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Abstract: The article presents the design and techno-

logical features of creating color labels-sensors of microelec-
tromechanical systems intended for monitoring physico-
chemical parameters under the conditions of high- level 
electromagnetic interference. The software module of the 
hardware and software complex for the visualization of spec-
tral intensity by converting it into an RGB colour model has 
been created. The algorithm for carrying out the procedure 
for calculating the color rendering index is shown and the 
main parameters of temperature colors in a wide range of 
visible radiation waves are determined 

Key words: color label sensors, spectral intensity 
distributions, color rendering index. 

1. Introduction  
One of the promising areas of progress of modern 

microelectromechanical systems (MEMS) is the develop-
ment and use of microelectronic sensors, which are the 
result of the fusion of technologies and design of sensi-
tive elements and organic semiconductors, i.e. liquid 
crystals for the creation of optically active media, on one 
or more crystals with hybrid or monolithic integration of 
electrical and optical elements [1,2]. At the same time, 
the development of microelectronics and the prospects of 
nanoelectronics [3] significantly expanded modern capa-
bilities of microprocessor technology and features of its 
use in highly efficient information (intelligent) systems 
[4], raising the need to implement new approaches to 
creating sensors. On the other hand, pandemics and 
large-scale military actions lead to an increase in the use 
of disposable protective suits, containers, deployment of 
temporary objects of short-term use. This makes it nec-
essary to change the monitoring system of physical and 
chemical parameters. In such a situation, the develop-
ment of a computer monitoring system based on the 
methods of optical identification implementing non-
contact optical primary converters based on the silicon - 
liquid crystal system becomes relevant. This, in turn, 
stimulates the development of a software and hardware 
complex for monitoring physico-chemical parameters 
based on them for working under the conditions of a 
high-level electromagnetic interference.  

Recently, a number of studies are aimed at creating 
sensors whose source of information is optical radiation, 
rather than an electrical signal [1,2-6]. Their main advan-
tages are the possibility of stable operation under the 
conditions of a high-level electromagnetic interference 
due to the dispersion of sensor elements in space. Optical 
sensors are based on optoelectronic devices consisting of 
a light source, a photoreceptor and an optically active 
environment. The change in the optical features of this 
environment under the influence of external factors af-
fects the output signal of the photoreceiver used for this 
detection. Absolutely, the optically active medium plays 
a major role in the proposed structure. Liquid crystals are 
among the promising materials for creating this envi-
ronment [7-9]. Intensity, polarization direction, change 
of propagation direction, etc. can be selected as informa-
tion parameters, but spectral characteristics are optimal 
for solving the issue of immunity [10,11], as well as their 
monitoring due to the created hardware and software 
complex. 

Therefore, the goal of the work is to create a softwa-
re module of the hardware and software complex, inten-
ded for visualization, and color labels-sensors of the 
MEMS for monitoring physico-chemical parameters un-
der the conditions of a high level of electromagnetic 
barrier. 

2. Experiment details 
Calculation of color parameters of light from the 

spectral range is a complex task. However, it can be sig-
nificantly simplified by developing an appropriate soft-
ware module that will allow processing the useful signal 
of color label sensors in the MEMS through a spec-
trometer. The software module is operable in the Win-
dows environment. The developed system allows easy 
calculations of color parameters by the spectral distribