. Uffelman, O. Cossairt, M. Walton, and A. K. 

Katsaggelos, “Computational Imaging for Cultural Heritage: 

Recent developments in spectral imaging, 3-D surface 

measurement, image relighting, and X-ray mapping,” IEEE 

Signal Process Mag, vol. 33, no. 5, pp. 130–138, 2016, doi: 

10.1109/MSP.2016.2581847. 

[11] N. Yastikli, “Documentation of cultural heritage using digital 

photogrammetry and laser scanning,” J Cult Herit, vol. 8, no. 4, 

pp. 423–427, 2007, doi: 10.1016/j.culher.2007.06.003. 

[12] K. Kosma, M. Andrianakis, and V. Tornari, “Laser-based, non-

invasive monitoring and exponential analysis of the mechanical 

behaviour of materials with structural inhomogeneities in heat 

transfer, towards thermal equilibrium,” Applied Physics A, vol. 

128, no. 10, p. 879, 2022, doi: 10.1007/s00339-022-05968-1. 

[13] R. Sitnik, J. F. Krzeslowski, and G. Maczkowski, “Archiving 

shape and appearance of cultural heritage objects using structured 

light projection and multispectral imaging,” Optical Engineering, 

vol. 51, no. 2, p. 021115, Mar. 2012, doi: 

10.1117/1.OE.51.2.021115. 

[14] E. Saiti and T. Theoharis, “An application independent review of 

multimodal 3D registration methods,” Comput Graph, vol. 91, 

pp. 153–178, 2020, doi: 10.1016/j.cag.2020.07.012. 

[15] M. Hess, L. W. MacDonald, and J. Valach, “Application of 

multi-modal 2D and 3D imaging and analytical techniques to 

document and examine coins on the example of two Roman 

Figure 7: a) Out of plane displacement (W), along with (b, c) in plane 

displacement maps (U, V), and strains (e-f) for RH=55%. 

10 SOCIETY FOR IMAGING SCIENCE AND TECHNOLOGY



 

 

silver denarii,” Herit Sci, vol. 6, no. 1, p. 5, 2018, doi: 

10.1186/s40494-018-0169-2. 

[16] A. Papanikolaou, P. Garbat, and M. Kujawinska, “Metrological 

Evaluation of the Demosaicking Effect on Colour Digital Image 

Correlation with Application in Monitoring of Paintings,” 

Sensors, vol. 22, no. 19, 2022, doi: 10.3390/s22197359. 

[17] R. Shrestha and J. Hardeberg, “Multispectral imaging using LED 

illumination and an RGB camera,” Color and Imaging 

Conference, Jan. 2013. 

[18] A. Sole, I. Farup, and S. Tominaga, “Image based reflectance 

measurement based on camera spectral sensitivities,” Electronic 

Imaging, vol. 2016, pp. 1–8, Feb. 2016, doi: 10.2352/ISSN.2470-

1173.2016.9.MMRMA-360. 

[19] A. Papanikolaou, D. Dzik-Kruszelnicka, and M. Kujawinska, 

“Spatio-temporal monitoring of humidity induced 3D 

displacements and strains in mounted and unmounted 

parchments,” Herit Sci, vol. 10, no. 1, 2022, doi: 

10.1186/s40494-022-00648-y. 

[20] N. Duqueyroix, L. Robinet, and C. Barbe, “Expandable Polyester 

Hinges for Parchment Mounting Performance in Fluctuating 

Environmental Conditions,” Journal of Paper Conservation, vol. 

16, no. 1, pp. 18–28, Mar. 2015, doi: 

10.1179/1868086015Z.0000000002. 

  

Author Biography 
Athanasia Papanikolaou received her master's in Photonics and 

Nanoelectronics from the University of Crete. Currently, she is a PhD 

Candidate at the Warsaw University of Technology and a Marie Curie ITN 

fellow at the EU project CHANGE. Her work focuses on developing a 

portable multimodal device for surface analysis and monitoring of cultural 

heritage objects. 

 

Sony George has been an Associate Professor at The Colourlab, 

Department of Computer Science, NTNU, since 2017. His research interests 

are color imaging, multi/hyperspectral imaging, computer vision, etc. He 

has been active in several EU/National projects related to cultural heritage 

imaging and analysis. 

 

Aditya Sole completed his bachelors from PVGs College of 

Engineering and Technology, Pune University, India in year 2005. In 2007 

he completed his MSc in Digital Colour Imaging from London College of 

Communication, University of the Arts, London, UK. From 2008 til 2012 he 

worked as a Laboratory Engineer at the Norwegian Colour and Visual 

Computing Laboratory, Gjøvik, University College, Gjøvik, Norway. Aditya 

obtained his doctoral degree from the Department of Computer Science at 

Norwegian University of Science and Technology, Gjøvik, Norway in 2019 

and currently is working as an Associate Professor at the Colourlab in the 

department of computer science at the Norwegian University of Science and 

Technology, Gjøvik, Norway mainly focusing his research in the field of 

measuring, understanding, and reproduction of visual appearance.  

 

Giorgio Trumpy is Associate Professor at the Norwegian University of 

Science and Technology and member of the Colourlab in Gjøvik. His main 

interests are optics and spectroscopy, colorimetry and image processing, 

heritage conservation and visual arts. 

Malgorzata Kujawinska PhD DSc., SPIE and OPTICA Fellow, Full 

Professor of applied optics at Warsaw University of Technology. 

International expert in full-field optical metrology, development of novel 

photonics measurement systems, 3D quantitative imaging in engineering, 

cultural heritage and biomedical engineering. Author of one monograph, 

several book chapters and more than 250 papers in international scientific 

journals. The recipient of SPIE 2013 Chandra S. Vikram Award in Optical 

Metrology and 2022 SPIE Denis Gabor Award in Diffractive Optics. 

 

ARCHIVING 2023 FINAL PROGRAM AND PROCEEDINGS 11




