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Resumen

Esta investigacion tiene como objetivo generar un dispositivo que permita la obtencion
de fotografias de dos bandas diferentes del espectro: visible (400-700nm) e infrarrojo cer-
cano (940nm) para construir una imagen en Falso Color mediante edicién fotogréfica;
estas imagenes seran de muestras tomadas de cuadros de menos de 100 pum, para ello
el sistema utiliz6 un microscopio de luz transmitida, que fue adecuado para funcionar
como un microscopio de luz incidente. Esto se lleva a cabo mediante la adaptacion de
componentes segun las necesidades de cumplir condiciones optimas de funcionamiento.
Ademas, se establecen algunos pigmentos base en conjunto con el personal del Instituto
Nacional de Patrimonio Cultural (INPC) con el fin de construir la primera base de datos
de informacion de Falso Color para futuros analisis. Los pigmentos se prepararon con dos
aceites comunes utilizados por pintores histéricos y se encapsularon para la posteridad.
El sistema resultante (MMSI) es un dispositivo capaz de proporcionar imagenes esen-
ciales para la generacién de imagenes FC en un corto tiempo, que se compone de parte
intercambiables y mejorables en cualquier momento. Ademés, MMSI Pigment Checker es
una base de datos que contiene ocho pigmentos que son ttiles para identificar rastros de
pigmentos de al menos 5um de muestras obtenidas de pinturas antiguas. La aplicacion
del sistema en tres muestras de prueba proporcioné informacion necesaria para discernir
e identificar los pigmentos utilizados en pinturas del museo de la Iglesia de San Francisco

en Quito-Ecuador.

Palabras clave: Falso Color, Pigmento, Color, Microscopio, Luz Infrarroja, Luz Visi-

ble, Patrimonio Cultural.



Abstract

This investigation aims to generate a device that assembles photographs from two different
bands of the spectra: visible (400-700nm) and near-infrared (940nm) in order to construct
a False Color image through photo editing; these images were taken from samples of less
than 100pum, for this purpose, the system used a transmitted light microscope, that was
adapted to work as an incident light microscope. This was carried by adapting components
according to the needs of fulfilling conditions for optimal performance. Furthermore, some
base pigments are selected in conjunction with the staff of the INPC in order to construct
the first database of FC information for future analysis. The pigments were prepared
with two common oils used by historical painters and encapsulated for posterity. The
resulting system (MMSI) provides the essential photographs for FC image generation,
which is composed of interchangeable and upgradeable components anytime. Also, the
MMSI Pigment Checker is a database that contains eight pigments that are useful to
identify traces of pigments of at least 3um from samples retrieved from ancient paintings.
The system’s application in three test samples provides information to discern and identify

pigments used in paintings in the museum of the San Francisco Church in Quito-Ecuador.

Keywords: False Color, Pigment, Color, Microscope, Infrared Light, Visible Light,
Cultural Heritage.
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Chapter 1

Introduction

Due to the desire of the National Institute of Cultural Heritage in Ecuador (INPC for its
acronym in Spanish) to dispose of an additional method in its repository to detect and
categorize pigments in a playful, fast and non-destructive way, the design and application
of a system are presented to obtain microscopic photographs in the Visible (VIS) and
Near-Infrared (NIR) ranges. The current system that uses the INPC consist of capturing
general images of artistic works in the Visible (VIS) and Infrared (IR), after those images
are transformed to false color (FC) (figure 1.1). This system provides excellent results
to differentiate pigments; however, this is expensive and require special components such
as a modified reflex camera to be full-spectrum (360-1100nm) [1]; another limitation is
that it only provides information about the superficial pigments and remnants of sketches
before using pigments, this due to the transparency of some of them under IR light.

The system’s development was carried out through some modifications to an optic micro-
scope, such as implementation of probes of light, live image capture device, adjustments
to optimal operating conditions, and others. The main goal is to analyze different layers
of paint for the detection of own or intruder pigments from the epoch of the piece of art
in a non-destructive and quick manner. The system prioritizes the conservation of the

painting since it is not necessary a big sample (less than a millimeter square), and also,

Figure 1.1: “San Agustin entre la Sangre y la Leche” by Miguel de Santiago; image
taken at the San Agustin Church, Quito-Ecuador.
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IR False-colour

Figure 1.2: Procedure of channel changing in order to generate a FC image. [2]

this sample can be typically obtained from the edges of the frame. The analysis technique
is the false color (FC), this is a common technique that is used to differentiate regions
of materials, components, or bodies that are not distinguished from everything that is
observed; it is made through the changing of the color layers of photography, it is shown
in figure 1.2 [2]. The FC is a technique that uses the sensitivity of the materials to a
portion of the IR spectra [3]. In the area of art the FC analysis is a powerful method to
identify a large bunch of pigments for different epochs. The success of the method lies
in the chemical composition of the pigment and its interaction with the IR light. Some
pigments could look similar under the human eye but look different under FC; this means
that the VIS spectra of a two pigments could be similar, however the IR spectra will be
significant different. In the figure 1.3 we can see the comparison of a bunch of pigments

of the 17" century for the visible range with the FC technique [4].

——e e
Pigments checker .. Pigments checker ..
it " | [ | Le: ]

Lithopone

nnnnnnnnnn e Zincwhite | Lead whi |
ccccc 1 [ovpsum
|50 I
B _ e
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Figure 1.3: Pigment checker for VIS and IRFC images [4].
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This work is focused on the most common pigments present in part of cultural heritage
of Ecuador in 17" century. An example of a relevant artist of this epoch is Miguel de
Santiago; a Quiteno painter (1620-1706) who is the author of countless works [5], an
example is the Series of the Christian Doctrine (1670) sheltered in the museum of the San
Francisco Church [6], being one of these paintings object of study in this writing. A set of
pigments such as lead white, azurite, yellow ochre, vermilion, verdigris and others compose
the pigment checker at micro-scale following the requirements of the INPC; those were
prepared with established procedures in historical treatises for authors such as Palomino,
Pachecho or Cennini [7, 8], some of this information could be found in the recovery work

of Parrilla [9].

1.1 Scope of Research

This study scopes to develop a system which allows obtain photographs in the visible
and infrared range of microscopic samples in order to generate false color images. The
system will be focused to collect a bunch of information about pigments of 17" century
present in paintings. The stratigraphic analysis of a sample from a picture will show
important information about repaintings, restorations, authenticity, and other aspects. It
will land into the establishment of a pigment checker of the most important colors of the
epoch mentioned above. Now, cultural heritages of all the countries are invaluable objects
that have to be preserved through the time but also has to be certificated as originals.
However, non-destructive analyses are not always available or are really expensive. For
that reason is important to develop new techniques to allow the investigation of low cost

and without the need of special training.

1.2 Objectives

1.2.1 Principal Objective

The main objective is to obtain false color images at micro-scale of pigments from 17
century in the cultural heritage of Ecuador through the adaptability of simple stuff into

a light microscope.
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1.2.2 Specific Objectives

e To design the components of a normal multi-spectral system for a microscope.
e To calibrate the system with the best possible configuration.

To create a pigment checker for specific colors of 17" century.

To establish an adequate transformation procedure of images to false color.

To apply the system on painting consider as cultural heritage in Ecuador.

1.3 Outline

This research work contains five chapters. The first one is a brief introductory information
about False Color, history of pigments and the Instituto Nacional de Patrimonio Cultural
(INPC) role. The chapter two contains deep information about False Color (FC), light
microscopy, Multi-Spectral Imaging system (MSI) and color models. The third chapter
involves the experimental Micro Multi Spectral Imaging (MMSI) through three stages and
the pigment checker construction. The fourth chapter comprise the resulting MMSI device
and pigment checker, application, MMSI capacity and discussion. Finally, conclusions and

recommendations in chapter 5.



Chapter 2

Theoretical Background

2.1 False Color (FC)

The FC image analysis, or pseudo color image analysis, is a well know technique that
is applied to make a photography more compressible and to find out invisible details, it
means that the FC helps to shows hidden information that is not perceptible with the
human sight. This is due to that a material is able to reflect light in the infrared (IR) or
ultraviolet (UV) spectrum which is not possible to see with the human eyes. So, In order
to make useful the information in those spectrum ranges the FC use these to distinguish
regions of colors that are similar or that even do not appear different on the real color
image [10]. Finally, it is important to mention that this technique is mostly qualitative
than quantitative. Certainly, the FC is widely applied in several areas such as in military,
astronomic, geological, digital, artistic and others fields. For example, in the military field
it is possible to construct an FC image in gray scale (fig. 2.1a) using a pair of detectors
in order to segment some details with facility [10]. Another example of FC image is
presented in figure 2.1b, which shows the observation of Carina Nebula in a visible and

FC color composition that was also constructed with two detectors in VIS and IR [11].

2.1.1 How to make a FC image

In this field of image analysis it is possible to find several kinds of FC transformations.
Most commonly the way to transform a current image into a FC image is to change the
color channels (Red-Green-Blue (RGB)) into certain order using a image taken with IR,
UV or just VIS probes, it is necessary at least two of them. This procedure has a huge
amount of manners to construct the FC, since we can choose how to organize the channel
using any kind of source. For example, it is possible to use an IR image to replace the red
channel and let out the blue channel, in other way is available to use a Ultra Violet (UV)
image to replace the blue channel skipping the red channel; finally it is probable to choose
just disorder the channels in order to have different colors. However it is necessary to take

into account some aspects in order to choose how to transform a photograph. First it
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(a) Aerial image for VIS and FC.[10] (b) Carina nebulous in VIS and FC. [11]

Figure 2.1: Examples of FC images in different fields of study in order to show the wide
applicability of the FC analysis; in the figure (a) the process was through the
assignment of layers with different information in the VIS and IR [10], the figure (b) the
FC image was constructed using the data of the band coded by Smith as MSX
(6.8-10.8 pum) [11].

is necessary to establish the equipment available and the conditions in which is possible
to take the photographs and also is really important to have a data base with identified
components in the photograph that allow the comparison between the experiment and the
known previous. Nonetheless, the figure 2.2 shows the comparison of three types of FC
color transformation for two similar pigments (Malachite and Cadmium Green) [12]; the
transformations are: infrared false color (Infrared-False Color (IRFC)), ultraviolet false
color (Ultra Violet-False Color (UVFC)) and a not conventional FC transformation that
move the channels in a different order (Disorder-False Color (D-FC)). The procedure to

change the color channels is summarized in the table 2.1.

Table 2.1: Some examples of FC transformation procedures.

FC Transf. | Images Involved Procedure Result
IRFC VIS-IR G—-B R—-G,IR—-R | IRGB
UVFC VIS-UV G—-R,B—G,UV—B| GBUV
D-FC VIS G—-R,B—+G R—B GBR

The photographs (VIS, IR and UV) of the whole pigment checkers were downloaded
from the web of Cosentino [4] and those were transformed into the correspond FC images

(the process will be detailed in the next section). For the case of the two pigments
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Figure 2.2: Examples of FC transformations in two common pigments of the 17"

century (1.VIS, 2. IRFC, 3. UVFC, 4. D-FC) [4].

presented in the figure we can see that the powerful method is the IRFC transformation
which shows the highest differentiability; this is the goal of the FC: bring out details of

each region of color that are not distinguishable with a regular photography.

2.2 Light Microscopy

One of the most affordable field of microscopy is the light microscopy due to its relative
low cost, high applicability and handy operation procedures. For logistic purposes of this
investigation will be consider just two types of microscopes; the first one is the transmitted
light microscope (Transmitted light Microscope (TLM)) and as its name suggests it allows
to pass the light through the sample; on the other hand is the incident light microscope
(Incident light Microscope (ILM)), which irradiate light on the surface of the sample [13].
Considering that the proposed system needs to have its own sources of light the useful
structure of a microscope are all the lenses that compose its column, so in the figure
2.3 is presented the lenses for each type of light microscopes. The reason to mention
both microscopes is because the INPC requires the application of the system in a TLM,
however a target of this write is to see the surface of the sample and this is a characteristic
of an ILM. Consequently it is important to know and understand both types because it
is necessary to transform a TLM into a ILM. The microscope provided by the INPC is
a Olimpys Bh2 with objectives for 4x, 10x, 20x, 40x and 100x magnifications and 10x

ocular magnification.
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Figure 2.3: Lens configuration for two kinds of light microscopes: TLM, which make
pass the light through the sample and ILM, wich irradiate the surface of the sample
being a Reflector the special part of the ILM, this focus the beam into the sample.

2.3 Background Information: Multi-Spectral Imag-
ing (MSI)

The MSI system is a common structure implemented in several fields of investigation
such as biology, food safety and quality or art [16, 17, 18, 19, 20, 21]; in general those are
composed by a detector, sources of light, samples and software. So, for the purposes of
this work, the system is based in the MSI system that is currently used in the INPC. This
system was acquired from Cultural Heritage Science Open Source (CHSOS) organization
in Italy owned by Antonino Cosentino (https://chsopensource.org). Consentino provided
to the laboratory of the INPC the whole equipment and training to use the MSI in the

investigations of cultural heritage in Ecuador since 2013.

2.3.1 Components

All the components are detailed in the table 2.2 and are presented in the Attachment A.
The core item in the system is the modified reflex camera which is a Digital Single-Lens
Reflex (DSLR) camera without the IR cut-off filter that is near the sensor[1], the process

to modify this camera can be found in the Life Pixel web page (www.lifepixel.com).
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Figure 2.4: Range of detection for the Nikon D800 which is able to detect from the UV
(360nm) until the IR (1100nm) and InGaAs camera that is specialized in the detection
of the furthest part of the NIR (1700nm) [12].

The characteristics of this specific camera make possible the generation of extra-high
quality images; first the modification allows, in conjunction with the InGaAs camera, the
detection of all the spectrum (IR-VIS-UV), as shown in figure 2.4; each nomenclature
in the figure represent the usefulness of the band (R—Reflectography, FC— False-Color
and F—Fluorescence) [12]. Furthermore, the term “Digital” suggest the possibility to
tethered the camera to a computer in order to operate features as shutter time, aperture,
ISO, focus and to take pictures without touching the camera that should be very still
during all the process. It is important to mention that always is crucial to use the color
checker, which will provide a color, a frame and a gray scale frame of reference.

The Rest of the equipment will be necessary on specific occasions. For example,
another essential part of this system is the Gigapan (Gigapan (GP)), it holds the camera
and move the focus area, however if it is necessary just one photo to see the whole artistic
picture with enough resolution, the GP will rest. The use of either of the two lenses will
depend on the size of the portrayal. Also, the attachment of a certain filter and the use

of a probe will bank on the required range of spectra that will be captured.

2.3.2 Photo-taking

The process to generate a photography to analysis is not complicated but is laborious.
Following the process of Cosentino, learned in the INPC, the first step is to determine
if the painting is big enough to use the GP. If it is needed the GP, the base tripod is
placed at approximately 2 meters (20mm lens) or 4 meters (200mm lens) from the object
to photograph, it is important to adjust the tripod in a way that the camera will finally
be at the center of the frame (Attachment B). Next, the GP is attached to the camera
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Table 2.2: Multi-spectral image system components (Showed in Attachment A).

Component Specification
) 36 MP
Camera Nikon D800 Modified Sensor for full spectrum detection.
InGaAs camera BOBCAT-320-Star
GigaPan EpicPro SN:P006813ZRL

Nikkor 200mm 1:4
Nikkor 20mm 1:3.5.
UV filter 403nm
Filters Band-pass VIS filter (400-700nm)
IR filter (1000nm)
Incadecent Smith-Victor Q60
UV lamp XeLED N1 3UV-R4-AC.
Manfroto 190XDB
Smith-Victor Raven RSS8.
Color Checker 10cm
Different binders (gum arabic
egg tempera, linseed oil and fresco.)[22]

Nikon Lenses

Lamps

Tripods

Pigment Checkers

and it is programmed to align the camera with certain area of the painting to take a
photography of just that region; the establishment of the camera capture conditions, the
focus and the shot are made from a computer with the software provided by the camera’s
manufacturer. The GP will move the camera with high precision along all the canvas, as
showed in figure 2.6, following the numerical sequence (for further information about the
performance of the GP visit https://gigapan.com). All photo pieces are joined to have a
super-high quality image for about 10k x 10k pixels.

Once the system is ready, it is the moment to take the photographs for a single portion
of the spectra. For a VIS or IR image, it is placed the VIS or IR filter, respectively, in the
lens and the incandescent lamps aim to the painting; for the UV image, it is necessary
to bath the picture with the UV probes along all the area and next let those fixed in the
tripods to take a photograph. In the figure 2.5 is shown an example of the light path for
the case of IR photography.

2.3.3 Image Processing

The usage of the system requires two previous treatments before the FC transformation.
The first one corresponds to the alignment of the bunch of images using the program

Hugin Panomara [24]; this provides useful tools to join and balance all the photographs
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Figure 2.5: Set configuration for a IR photograph. [23] Using halogen lamps is possible
to irradiate a frame with VIS and IR light, in case to need a VIS image it is just
necessary use a VIS filter and for a IR photo is used the IR filter, it is important to
mention that for the FC analysis the detector must keep it position for every photo.

Figure 2.6: Schematic view of each portion of canvas to capture with help of the GP.
The GP is the device that allows the precise motion of the camera in order to
photograph a part of the paint for the previous construction of high quality image of
the whole frame.
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Figure 2.7: Methodological FC image generation process using PS.

mostly automatically. The next step corresponds to the white balance of the whole image
using or not the color checker; it is carried out with the program UFRaw [25], and it
also permits the change of file type ((RAW—.jpg) that will be needed to begin the FC
transformation. The white balance helps to control how the colors are captured since
those could be a little bit different if there is a distinct amount or type of light [26]. In the
same way, the steps to balance the photo are presented in attachment C. These processes
are the same for the VIS, IR, and UV images.

The last step is to move the color channels in the transformed images in order to
generate the false color. This process is realized with the program Adobe Photoshop Cs6
(https://www.adobe.com/la/products/photoshop.html) and it is presented in the figure
2.7 [27]. Finally, It is important to mention that, for reasons later mentioned, just the

process using PS will be applied for the final system and analysis.

2.4 Color Analysis

There exists several kinds of models to register numerically certain color such as RGB |
CMY YIQ, HSI or CIE-L*a*b* color models. One of the most used is the RGB model and

consist into assign a number between 0 to 255 for tree coordinates in order to compose a
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color; in the 0,0,0 corner is considered the absence of color and 255,255,255 corner (the
opposite corner) is called white, the rest of the edges correspond to a certain color R for
red, G for green, B for blue and their combinations. This model could be appreciated
visually as a perfect cube in the figure 2.8a [28]. The RGB model is one of the most used
for screens of technological devices and also it will be used in this investigation to collect
the color information.

In the other hand, the CIE-L*a*b* system is useful in the color science in order to
compare two colors that, for the purposes of this write, will be an important aspect. This
system works with the following values: L* that correspond to the lightness of the color
and could be between 0 (black) and 100 (white), a* correspond to a position between
-128 (negative means green) and 128 (positive means red) or green and b* correspond
to a position between -128 (negative means blue) and 128 (positive means yellow). This
system can be represented as a sphere (fig. 2.8b) [29]. In order to compare two colors
first is calculated the variance of each L*a*b value of both colors and next the Color
Difference (AE); this value is obtained using the following equation. Finally, according
to Mokrzycki ([30]) AE can be from 0 to 100 where the first one correspond when two
colors are completely equal and the second means a completely divergence of two colors;
so it is important to establish a limit in AE in dependence of needs of the analysis that,

in the case of this write, will be establish in the next chapters.

N |=

A(E) = [(A(L#))* + (Aa")* + (A(}7))?] (2.4.1)

2.5 State-of-the-Art:

The main character that is postulated as reference in this work is Cosentino, who has a
vast trajectory in the analysis of pigments using multi-spectral images. A recent report
shows the application of transmitted multi-spectral imaging (MSIT) images in a canvas
with a bunch of pigments; it provides significant results in the detection of different layers
of colors that could help with the detection of sketches, repaints or hidden information
[31]. The figure 2.9 shows the apparition of some pigments that are under a layer of a
whitish color (titanium white). This method can be joined with the proposal device in

the writing since the MSIT could detect areas with inconsistencies meanwhile the other
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Figure 2.8: Main Color Models for the MMSI. (a) is the model that will be used to the
sampling of pixels in the generated image, this will provide a set of 3 numbers, next this
information will be transformed in the model in (b) that will be useful for the data
analysis.

could deeply analyze those regions. Also, Cosentino shows a microscopic image (fig.2.10
) of a cross-section of a composition of blue pigment (Egyptian blue) with a white one
(titanium white); it gives a projection of what will be seen with the proposed system.
More examples of FC applicability in Cultural Heritage are presented by Barbu,
Aguilar, Dolezynska, and Delaney in their different investigations, all of them driven
by the characterization of pigments. Barbu used the results of IRFC and X-Ray flu-
orescence spectrometry analysis to identify a total of 240 standard pigments; she also
adapted a portable microscope with IR and VIS probes in order to collect photos of spe-
cific areas to transform into FC to the fast and preliminary identification of pigments,
this work was performed in the picture from Doamnei church in Romania [32]. Aguilar et
al. also studied the behavior of pre-hispanic and colonial pigments from Mexico under FC
analysis using the non-destructive method just by taking VIS and IR photographs and
mixing the color channels; they conclude with the recommendation of a wide database
of pigments and also the posterior confirmation of results using XRF measurements and
Raman spectroscopy [33]. Dolezynska and Klisinska worked in recognition of the palette
of colors of an influential Polish painter Rafat Hadziewicz; also, they used IRFC, XRF,
FTIR and join the SEM-EDS technique; for the last one bring out the possibility to ana-
lyze a cross-section area of the pigments [34]. Delaney et al. scoped to the visualization

of preparatory sketches, the identification of non-original materials, and, as always, the
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Figure 2.9: Transmitted Multi-Spectral imaging example. The frame was prepared with
different pigments and a base above those, the image was taken putting the source of
light behind the frame and it shows the possibility to obtain information of hidden
areas of paint. [31].

Figure 2.10: Stratigraphic image of blue and white pigments to show the model of a
batch of pigments arranged one on top of the other [31].

mapping of authors pigment; they used two hyperspectral cameras (400-900nm and 950-
1700nm); in this case, the analysis was applied into Picasso and 13" century paintings
and they conclude saying that the mixing of techniques will improve the quality of the
results exponentially [35]. Finally, in the figure 2.11 show an example of an FC image for
each author cited before.

Furthermore, Cosentino constructs several transmitted spectra for pigments such as

Vermilion, Madder lake, and Alizarin 2.12 using an ASEQ LRI spectrometer; these plots

(a) Painting from (b) Painting from (c) the Portrait (d) Madonna and
Doamnei church a Teotihuacan of a Young Child with Four
[32]. painting [33]. Woman [34]. Angels [35].

Figure 2.11: FC image examples for different investigators.
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Figure 2.12: Transmittance spectra of a batch of red pigments in order to see the
similarities and differences of those in the IR band (above 750nm) [31].

bring out the differences in the collected light (transmitted in this case), which are the
details that the FC will use to discern two similar pigments. The figure allows the analysis
of the differences of three red pigments, more or less in the VIS range the colors are similar;
however, it is necessary to look for big differences: around 675nm Vermilion and Madder
lake have the bigger differentiation, and around 900nm Alizarin differs from the other two
pigments [31]. These important regions are called spectral bands and are useful in the
selection of probes and filters in the MSI in order to obtain the best FC transformation.

Hayem et al. [36] realized a deeper study of the spectral bands; her main objective
was to construct some FC procedures on the dependence of the pigments analyzed; as
mentioned before, the construction of spectra is fundamental in order to obtain an ac-
ceptable FC. First, Hayem established a database of 20 pigments from the 17" Century
and were prepared with linseed oil; also, she clarifies that the pigments were not prepared
with ancient recipes. Once they obtain the canvas with each pigment, the procedure was
the color channel changing with reflected photographs taken in the 400-1000nm spectra.
The spectra were constructed through the measure of reflectance information in the men-
tioned range for each pixel in the photo. So they analyze the spectra looking for the bigger
differences between a family of pigments and choose three spectra bands to use in the R,
G, and B channels. For example, in a set of blue pigments, the best spectral bands are
in B= 483nm, G= 735nm and R= 986nm (fig. 2.13); those were chosen to look for the
bigger discrepancies in the spectra between the pigments, i.e., 483nm band permits the

differentiation of Smalt and Lapis, on the other hand, 735nm band allows to differentiate
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Figure 2.13: Establishment of spectral band in a set of blue pigments in order to
determine the best bands for the construction of a FC transformation for the adequate
differentiation of the blue pigments [36].

Azurite and Lapis from the other two and finally 986nm band will make differ Azurite
and Indigo from Smalt and Lapis. All these groups of affirmations will make possible the

discernment between these blue pigments.



Chapter 3

Experimental Procedure

The objective is to adapt the MSI system into the microscope to obtain the necessary
images to have FC photos but, for a beginning experiment, just to IRFC. It is important
to test and to establish the optimal components and conditions, in dependence with the
needs and possibilities in which the Microscopic Multi-Spectral Imaging (MMSI) system
provide the best results. Before to starting the application of the MSI into the micro-
scope Olympus BH2, it was important to verify the state of this; due to it was a while
without use, the microscope pass through a quick maintenance which was established and
supervised by the laboratory. The relevant components for the purposes of the MMSI
are: ocular, extension tube with projection eyepiece, prisms and objectives (Attachment

D). So, the experimentation with the MMSI is described in three stages below.

3.1 MMSI Stage 1

For this first try the MSI is put into action using the BH2 using a standard sample of a

Koran Book which contains red and green pigments.

3.1.1 Column

D800 Prlsm
Filter Ocular Objective

Q
o
I £
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M @ 3.

Haloge!

lamp

Detector Mlcroscope

Figure 3.1: Column for the MMSI stage I, using a DSLR camera, microscope and
halogen illumination.
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Table 3.1: Components for MMSI Stage I.

Specific Phase Components
Computer Software: ControlMyNikon V4.2
Nikon D800
Tripod
Horizontal arm
Lens
Vis filter (400nm — 700nm)
Filter IR filter (1000nm)
Filter Adapter
Ocular
Microscope Objectives (4x, 10x, 20x, 40x, 100x)
General Structure
Holegen: Goose-neck, bulb
IR: 3x LED Clusters (BL016-15-28)
Lego Structure
Universal AC-DC adaptor

Detector

Probes

According with the figure 3.1, the column for the stage I is composed by the items of
the original MMSI as the modified camera Nikon D800 with a external filter, additionally
the microscope and the sources of light that hits the sample at any specific angle or place.
The filters and the sources will be placed in dependence of the photography that is being
taken: VIS or IR.

3.1.2 Components and Procedure

The stage I will precisely needs all the items detailed in table 3.1 to work properly.
Before starting it is important to place the battery (charged) and the lens with the filter;
in addition is important to put a protection (ex: ring of cotton) in the ocular to avoid
scratches in the filters due to closeness between filter and ocular. In the case of the
probes, those require a manner to hold the lamps near the sample; the halogen bulb will
use a goose-neck that will be attached to a table, this is powered directly from the 110V
plug. The IR probes will be attached to the microscope via a structure constructed with
metallic Lego pieces (fig. 3.2a), those need DC current of 6-8 volts, for this it is used a
universal AC-DC adaptor with dimmable voltage (1.5 to 12 V).

The process to assemble this stage starts with the positioning of the Nikon D800 into
a horizontal arm and this, in turn, is attached into the tripod; next, in the computer, it is

necessary the live-image function provided by the camera in order to line up properly the
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light path that ends in the camera. Next, the probes are placed near the sample in the
mechanical stage with the respective power supply and the procedure can start. The first
photography is going to be for VIS spectra; with the halogen bulb turned on and seeing
the screen of the computer the microscope and the camera’s lens are manipulated to get
a well focus image with any objective lens. After that, the IR probes will be turned on
and the IR filter is attached, this process must be realized very carefully in order to do
not move the sample and any configuration in the system, finally the IR photo is taken
with the best focusing in the camera lens and microscope. The first stage in showed in

the figure 3.2b.

3.1.3 Conditions

The first condition to guarantee a good photography, in general, is a well defined illumi-
nation directly into the sample with both sources of light; next a well focus image of the
sample looked in screen that, as mentioned before, is achieved with the lenses features in
the microscope and camera. In addition, the capture’s conditions in the camera are im-
portant too, those are the aperture, shutter speed and ISO. For the first one, as the word
suggest, correspond to how much the lens in the camera is open to the pass of light; the
shutter speed is value that give options to capture a object that is in movement, it refers
to the time that the shutter will be open; finally, the ISO value correspond to a measure
of detector’s sensitivity and will define the grain size in photo. The three values are
correlated in order to get a good photo, however for the MMSI system is recommendable
to use the maximum aperture possible (lower f-number) and for the other two conditions

is pertinent to try several combinations to look for the best photo.

3.1.4 Image Preparation and FC Transformation

It was not necessary to capture several photos to construct a bigger image, therefore the
utilization of Hugin Panorama editor was not necessary, but since the photos were taken
with the Nikon D800 those were generated in .RAW format, so it is necessary the white
balance and .jpg format transformation with UFRaw. Once the acceptable file for PS is

generated the transformation into FC begin; this is followed as mentioned in figure 2.7.
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(a) (a) Support frame for IR probes
constructed with Lego pieces, (b, c)attached
into the microscope using screws and nuts and
(d) focused to the sample.

(b) Component configuration of stage I using
the Column I from the figure 3.1

Figure 3.2: MMSI stage 1

3.1.5 Final Remarks for MMSI stage I

In the figure 3.3 is presented photographs take with MMSI stage I in order to test the

magnification of the image and their quality; since the light irradiate in different ways for
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each objective the system presents its first limitation with this configuration: for 40x and
beyond magnifications it is not possible get a enough resolution due to the short distance
that the sample and objective let to light irradiation (< 1mm); for 4z magnification the

small details in the sample are not perceptible to consider useful for an analysis.

s

Figure 3.3: Photographs of a Koran book sample for 4z, 10z, 20x , 402 objectives.

About the FC transformation, in the figure 3.4 is showed the VIS, IR and FC pho-
tographs for the Koran book sample taken using the MMSI stage I using the camera’s
features: 1SO-320, 1/10s for shutter time and exposure F/1.8. The image preparation
with UFRaw and PS are adequate in this stage and generate a well known behavior seen
in the Antonino’s pigment checker (fig. 1.3) for, at first glance, a pigment called Mala-
chite for the green top layer and for the second layer it is just possible begin to discern
that this pigment correspond to an Alizarin or a Cadmium red. It is important to denote
the bottom missing part in the IR photo as a result of the motion of the camera to change

the filter; this misalignment should be consider to improve the MMSI.

Figure 3.4: VIS, IR and FC images of a Koran book sample for 10z objective using the
MMSI.

In another try with a different sample (fig. 3.5 from the painting “San Agustin se
presenta en una vision a Santa Gertrudis” that comes from a yellow background it is

possible to appreciate a better configuration of camera’s settings together with a better
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lighting that in the Koran Book photographs were not correct, it is important to check
the photographs in order to make a quick evaluation of quality. In this particular case
the camera was configured with ISO-100, 1s for shutter time and aperture F/1.8. The

images were treated in the same way as the previous ones.

Figure 3.5: VIS, IR and FC images a yellow fund of “San Agustin se presenta en una
vision a Santa Gertrudis” for 10z objective using MMSI.

As a final remarks for the stage I, the sources are not completely efficient, it is related
mainly with the incidence of light in the sample thought the small remaining space. For
the VIS bulb, it is not enough just to have one direction of radiance in the sample, this
provoke a formation of shadows and do not provide the necessary reflected light for the
procurement of adequate saturation. In the case of the IR sources, the radiance of light is
adequate since this comes from 3 different points but in certain situations it will be better
to focus the sample in another angle, in this case to the Lego structure do not allow the
individual movement of each probe, there is necessary change the holding system of the
IR bulbs. Finally, since the camera Nikon D800, the filters, tripods and other stuff belong

exclusively to the MSI system it is necessary adequate fixed components for the MMSI.

3.2 MMSI Stage 11

This stage focuses on experimenting with another kind of detector due to the impossibil-
ity to use the professional camera; the important consideration in order to choose certain
camera is to know if this device provide a live image function in the computer. Most of
the standard or digital cameras will no have this function; this just let the possibility to

use a regular webcam.
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Figure 3.6: Column for the MMSI stage II, that use a Webcam, the microscope and
halogen illumination.

The only change in the column (fig. 3.6 for this stage will be the detector. The men-
tioned changes in sources will be reconsidered at the moment that a detector will be the
definitive. Also, the filters now will be part of the microscope because those will rest in

the ocular.

3.2.2 Components and Procedure

In table 3.2 are listed the component needed to use MMSI stage I1. Before the assembling
the system the webcam needs a little modification similar but simpler than the modifica-
tion performed in the Nikon D800; in general, the webcams have a tinny IR filter that in
certain cases has to be removed. So, it is important to mention that this modification it
not always necessary or even is better to let the filter in its place; this because in some
webcams the lack of filter could produce an overexpose of the sensor that will damage
it permanently. The only way to determine if the filter is necessary or not is removing
this and test the existence of overexposure. The figure 3.7 represent the general process
to remove such a filter. Also the software to use a webcam could be any commercially
available in internet, in this case is being used the free trial of YouCam 9 Deluxe obtained

directly from the web page of CyberLink Corp.
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Table 3.2: Components for MMSI Stage II.

Specific Phase Components
Computer Software: Cyberlink YouCam 9
WebCam
Detector Universal Support
Klamp

Vis filter (400nm-700nm)
IR filter (1000nm)
Ocular
Microscope Objectives (4x, 10x, 20x, 40x, 100x)
General Structure
Holegen: Goose-neck, bulb
IR: 3x LED Clusters (BL016-15-28)
Lego Structure
Universal AC-DC adaptor

Filter

Probes

The structure begin, as before, with the attachment of the webcam into the universal
support in the manner that this looks down. The next step is to align the camera such
that it is possible to see an image in the screen of the computer. Next, place the filter
over the ocular with a protection between those as in the stage I. The configuration of
this stage is practically the same as the stage I but with different detector. Finally the
probes are positioned for each kind of image. The photographs are taken in the same
order as before, the first step is the image focusing using the microscope and the VIS
image is taken with the VIS filter and halogen bulb; next, the filter is changed and the
IR bulbs are turned on, at the end the image is taken. In figure 3.8 is presented the stage
IT of the MMSI.

3.2.3 Conditions

Due to the webcam and the filters are not attached the distance left between those com-
ponents allows the interference of the environment light, for this reason is necessary work
in the darkest possible place. Also, since the camera is not too sophisticated the cap-
ture conditions are not available anymore, so the images will be taken with the standard

configurations of the camera.
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Figure 3.7: Removal process of the webcam IR filter for a. identification of camera, b.
removal of screws on the coverage, c. identification of the little lens, d. separation of len
from the support, e. identification of the IR filter, f. removal of the IR filter, g.
relocation of the lens and coverage.

3.2.4 Preparation and FC transformation

Following the predisposition of the white balance in the first MMSI, this process was tested
with a pure sample of White Lead. Since the images are produced directly in a .jpg format
it is not possible use UFRaw for this purpose, so feasible software for this procedure
are PS or Gimp (https://www.gimp.org) which is an alternative image manipulation
program. For the first one the process start with the image opened and in the option
(Imagen > Ajustes > Curvas...); in the next opened window are chosen the whitest ,
a grey and the darkest point with the sampler from the photo. In the other case, Gimp
offer and automatic white balance in the option (Colores > Auto > Balance.de.blancos).
The comparison of the two balances and without this process is presented in the figure

3.9. The FC transformation was carried out in the same way as always.

3.2.5 Final Remarks for MMSI stage 11

As a first recommendation for the next stage it is important to ensure a good quality of
image, it means that the detector has to provide good resolution images, figure 3.10 is

a example of the quality of image with the same Koran Book sample of the stage I; the
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Figure 3.8: MMSI stage II prototipe configuration using the column II of the figure 3.6.

Image Visible Infrared False Color

Neither

Photoshop

Gimp

Figure 3.9: Comparison of different white balances and FC transformation for a White
Lead sample.

resolution is not enough to begin a trustworthy analysis. It should be mentioned that
is not necessary a quality of a Nikon D800 but is essential to overcome the resolution
of the last mentioned figure; it will be adequate a resolution between the provided by
both devices. Also, this webcam does not provide a whole image of the ocular, it could
represent a lose of information and must be changed.

On the other hand, it is important to remark that the purpose of the filter is cut off
all the light that is not desired but knowing that the IR sources emit light with maximum
intensity at 940nm (Attachment E), that the IR filter allows pass light above 1000nm
and that any other kind of light is hitting the sample is pertinent assert that the filter is
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Figure 3.10: Resolution test of the MMSI stage II of a Koran Book sample.

not necessary anymore but is important to ensure that nothing but the light reach the
sample. In that case, the system will need another VIS probe that emit light only between
400 to 700nm approximately in order to remove also the VIS filter. In the figure 3.11 is
presented the comparison an IR image of White Lead using the IR filter with another IR
image of the same sample without filter using the MMSI stage II. This modification is a
big advance because the cost of the MMSI is greatly diminished due to how expensive are

the high quality filters.

IR source IR source + IR filter

Figure 3.11: White lead sample images testing a IR filter (1000nm).

Talking about the preparation the images in the figure 3.9 is presented the results of
the FC transformation without white balance and for two white balances. The VIS photos
do not show a big difference after the balance, however the infrared images are different
and those are which produce the divergence in the FC pictures. Comparing the FC images
and knowing that the White Lead do not change under FC according with figure 1.3 the
best option is do not make the white balance. This option is also valid because the purpose
of the white balance is to standardize the color for different temperatures of light [26] but
in the case of the MMSI at the darkness the light that irradiate the sample is always the
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same.

Finally, it is important to optimize each component in order to make the process faster,
it means that, for example, the tripods or the universal support must be removed due to
those components are prone to moving or, in other case, the well illumination of the VIS

source is not adequate for the small space in the mechanical plane and the big bulb.

3.3 MMSI stage 111

This is the final prototype of the MMSI system, it consider all the details of the two

previous stages in order to get the most optimal system.

3.3.1 Column

In the figure 3.12 is presented the column for the final stage of the MMSI, each literal in
the figure correspond to the configuration of the VIS and IR sources respectively. For the
case of VIS source it corresponds to a construction of cold LEDs around the sample in
order to irradiate the sample from 4 different points. The IR probes hit the samples from

3 different locations as always.

3.3.2 Components

Detector

The detector use the same software of the stage II (YouCam 9) to the live image and for
capture the images. This is composed by two parts: a webcam and the Webcam support
designed to fit exactly in the extension tube for cameras of the microscope BH2. The
webcam shows a excessive sensor’s sensibility of light without the tiny filter that was
removed following the figure 3.7, so, in this, case the webcam needs this stuff to avoid
possible damages. In the figure 3.13 is showed the modeling and 3D impression of this
component; this was intended to allow the attachment of any webcam (exact dimensions
in Attachment F). The model has some pits in the base of the webcam and in the fixing
tube: the first are to hook up some Lego pieces to accommodate the webcam in a fixed

position; the second ones are in case of need to adjust the support in the extension tube,
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Inci. Light Reflec. Light
Cam Support Prism ObJec_tlve _ \\
Fi=is oy Ocular :’ - : \ \\
e e __ ] \
s | \

I
1
1 [}
! 5
1 | M- E
| M 4 v
1 . — X 1 17 |
o d § " 1 | ;/ // 7
; 1 : ey W
plosgemm || P USleds L/ /
Detector K Sources )
Microscope

(b) Components configuration for IR images

Figure 3.12: Column for the MMSI stage III, using a webcam, microscope, IR and VIS
sources of light.

this could be realized using nuts and screws. Finally the Webcam Support was printed in
black color to isolate the webcam from intrusive light due to that the filters are not part

of this stage.

Sources

The VIS probes are now a composition of LED “s in parallel that emit visible light between
400 and 700nm approximately (Attachment G); those are adhered in a circular structure
to surround the sample. This structure is another 3D impression that was constructed to

embrace exactly all the objectives of the BH2 because those are the support of this stuff
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(a) 3D model of Webcam support.

(b) 3D impression Webcam support for different views.

Figure 3.13: Detector support structure for the quick location of the Webcam into the
microscope using Lego pieces for the well attachment.

and of the LED “s, in turn; the layout of this was planned to move along the objectives
with facility by just tightening and loosening a screw. The idea of this is the irradiation
of the VIS and IR sources for each kind of photography by only changing the VIS probe
position. In the figures 3.14a and 3.14c is presented 3D modeling and the posterior
impression (exact dimensions in Attachment H), it was made in a white color in order to
permit the visualization and the maximum reflection of light in the sample. For the case
of the IR probes, those are the same of the previous two stages but now each one have a
goose-neck to an independent mobility.

Both sources are powered by a AC-DC universal transformer and also are connected
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to a circuit that contains a double switch to turn on a certain source and a dimmer. The
circuit is presented in the figure 3.14b, it directly allows the connection of the transformer
in one side and in the other side both sources are powered; this whole stuff will be called
The MultiDimmer (Multidimmer (MD)). Since the probes need different voltages this
configuration is managed in the transformer. About the electronic characteristic of the
sources: the VIS LED ’s are 4 Epistar chip LED “s of 3W that works at a maximum of
4V the IR sources are 3 infrared LED clusters made of GaAlAs of 320mW/sr that use
maximum 8V. The construction of the MD is presented in the 3.14d.

The last component added in this stage correspond to a complete covering of the
system, this is composed by a wooden cube frame that will be the support of a felt in a
cubic form; this will be called Black Box (BB). The purpose of this is prevent any kind
of light reach the sample more than the expected (VIS and IR) but this also allows the
manipulation of the microscope though a breach at one side of the BB. The measurements
of the frame are 55cma45cma60cm and there is necessary 3.27m? of felt in a cube form

to cover this (Attachment I).
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(c) 3D VIS support impression with (d) MD construction
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microscope

Figure 3.14: VIS Support and MultiDimmer constructions for the MMSI stage III.
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Table 3.3: Components for MMSI Stage I11.

Specific Phase Components
Computer Software: Cyberlink YouCam 9
WebCam
Detector Webcam Support
Lego structure
Ocular
Microscope Objectives (10x, 20x)

General Structure
VIS: 4x chip LED s (GP-3WW6-J45T),
VIS support,
screw and nut
Probes IR: 3x LED Clusters (BL016-15-28),
3x goose-necks
Multidimmer
Universal AC-DC adaptor (MW79)
Black Box: Cubic Wood Structure
and Double layer black felt.

Covering

3.3.3 Procedure

For the Webcam Support, it is necessary to align the camera with the image provided by
the microscope through the ocular, this in order to fix permanently the position of the
webcam. Once the camera is well aligned and fixed the Webcam Support can always be
removed and put in with an instant alignment. The next step is locate the VIS Support in
the 10x objective in the highest possible position and the screw is tighted. Now, it is able
to harbor the system with the Black Box. After that, the three goose necks are attached
in the wood box with the IR clusters oriented to the position of a sample. Finally, the
AD-CD adaptor is connected into the 110V plug and fixed for 1.5V, next is connected
the Multidimmer to the adaptor with the switch turned off, at the end plugs of the VIS
and IR probes are connected in any of the assigned positions for sources.

Now, the system is ready to take photographs. In the computer is the image provided
by the detector using the software. The sample is placed under the objective with the VIS
probe; turn on this source. Next, it is necessary to situate the VIS LED s flushed with
the tip of the objective (Fig. 3.15). Move the dimmer of the Multidimmer if the image
looks with overexposure. Locate the sample in the screen and get the best resolution with
the coarse and fine focuses; now, a VIS image is taken. The next step is move the VIS

support at the misaligned position with the LED “s turned off, it is important to do not
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move the sample in this process.

[k Objective ————=f ]
I

' . ‘/— VIS source ———> I

Alignment

Colevel S ' - ‘ )

-k - Sample —— > ]

Misaligned Position Aligned Position

Figure 3.15: Vis Support position for the aligned and misaligned state to allow the
positioning of the two states of the column III (fig. 3.12) for VIS and IR images.

For the second photo, the transformer will be at 7.5V and the IR probes, oriented at
the sample, are turned on. The resolution in this image is not too distinguishable but
is important to obtain the best definition of the contour of the sample using, as before,
the mechanism of the microscope. The figure 3.16 shows the comparison of IR images of
different intensities of light, it is important to obtain a well balanced image; this can be
also managed with the dimmer. Once these considerations were taken into account the
photograph is captured.

It is important to mention that is feasible take all the necessary photographs with the
same objective; once all the images were taken the process to remove the VIS Support
begin with the positioning of the objective in another stage of the turret; next, loosen the

screw and remove the support, finally the process start over with another objective.

3.3.4 Conditions

The principal condition that must be fulfilled is the isolation of the sample from any
other type of light, this is realized with the BB ensuring all system coverage, also this
can be reviewed using the webcam; if in the screen is possible to see something is because
the BB is not working correctly. Also, an important condition is the alignment of the
VIS Support with the space left between the objective and the sample to ensure the well
irradiation of the sample. Finally, the practice in the MSSI will provide the knowledge to
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Figure 3.16: Intensity comparison for poor, good and over exposure in IR images.

Table 3.4: Summary of pigment bases [1, 9].

No. Pigment Ident. Number RGB Chemical Formula
1 White Lead 46000 200 197 192 2PbC O3 x Pb(OH )
2 Azurite 10200 CuCOs
3 Red Lead 42500 PbsOy
4 Vermilion 10610 HgS
5 | Yellow Ochre 40010 FesOs x HyO
6 Verdigris 44450 Cu(CH3COO0)q * 2Cu(OH ),y
7 Malachite 10300 CuCO3.Cu(OH )y
8 | Burnt Sienna 40430 Iron Oxides

understand how to control the MD and the intensity of the light.

3.4 MMSI Pigment Checker

17" Century Pigments

The pigments that constitute this checker were established according the requirement
of the laboratory in the INPC. Those are common colors that could be seen in several
paintings that are mainly in churches. In the table 3.4 are presented the pigments to
prepare the samples, those were provided and prepared by personal of the laboratory
following ancient recipes reported in Parrilla writing [9] or are commercially acquired. In
the first column of the table is the regular name, this is following by the identification
number of the pure pigment, the next is the RGB measurement taken from the pigment
checker of Cosentino (fig. 1.3) using the eyedropper tool in PS, finally there is the chemical
formula of each one in the list. These colors are commonly stored in a dust form and need

a treatment to be applied in a canvas.
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Pigments Preparation

For the purpose of this investigation the pigment ‘s preparations are not necessary to be
specific and complex, since it will not be for to restore or to paint a piece of work. So,
the preparations of the pigments are, in this case, with linseed and walnut oil in order
to obtain a different consistence of the material to make possible the color s application.
The amount of oil vary for each color but it is not specific, just it is appropriate to obtain
a consistent pasty mixture to be applicable in the canvas. The pigments were applied in a
region of the little canvas separated with sticky tape, once each color was applied it had a
drying time of at least two days. Until this point the process was done by personal of the
laboratory. In the figure 3.17a is presented the canvas with the eight different pigments
prepared with both oils.

In order proceed with the sampling for the eventual sample mounting this is made
thinking that is necessary see the stratum of the pigment. The figure 3.17b describes the
procedure to take a sample in the pigments base canvas. It is important to mention that
the pigments treated with linseed oil result to be more elastic and easy to take, however,
with the walnut oil, the pigments result less consistent and tend to crack making possible

just collect little fragments or granules.

Acrylics Preparation

The next step is the mounting of samples in acrylics. In order establish the best type
of sample holder some white lead samples were mounted in the three different kinds of
acrylics available in the laboratory: transparent, white and pink; in attachment J is
presented the comparison of each one of those. The selected one is the transparent acrylic
due to this allows to pass away light that is not touching the sample.

Before begin, it is necessary to have ready transparent acrylic powder, methacrylate,
a sample mold, a sample and some basic tools; the process to a sample is in figure 3.18.
First, a acrylic polished cube must be ready with half of the height of the mold, next the
sample is taken from the container and placed it in a solid surface. After that, using a
tweezers, the cleanest cut of the sample is chosen, placed over the mentioned acrylic (that
is on the mold) and located near the long side of cube. Finally, it is covered completely first

with the acrylic powder using tinny shovel and next with methacrylate using a dropper.
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(a) Canvas of pigments for -a- linseed and
-b- walnut oil for the pigments presented
in the table 3.4.
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(b) Process to take a sample of pigment from the canvas and its collecting.

Figure 3.17: Pigments preparation.

The acrylic is ready after 20 minutes and now the polishing process start. The final stage
is realized with a mineralogical polisher Struers DP-U2 using sandpapers number 150,
400 and 1200 in that order. The first one is for remove the excess of acrylic and part
of the covering over the sample, the next one is to expose the sample and, at the end,
the purpose of last one is to remove big scratches of the previous sandpapers. In this
procedure is really important check the progress each 2 or 3 seconds of polishing to do
not lose the sample; this is realized using a stereoscope Olympus SZH. This process is

followed with each pigment in figure 3.17a obtaining a total of 16 acrylics.

Photo-taking

Whit all the acrylics ready the final stage of the MMSI is applied in order to obtain the
images for the pigment checker at micro scale. The process was related in the section
3.3.3 and this is done with 10x magnification and next with 20x; for each pigment the
VIS image goes first and after the IR photo. The FC transformation process is the usual
(fig. 2.7). In the figure 3.19 is presented an example of the MMSI application in the
pigment 2a (Azurite with linseed oil) for 20x.
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Figure 3.18: Acrylics preparation process using the pigment samples and the
encapsulation using white acrylic and methacrylate.

Figure 3.19: MMSI image of Azurite for VIS, IR and FC images for 20x objective.



Chapter 4

Results and Discussion

4.1 Final MMSI System

All the experimentation with the system explained in the previous chapter gives, as a first
result, a device to produce adequate photographs to generate a microscopic FC image in
order to identify certain pigment. This was done taking into account previous remarks of
two stages of experimenting and one stage of construction; in figure 4.1 is presented the

final MMSI system with all the stuff ready.

Figure 4.1: Presentation of the first Final MMSI system with all the components of the
table 3.3 in the respective location.

This system is not complicated in two main aspect: first, the MMSI is a device that
someone, with a light microscope, could construct even at home because it has not special
or rare components (i.e. hard to find), just is necessary take into account the consider-
ations related in this writing, also the cost is low in comparison with a lot of analysis
devices in the industry (MMSI cost in Attachment); secondly, there is not necessary a
special previous training to set up or use it, it is enough play with the system and the
software to understand its functioning and to start with the pigment identification.

Also, the “simplicity” of the system breaks the limitation to have certain microscope,

40
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it is not necessary a specific model or type of light microscope. In this line, the system
was tested in another microscope available in the laboratory: Olympus BX53. This
microscope is a little more modern with its own camera (DP80) made by Olympus itself;
the application was realized with all the same stuff as before without any problem but
it is important to mention that for each microscope the VIS support, for example, needs
different measures according with the objectives and the nosepiece of the microscope in
order to make it optimal and comfortable. The figure 4.2 presents the results for this
application and it is pertinent to mention that the microscope’s camera shows a low
receptivity for the IR spectra, this could means that this kind of cameras also will need
a similar treatment of IR cut-off filter removal such as in the Nikon D800 and webcams.
The difference of intensity of the IR images taken with the BX53 is because it was used
tree different time exposures, the last one is for the highest possible; however it does not
reach the receptivity of IR light of the webcam. Finally, even through the DP80 camera is
more sophisticated than a regular webcam the resolution did not change a lot, this could

be checked comparing the figures 4.2 and 3.19.

Visible Infrared ____F alse Color

e e

Figure 4.2: Images generated with the MMSI using another microscope (BX53) in order
to test the reproducibility of the components in the MMSI.

Finally, the system has as a principal limitation the impossibility to work with 40x
and 100x objectives due to the limited space available between this and the sample; this

is because the light does not reach properly the sample in a transmission microscope, this
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could be solved applying the system in a reflection microscope but it is important to con-
sider that those are less common and will need some other considerations of configuration.
Also, the resolution provided by the actual webcam of the MMSI could not be the best
at the moment but provide enough information to an analysis, however this component
always can be replaced by another device with better characteristics in function of the

budget.

4.2 Pigment Checker Results

The importance to construct an own pigment checker for a MMSI is crucial because the
conditions of light and/or reception of information will be different if, for example, a
component is changed or if it is made another MMSI from zero, even if the samples are
the same. So, the 16 acrylics prepared in the experimental part were submitted to the
MMSI stage III (fig. 4.3); the database that contains all the images is available in a
Drive Folder (Check the figure 4.3 caption). The RGB measurements of each pigment for
VIS and FC images are presented in the next 8 tables; those were taken using the color
swatch tool of PS. This was configured to make a RGB average in an area of 3x3 pixels for
just to give one RGB value which is register; following this procedure 4 different points
were taken dispersed in the sample, which are the same in the VIS and IR images. It is
important to mention that, at this point, the method becomes semi-quantitative because
the points are chosen by criteria of the operator that will look for the biggest crystals or
regions of solid color that correspond to the know pigment.

In the last table can be appreciated the change of color channels realized in PS. It is
evident that the values for R and G channels move aside to give space to the infrared
information proportioned by the red channel of the IR image, letting away the B channel.
That is a desired result for each pigment, i.e. the transformation of a color to another
were the information of other part of the spectra, invisible for the human eye, taken part
and form a characteristic color.

Now, for instructions of the laboratory in the INPC the pigments to consider for
comparing with test samples are going to be those prepared with linseed oil but for in
case of the Red Lead will be used the pigment with walnut oil. This is because the linseed
oil pigments are common in the paintings due to its stability in contact with air, with

other ambient conditions or for the reaction with oil itself [37]; with the Red Lead is
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Figure 4.3: MMSI Pigment checker for VIS, IR and IRFC images for (a) linseed and (b)
walnut oil preparations according with fig. 3.17a for 20x objective (to obtain all the
images in the best quality please visit:
https://drive.google.com/drive/folders/18fb6gH291 BP0a2qoOLTtRDmiA5KJISaT?usp=sharing).
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Table 4.1: RGB averages values of MMSI pigment checker.
(1) White Lead
VIS FC VIS FC
R|G|B|R|G|B R|G|B|R | G|B
252 | 255 | 254 | 252 | 252 | 254 209 | 224 | 255 | 247 | 205 | 221
Linseed | 255 | 255 | 255 | 252 | 255 | 254 | Walnut | 210 | 224 | 250 | 242 | 200 | 212
251 | 255 | 255 | 249 | 250 | 254 211 | 222 | 246 | 254 | 204 | 216
255 | 255 | 255 | 254 | 255 | 254 216 | 228 | 240 | 251 | 202 | 212
Average | 253 | 255 | 255 | 252 | 253 | 254 211 | 224 | 248 | 248 | 203 | 215
(2) Azurite
VIS FC VIS FC
R|G|B|R|G|B R|G|B|R|G|B
. 2 46 | 140 | 255 | 2 47 3 12 | 171 | 253 | 3 11
binseed ooy | 149 | 252 | 6 |24 | VML o ] g L iga 254 | 1 | 8
6 24 1149 | 252 | 6 24 1 2 | 174|264 | 1 3
3 23 139 | 255 | 3 23 1 19 1165|255 | O 18
Average | 3 32 | 141 | 254 | 3 31 2 10 | 168 | 254 | 1 10
(3) Red Lead
VIS FC VIS FC
R|G|B|R|G|B R|G|B|R|G|B
Linseed ol | 47 | 37 | 198 | 51 | 47 Walnut 255 | 139 | 20 | 160 | 255 | 140
41 | 37 | 36 | 198 | 41 | 38 255 | 145 | 35 | 187 | 254 | 144
44 | 48 | 58 | 190 | 44 | 48 254 | 145 | 31 | 186 | 254 | 145
48 | 42 | 42 | 228 | 45 | 45 245 | 129 | 43 | 154 | 243 | 129
Average | 46 | 43 | 43 | 203 | 45 | 44 252 | 139 | 32 | 172 | 251 | 139
(4) Vermilion
VIS FC VIS FC
R|G|B|R|G|B R|G|B|R|G|B
Linseed 115 | 26 | 44 | 181 | 115 | 27 Walnut 135 | 76 | 87 | 250 | 136 | 76
112 | 29 | 44 | 187 | 112 | 28 117 | 66 | 76 | 238 | 117 | 66
119 | 33 | 62 | 204 | 119 | 34 118 | 65 | 78 | 226 | 118 | 65
123 | 25 | 52 | 224 | 123 | 26 145 79 | 89 | 234 | 145 | 78
Average | 117 | 28 | 50 | 199 | 117 | 29 129 | 71 | 82 | 237|129 | 71
(5) Yellow Ochre
VIS FC VIS FC
R|G|B|R|G|B R|G|B|R|G|B
Linseed 110 | 43 0 | 239|110 | 44 Walnut 145 | 110 | 67 | 245 | 144 | 109
105 | 40 1 228|104 | 40 120 | 94 | 59 | 233 | 120 | 94
134 | 66 3 | 245 | 134 | 66 132 | 101 | 62 | 216 | 132 | 101
128 | 64 0 | 251|127 | 63 132 | 101 | 60 | 230 | 132 | 101
Average | 119 | 53 1 |241 | 119 | 53 132 | 101 | 62 | 231 | 132 | 101
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(6) Verdigris

VIS FC VIS FC
R G|B | R|G]|B R|G|B|R]|]G]|B
Linsed | 1 | 125180 [198 | 0 [ 126 | .\ [ 127 | 233 | 252 | 233 | 128 | 233
2 1129 | 177|206 | 2 | 129 124 | 244 | 254 | 224 | 123 | 245
11119171 [ 211 ] 1 | 120 117 | 237 | 253 | 232 | 117 | 237
11140 | 190 | 216 | 1 | 140 06 | 214 | 245 | 221 | 96 | 214
Average | 1 | 128 | 180 | 208 | 1 | 129 116 | 232 | 251 | 227 | 116 | 232
(7) Malachite

VIS FC VIS FC
R[] G|B | R|G]|B R|G|B|R]|]G]|B
. 0 (100 89 [133| 1 | 99 0 9297 (193] 0 | 92
Linseed | 1 en | g1 | 153 | 2 | so | VAN 0 |97 | 05 [195| 0 | o7
179 | 78 |142] 0 | 79 0 109109202 0 |109
2 1108|104 | 155 | 2 | 108 1 | o4 |101]222] 1 | o4
Average | 1 | 92 | 88 | 146 | 1 | o1 1 | 98 | 100 |203] 1 | 98

(8) Burnt Sienna

VIS FC VIS FC
R G| B | R|G]|B R|GC|B | R|]G]|B
Linsood | OL | 44 [ 62 [2537| 65 | 47 |\ | 43 | 26 | 35 | 201 | 43 | 25
82| 51 | 28 | 254 | 100 | 66 A1 | 25 | 37 | 222 | 41 | 25
70| 50 | 42 | 252 | 79 | 55 37 | 22 | 34 | 188 | 37 | 22
o1 | 54 | 40 | 254 | 95 | 57 38 | 20 | 26 | 171 | 37 | 19
Average | 76 | 50 | 43 | 253 | 85 | 56 40 | 23 | 33 [195 | 39 | 23

exception because the color that provide the mix of the pigment with linseed oil resulted
into a dark color, but for walnut oil keep its characteristic orange color [38]. So, the
CIE-L*a*b* values summarized that will be useful for an analysis are presented in the
table 4.3; those are the values of the table 4.2 transformed in the other color model, also
it contains a little comparison of VIS and FC colors for each pigment.

Finally, this pigment checker could be always amplified according with the analysis re-
quirements such as new pigments and preparations, taken into account details as binders
or varnishes. It is clear that a bigger database will provide wide possibilities of identifica-
tion, but, in this case this pigment checker is focused into find the 8 pigments with which
it is build; if it is the case that the pigment is not one of the database so there can be
applied another analysis technique as the presented by Bonneau et. al. [39] such as SEM-
EDS, Raman spectroscopy and FTIR and also the wide list of procedures that Cosentino
relates in his web page in the “art examination” section (https://chsopensource.org) .
That is another focus of the system: be a first stage of analysis (quickly, easy and cheap)

before the application of another type of analysis more sophisticated.
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Table 4.2: MMSI Pigment Checker RGB values.
Pigment | Code VIS (1) FC (2) 12
- - R | G| B R |G| B|-]|-
White Lead la | 253 | 255 | 255 | 252 | 253 | 254
Azurite 2a 3 | 32 | 141254 3 | 31
Read Lead 3b 252 [ 139 | 32 | 172 | 251 | 139
Vermilion 4a 117 | 28 | 50 | 199 | 117 | 29
Yellow Ochre da 119 | 53 1 |241 | 119 | 53
Verdigris 6a 1 1128 1180|208 | 1 | 129
Malachite Ta 1 92 | 88 | 146 | 1 91
Burnt Sienna | 8a 76 | 50 | 43 | 253 | 85 | 56
Table 4.3: MMSI Pigment Checker CIE-L*a*b* values.
Pigment Code VIS FC
- - L* a* b* L* a* b*
White Lead la | 99,8539 | -0,6518 | -0,2413 | 99,2613 | -0,1478 | -0,6029
Azurite 2a 19,9453 | 36,8239 | -61,2899 | 53,2056 | 79,9603 | 57.4327
Read Lead 3b | 68.9427 | 36.5188 | 68.9785 | 91.5181 | -43.8486 | 46.0180
Vermilion 4a | 26.2818 | 39.8198 | 9.2267 | 57.0299 | 26.1626 | 57.3309
Yellow Ochre S5a | 30.5693 | 26.2031 | 41.1305 | 63.4678 | 42.8294 | 55.8369
Verdigris 6a | 50.3817 | -10.2240 | -35.5710 | 45.6569 | 74.6159 | -11.2086
Malachite Ta | 34.7324 | -24.1014 | -4.3962 | 31.5506 | 57.5380 | -9.7373
Burnt Sienna | 8a | 23.5453 | 10.7588 | 9.2096 | 59.5850 | 62.3653 | 51.2131

Figure 4.4: Paintings from San Francisco s Church for each sample analysed with the
MMSI.
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4.3 Pigment Identification in Cultural Heritage

For this application of the MMSI three samples were chosen from different artistic paint-
ings that nowadays are in the San Francisco’s Church in Quito-Ecuador from the 17
age (Fig. 4.4). The samples were taken by trained personal of the INPC, attached in
acrylics with the same process as the acrylics of the pigment checker and submitted to
the MMSI in order to generate the FC photos. The RGB sampling, as mentioned in
the previous section, is realized taken 4 points of the pigment’s image in RGB format
and calculated its average. Since it is visible three different layers of paint those were
used for the analysis. The method results semi-quantitative for the fact that the operator
choose in which part is feasible take a RGB sampling because, in certain occasions, the
only area for sampling is a little trace of a color involved commonly by certain amount
of white lead or another mixture pigment. Also, there will be compared the VIS and FC
information in order to rule out other possible pigments. Finally, the standard AFE is at
maximum of 15 in order to accept that two colors are similar; this value is consider high
in the comparison of colors but in this case it is necessary have a big tolerance because
the pigments to be compared are pure versus preparations of pure pigments made a lot

of years ago by ancient artist.

Test Sample N°1

This sample correspond to the painting “San Francisco de Asis” by Francisco Zurbaran
and it was retrieved from the representation of the sky (Fig. 4.4). Since the human sight
tells that this color is blue just it is necessary to confirm or not if this pigment correspond

to Azurite (2a) that is the blue pigment present in the database of the MMSI.

Figure 4.5: VIS, IR and FC images of the sample N°1.
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In this case the only blue trace is at the top of the sample and this will be the area
of study. In the figure 4.5 is presented the VIS, IR and FC photographs and the table
4.4 are the sampling in RGB for the posterior transformation to the CIE-L*a*b* format.
The table 4.5 represents the calculation of the Color Difference using the equation 2.4.1 of
the VIS and FC data; from this it is possible to see that the pigment does not correspond
to Azurite due to the high VIS Color Difference value (AE,=48.79), however for the FC
Color difference value (AE(=13.59) it is evident that these two pigments have similar
behavior under FC. So, using the figure 1.3, roughly, it is possible to say that could be
Ultramarine or Egyptian Blue discarding the rest of blue pigments. A final result could
be provided amplifying the database of the pigment checker.

Table 4.4: RGB sampling and CIE-L*a*b* transformation of Test Sample N°1.

Test Sample N°1
VIS FC

R G B R G B
35 38 72 234 36 39
Sampling | 38 57 96 235 42 62
36 41 71 235 28 43
34 38 69 236 32 37
Average 36 43 77 235 37 45

Tranf. L* a* b* L* a* b*
18.53 | 7.93 | -21.98 | 50.89 | 71.40 | 47.12

Table 4.5: AE calculation of sample N°1.

VIS
Sample N°1 | Azurite A
L* 18.53 19.94 -1.41
a* 7.93 36.82 | -28.88
b* -21.98 -61.28 | 39.30
AE, | 48.79

False Color
Sample N°1 | Azurite A

L* 50.89 53.20 | -2.31
a* 71.40 79.96 | -8.55
b* 47.12 57.43 | -10.30

AE; | 1359
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Test Sample N°2

In this sample is possible to identify at least two different pigments: one orange pigment at
the top and a green pigment at the bottom. This sample was retrieved from the “Sancha
Reina D” Napoles” (Fig. 4.4), exactly at the representation of a gem in the crown. In
this case the base pigment to compare the first layer is the Red Lead since is the orange
color in the pigment checker; for the green layer it is compared with Malachite that is
the dark green of the MMSI system. In the figure 4.6 is presented the FC transformation
with the two images that compose this.

Orange Layer

The table 4.6 lists the RGB samples taken from the orange layer with the posterior
CIE-L*a*b* transformation. The Color Difference calculation of the sample compared
with Red Lead is in the table 4.7. In this case, the results of AE for VIS and FC are
above 40, this means that that this pigment does not correspond to Red Lead in first
instance; also is not possible to discern what red pigment could be using the Cosentino
pigment checker, this is common between these pigments because all the reds have a
similar behavior under IRFC [4]. In this case is necessary apply a stronger analysis
method to determine a result.

Green Layer

For this big green layer it is also possible to see two greens with a slight difference. In
this case the samples are taken from the lowest layer in order to compare. In the table
4.8 are presented the RGB samples taken from the green layer with the subsequent CIE-
L*a*b* transformation. The AE calculation is carried out in table 4.9 and is possible to
see that AE, this pigment could be confused with Malachite, however looking the AEy

it does not fulfill the requirement to be less than the standard value (15) but is not too

.

Figure 4.6: VIS, IR and FC images of the sample N°2.
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Table 4.6: RGB sampling and CIE-L*a*b* transformation of Test Sample N°2 (orange

layer).
Test Sample N°2 (orange layer)
VIS FC
R G B R G B
171 109 41 215 | 180 | 116
Sampling | 157 | 100 52 195 | 158 | 103
155 90 54 219 | 153 95
167 | 108 | 59 215 | 174 | 118
Average | 163 | 102 51 211 | 166 | 108
Tranf. L* a* b* L* a* b*
48.91 | 19.8 | 38.27 | 71.01 | 9.4 | 36.22

Table 4.7: AE calculation of sample N°2 (orange layer).

VIS

Sample N°2 | Red Lead A
L* 48.91 68.94 -20.03
a* 19.8 36.51 -16.71
b* 38.27 68.97 -30.7
AFE, 40.28

False Color

Sample N°2 | Red Lead A
L* 71.01 91.51 -20.5
a* 9.4 -43.84 53.24
b* 36.22 46.01 -9.79
AEy 57.88

far. This can say that the pigment are a mixture of some green pigments that can contain
Malachite; this is also evident looking the green areas of the sample: it contains little
parts of the characteristic FC transformation of Malachite. Once more, a larger pigment

checker can provide a tighter result.

Test Sample N°3

The painting that provide the third test sample is “La Pereza” and comes from the series
of the 10 Commandments attributed to Miguel de Santiago (Fig. 4.4) and comes from the
representation of a calf from the character on the left. In this sample the area to study
is a tinny particle in order to test the grain size able to analyze with the MMSI. In the
figure 4.7 is the VIS, IR and FC photographs of this test.

The table 4.10 relates the RGB sampling and the CIE-L*a*b* transformation; in
the same way, the table 4.11 shows the calculation of the AE values: AFE,=31.62 and
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Table 4.8: RGB sampling and CIE-L*a*b* transformation of Test Sample N°2 (green
layer).

Test Sample N°2 (green layer)
VIS FC

R G B R G B

52 94 95 170 58 98

Sampling 44 77 80 173 38 68

49 83 86 186 55 89

46 80 80 161 43 83

Average 48 83 85 172 48 83

Tranf. L* a* b* L* a* b*

32.85 | -12.03 | -5.15 | 40.42 | 52.34 | 8.98

Table 4.9: AE calculation of sample N°2 (green layer)

VIS
Sample N°2 | Malachite A
L* 32.85 34.73 -1.88
a* -12.03 -24.1 12.07
b* -5.15 -4.39 -0.76
AE, 12.23

False Color
Sample N°2 | Malachite A

L¥ | 40.42 31.55 | -8.87

a¥ | 52.34 5753 | 5.19

b* 8.98 973 [-18.71
AE; | 21.34

Figure 4.7: VIS, IR and FC images of the sample N°3.

AFE;=24.96 say that this red dot in the sample is not Vermilion or that this particle result

too small for a proper analysis due to the invasive white pigment surrounding the particle.
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Table 4.10: RGB sampling and CIE-L*a*b* transformation of Test Sample N°3.

Test Sample N°3
VIS FC
R G B R G B
127 94 87 230 | 128 94
Sampling | 127 90 87 229 | 127 | 91
127 93 89 229 | 128 93
131 98 93 230 | 131 99
Average | 129 94 89 229 | 128 94
Tranf. L* a* b* L* a* b*
43.23 | 13.11 | 9.29 | 64.08 | 35.8 | 35.41

Table 4.11: AE calculation of Sample N°3.

VIS
Sample N°3 | Vermilion | A
L* 43.23 26.28 16.95
a* 13.11 39.81 -26.7
b* 9.29 9.22 0.07
AFE, 31.62

False Color
Sample N°3 | Vermilion A

L¥ [ 6408 57.02 | -7.06
a¥ 35.8 26.16 | -9.64
bF | 3541 57.33 | 21.92

AE; | 24.96

4.4 MMSI System Capacity

As is known, the resolution in a microscope depends directly on the wavelength in which
the sample is irradiated, so using the formula (4.4.1) provided by Davinson [13] is possible
to calculate the value of resolution for visible and infrared light, where A is the wavelength
of the source of light and NA are the Objective Numerical Apertures. The values of NA
for 10x and 20x of the objective were retrieved from the web page of Olympus Corp
of technical details (www.olympus-lifescience.com). In the table 4.12 is presented the
resolution calculations, those values say that, theoretically, with both objectives is possible

to differentiate traces of 1.56um and 0.94um respectively.

(4.4.1)
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Table 4.12: MMSI resolution calculation (um).

Objective | NA | VIS (550nm) | IR (940nm)
10x 0.30 0.91 1.56
20x 0.50 0.55 0.94

Now, in a more experimental way, with the tree previous tests is possible establish
a minimum detectable particle size of the MMSI system. In the figure 4.8 is presented
the measurement of the smallest particles of the test samples that were analyzed. It is
important to mention that this was realized by a maximum magnification of 200x due
to it was carried out with the 20x objective and the 10x ocular. The first sample was
used to study a particle the has a extension of 3um of diameter; in this sample the list of
possible blue pigments was shortened until two, this was thanks to the amount of pixels to
take RGB values. For the orange layer (4um) in the second sample was obtained enough
information to discard completely the possibility to have Read Lead there. Finally, the
last sample analysis give information for just suspect that the pigment is different from
Vermilion, first it could be due to the mixture with the invasive white pigment that
produce a change in the color; in this case the particle could be too small for the method
(1um). So, the limit of detection of the MMSI is for particles with diameter above 3um;
this is in function in tree main aspects: detector resolution, type of microscope and

amount of database information in the pigment checker.

Figure 4.8: Pigment traces measurements for each sample in order to establish a
resolution limit in the MMSI.
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4.5 Discussion

The constructed system has as a first weak flank the number of base pigments in the
pigment checker; this is evident when the comparison of test samples was just with one
base pigment. Also, it can be seen in the results provided by the calculation of the Color
Difference, which just allows recognizing or not certain pigment present database. Also,
in other kinds of analytical methods, it is important an extensive database, for example,
in the FTIR spectroscopy, the peaks of spectra are compared with certain database pre-
viously constructed, it is possible because the spectra work as a “fingerprint” for all type
of sample [40]. Nowadays, the amount of FTIR spectra for pigment analysis make this
technique extremely robust since it is possible to find huge databases on the web ([23, 41,
42]), making more bearable the identification of a sample. In that way, the MMSI will
increase its power of identification by the construction of a big database.

Now, for the case of the red and yellow pigments is important to take into account
that these colors commonly has a similar behavior under IRFC [4] and with the MMSI
will be a hard work identify these pigments; in this case, the MMSI, at this point, could
not be enough for this purposes. The similar behavior under IRFC means, directly,
a similar infrared reflected information in the spectral band at, for example, 940nm,
which is the band that the MMSI works. In this case, the application of another kind of
FC transformation can be a help to differentiate some pigments; for example, according
to Andersson [43] UVFC helps to differentiate color as Yellow Ochre, Naples Yellow,
Lead White, Brown Yellow better than IRFC. This is common in the characterization of
pigments where it is better to use one or another technique; as an example, it is more
suitable for FTIR spectroscopy differentiates siennas and ochres, and by using SEM-EDS,
it is better to identify umbers and green earths [44]. However, in the MMSI is possible to
apply the two transformations in just one device.

About the structure of the system, it is really optimal at this point since the compo-
nents are easy to use and attach to the microscope. Also, the application of the MMSI in
a sample does not exceed the 3 or 4 minutes between the photo-taking and the transfor-
mation; this allows the applicability of a large number of samples in a short time thanks
to the simplicity of the system set up and software. However, through the process could

occur the movement of the sample at the moment to change the sources producing mis-
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alignment of the VIS and IR photographs as it is evident in the FC image of the sample
N°1 (fig. 4.5), even though this does not affect the FC transformation nor the RGB sam-
pling it provokes the meticulous alignment of photographs, and this requires extra time.
In order to optimize this part can be necessary to use just the VIS support to implement
IR LEDs at the same time with the VIS Light Emitting Diodes (LEDs) but using the same
circuit of the MMSI stage III. In this field, it is important to mention that the rest of the
spectra, ultraviolet for example, also can be part of this system, as mentioned before, by
just implementing in the same VIS support some UV sources in order to generate other
kinds of False Color types (UVFC).

The theoretical resolution in microscopy is expressed commonly with a value that says
the minimum size between two particles in order to be differentiated [13]. For the MMSI,
this resolution always will be ruled by the resolution provided by the IR light, since it has
a relatively big wavelength, it produces a diminish in the resolution of the image (bigger
R) [45], for example, at 20x it is R = 0.94um. But experimentally, the resolution of
the system is limited by two aspects: the type of modified microscope, due to that the
structure does not allow an optimal sample illumination for 40x and 100x objectives, and
the detector due to it is not the best camera in the market; it lands on a resolution for
the MMSI of 3um with a total magnification of 200x. Now, according to Higgit et al. [46]
the application of SEM-BSE is feasible to the analysis of pigment stratigraphic samples
using magnifications from 126x and above with resolutions of 1nm . This positioning the
MMSI as a little competitive method against giants as the Scanning Electron Microscopy,
at least in the pigment identification field in terms of cost, time, and formal operation
experience. It is important to mention that the total resolution and the magnification of
the MMSI can be improved by upgrading some components anytime.

As was mentioned at the very beginning of this chapter, choosing a AE is essential in
order to establish a limit for the acceptance or rejection of two colors as equals [28] but,
according to Mokrzycki [47], fix a AE has its dependence in several aspects such as if the
analyzed colors are darker or brighter that, in such case, is possible to put a low or high
AE value respectively. Also, Mokrzycki mention some calculations of AE for two colors
in RGB: (255,25,137) and (255,25,131) giving AE = 3.40 [47]; it shows a “big” difference
of colors even though the RGB values are very similar. Now, taking into account that the

analyzed samples in the MMSI show mixes of pigments that could interfere with the color
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in comparison with the base pigments that are pure, it is feasible to choose a high value
of AE = 15 in order to compare two colors. Furthermore, it is important to comment
that the number of pigments in the database could contribute to the reduction of the
Color Difference limit value because if there are some mixes, preparations, and pigments
to compare, it is necessary to be more strict in the comparison of colors. Finally, it is
remarkable that in the literature does not exist a method that, as the MMSI system,
presents results in the field of FC analysis at micro-scale for pigments of the 17" century
in order to make a critical comparison of colors, which makes this work an important

contribution as a simple method to identify pigments in paintings of this epoch.



Chapter 5

Conclusions and Recommendations

5.1 Conclusions

This experimental work allows to conclude that:

e The MMSI system is an easy-to-build system with a low cost of construction that

uses simple components and software and does not need specific training before the

application.

e [t is feasible to say that the production of FC photographs at micro-scale is possible

under many conditions of light using some components; however, in order to make

a deep analysis of pigments, it is important to ensure a good quality of image, the

correct light irradiation into the sample and the adequate operating conditions.

e The FC transformation for the MMSI is not complex since it does not need a white

balance (for the utilization of the same light in the darkness); just the change of

color channels using PS is essential.

e The set of base pigments of the MMSI helps to identify or reject pigments retrieved

from cultural heritage; withal, this checker would fall short in front of more test

samples with different mixtures, preparations, and pigments.

e The capacity of the MMSI of magnification and detection of particles are attached

in the 20x and 3um respectively, due to the type of microscope and the resolution

of the detector.

e The test samples submitted into the MMSI allow to identify the scope of the system

in terms of grain or particle size; also, this brought out the lack of pigments in the

database with different mixtures.

e The utilization of just IRFC is a binding for the MMSI that, in the case of red

pigments, does not allow the identification or the discard of some of those.

57
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5.2 Recommendations

e The first recommendation for future applications is to adapt the system specifically
into an ILM in order to break the limitation of the 20x magnification and the 3um
minimum particle size.

e The detector can be changed at any time, so if there is the possibility to improve
this component, it will boost the system and also break the size particle limitation.

e The amplification of the Pigments Checker must be carried out by implementing
new pigments and also the same pigments with different preparations and amount
of mixtures, for example, a pigment with 50%, 40% or 30% of Azurite and 50%,
60% or 70% of Smalt respectively.

e A special recommendation is the construction of a full spectra probe following the
model of the VIS source but using IR and UV LEDs in separate circuits in just one
3D piece that surrounds the sample.

e The system could also be applied in other fields of study, such as the identification

of fungi, bacteria, and other kinds of samples.
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Attachments

A. MSI components.
InGaAs camera BOBCAT-320-Star

Camera Nikon D800

UV Filter 403nm T ey, VIS filter Filter adaptor
™ 400-700nm
P LC wwwMaxMax.com X-Nite 10008 .“.: IR filter
' | 1000nm

Color Checker

Manfroto 190XDB

Smith-Victor Raven RS8.
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B. Optimal location of the GP .

¥
Examples of MSI configuration

p

Table 5.1: Attachment K: Cost of the components of the MMSI system.

Component Quantity | Unitary Price (USD) | Total
3D impression VIS support 1 5 5
3D impression Cam support 1 17 17
Chip Leds GMKL 4 1 4
IR Clusters BL016-15-28 3 8.33 24.99
WebCam 1 36 36
Goose-necks 3 2 6
MultiDimmer
(materials and construction) L 39.33 3933
Wood Frame 1 10 10
Convering 3.27m? 8/1.8m? 14.50
TOTAL: 156.82
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c. White Balance using UFRaw.

a
Nombre Fecha de modifica... Tipo Tamaio

™ rotroir$S1_115150_100_obt & 10/02/2020 11:43 Archivo NEF
™ rotro 55 1_115150_100_obt_8 020 11:5

1. Openthe UFRaw program, go to
direction of the .Rawfiles using the left
panel and double click the VIS image.

i |
o] 8] Koo B
2. Clickthe eyedroppericon. 3, Choosea grey pointin the
5. Choose JPEG type image and click one more time
4, Click the save icon. file and click “save”. inthe eyedroppericon.

o] ) S| Giome] < fl “Tomrare . =
6. Openthe IR image 7. Clickthe eyedroppericon,

as the same of the VIS choose the same pointthat was
(stepl) chosenintheVISimage and click

one more time the eyedropper.
Result of thestep7.

s oo ] Womon| Gsme]

8. Clickthe saveicon. 9. Choose JPEG type file and click
“save”.
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D. Microscope Olympus BH2.

Extension—
Tube

Eyepiece
2 Projection
Eyepiece Olympus
Trinocular BH2
Measurin ) . Research
Reticule? oms Microscope
Beamsplitter "/ . A'im

Objectives
Mounted in

Revolving
Nosepiece
—Stand
oS
-Y Sta
e 4 Coarse/Fine

Focusing
Knobs

Microscope Olympus BH2 and objectives.
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E. Data Sheet IR clusters.

Kingbright

26mm LED LAMP CLUSTER

BL0106-15-28

Features Description
#WATERPROOF PACKAGE WITH HOOD SUITABLE F3 Made with Gallium Arsenide Infrared Emitting
FOR OUTDOOR AND INDOOR INFORMATION diodes.

BOARDS.

oCAN PRODUCE ANY COLOR IN VISIBLE
SPECTRUM, INCLUDING WHITE LIGHT.

Package Dimensions

#5(.197)

$26(1.02)
#24(.945
13(.512)
= R3 N
o}
N 0
ot g
~ T
@ A
g g
1L 2 (WHITE)
o j;
1 (RED)
M3 =
by
CONNECTOR
L7.0XW3.5XH7.0
3(.118
p 96.2
o T
0
& %&%) 2.5
217.5(.689)
222.5(.886)
Notes:
1. All dimensions are in millimeters (inches).
2. Tolerance is #0.25(0.01") unless otherwise noted.
3. Specifications are subject to change without notice.
SPEC NO:DSAB1698 REVNO: V.2 DATE:FEB/21/2003 PAGE: 10F 2
APPROVED : J. Lu CHECKED :Allen Liu DRAWN:D.L. HUANG

caded from Arrow.com.
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Kingbright

Electrical / Optical Characteristics at T.=25°C

Test
Symbol | Parameter Device Min. Typ. Max. Units Conditions
Iv Luminous Intensity 180 320 - mWisr IF=60mA
281/2 Viewing Angle - 40 - Deg. -
VE Forward Voltage - 6 8 A" IF=60mA
BLO106-15-28
Apeak Peak Wavelength - 940 - nm IF=60mA
AR1/2 Spectral Line Half-width - 50 - nm IF=60mA
IrR Reverse Current - - 30 UA Vr=5V
Absolute Maximum Ratings at T,=25°C
Parameter Type Units
Power dissipation 540 mwW
DC Forward Current 90 mA
Reverse Voltage 5 v
Operating Temperature -40 To +70 °C
Storage Temperature -40 To +85 °C
F3
1.0
z Ta=25C
i
5
E
£
5 0.5
&
2
£
[
a
0
750 800 850 900 950 1000 1050
wavelength A (nm)
RELATIVE INTENSITY Vs. WAVELENGTH
SPECNO: DSAB1698 REV NO: V.2 DATE:FEB/21/2003 PAGE: 20F 2

APPROVED : J. Lu

oaded from Arrow.com.

CHECKED :Allen Liu

DRAWN:D.L.HUANG
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F. Specifications of the WebCam support.

[0:5Em 5.87cm

=1

0.5¢m

Cam Support structure for
the base and coverture.




ATTACHMENTS

71

G. Data Sheet Chip LEDs.

Descripcion general

Deralles répidoz

Nimero de Medele: GP-3WW5-J4ST LD

Luger delorgen Guangdong Chna GMKI

Tipodepaquere Montsle cuperficia Tensidn de paso m_ 3440y

Vahoje inverso max By Corrierte directa m._700mA

Carrients inversa m._108mu; un Pouwer: T led

Chi Forme| Taivran Epistar45mil CcT: ‘warm 3000-3200k/cool 6000-6500k
CR warm 65-T0/cool 7075 warranty: 3years

Lumen: 220im@ 650ma Life span 80.000Hre

Delivery time: 57 workdays OEM expenence: 3 yeers for Edision Taiwan
Buminess Type Manufacturs:

Supply Ability

Supply Adilty 100000 Uridad/c2 per Day

Embalaje y envio

Paguet

Puerto

Epistar chip led 3 w

Especificaci

= Disipacidn de potencia 2,60 W
= Corrients: 700mA

- Veltaje de la unidad: 3,4-4,0%

Detalles del producto Perfil de la compaiiia

= CCT: 2000-20000kehin

« Rango CRI: 55%-90%

= CCT de ruting: cdlido 3000-3200 k/fresco 6000-6500 k

= CRI de runna: 65-70% calido/70-75% fresco

« Marza de Chips: Tahwdn EpistaraSmil o US BridgeluxdSmil

= Degradacion de Iz uz: 2%: MAS DE 5000horas de iluminacicn continua
Materias primas:

~ LED Chigs: Formal EE. UL, Bridgelux o Formal Tanwin Epistar chips

+ Polvo de fisforo; polva de foshor de Intermatix de EE.UL.

+ Alambre Dorado: de Alemania Heragus Holding, 0ro dz2alta pureza 100, baja resistencia a la electricidad.

1 hbaja tasa de reaccidn de oxidacien.
+ Base Led: BASE de cobre rojo, alta conductividad térmica, alcance 450 k/m. w (cobre solo 300 k/m. w

. siicons: epani,

Servicio de GMKJ:

« 4 aos de garentia de calidzd.

+ Devolucitn sin condicionss si no ests satisfecho,

« Broporeiona & costo Mt bajo pars ¢l envie de los preductos.

+ Proparciona temperatura de color persanalizada y CRIsi es necesario.

+ Proporciona ¥

s pedido de cada arteulo.
« Propertionar CE'SGS... Rohs UL 103001 certficacién

+ Proportiona sufitiente informatién de mercado y prexios pars 0tros accesorios para la fabricacion de u lmpara.
+ Proparciona disefio PCS y soldadura LED de 1 vamiay cira unidad CEM si &5 necesana suctamer.

. ial grandes y clients s 3 largo piazo.

Petencia dllpﬂnhk' 1w3wSw 10w 20w 30 w50 w80 w 100 w 200 W 300 W de alta potencia led diads
Chips dispenibles: bridgelus, Epi I de Taiwsn, Epl de Taiwdn, Genesis de Taiwdn, epiledes de
Tabwin.

Color disponible: blanco, azul, rojo, verde, amarills, naranja, rgb, uv
Disponible CCT: 2000-2200 k/3000-3200 k/4000-4500 k/3000-5500 k/6000-6300 k/15000-20000 k

Las principales materias primas:
Chips

Bridgelux, Epistar da Talwin, epiledes de Taiwén, Genesis de TawénTambién somas vip cistomer para Bridgelux Inc

durante rasi 3 afos.
Alambre de oro.

Alamania HerasusAlambre de oro de purezs 9.99%, como sabemos, los metsles se expandsn con calor, &l oro de
slta pureza tiene mayer ductilidad, menor

Electricidad resistencia
Epoxi/silicona pegamenta:

Dow resistanciz 2 la menor tasa

a ls oxidacién, mantener la transparencia
durante mucho tiempo.

Polvo de fésfor

EE. UL IntermatizFino y suzve, uniforme en tamafio, mejor rendimiento en lamenes, mejor uniformidad de
emision de luz.

Led base:

Base de cobre rofa/negre, para una mejar conduccién

wim. k

El Equipo Principal:
'« Maquina de unidn de ASM USA
+ Miquing de soldadurs y soldsdura de slambre ESM USA
« Polva de Mushasi japonés menchade machune

+ Méquins selladora de pegamento Mihasi de Japén

B Package Dimensions 3% 7B 1+

5#@ = |+
2] i

wzh2
: i
5 B ~
g = Vo
EEYT A

Recommended Soider pad
B Absolute Maximum Ratings fEREE (Ta=257T)

b o v s v
TP P 3 w
Doty {W:ﬁ;u e T 30~ +76 L
T T 40~ 485 ©
e = o o

Motess 1. 1/10 Buy Cycie 0. ima Pulse Width. ¢ B+ IO Cima. & 5c 1410
W Electrical/Optical Characteristics-White (At TA=25°C) It b #8

F
g v |wemoma | 0z [ - | as | v
EFJR S
once o =
o | R | bemoma | - 10 - oW
Luminas Flux o %0 | m
et w0 | K
Ra % 2 w
T | eToOma | - ] — | e
n VimsY 5 - 0 L3
28 | bemama | -- | o — | b
Wevelength Characteristics
Tanzse
E
£
: ]
3 s
2
E .
&
® ao0 a0 sea 250 w00 &0 sse

Vevel ength A (nm)

B Packing Standard 0%k

20tubes/bar
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H. Specifications of the VIS Support.

VIS support structure

I. Black Box S!cfcr__e._ -
p I ke 'f: T
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J. Acrylics Test.

Transparent, White and Pink acrylics

R
5

.
o
e

et
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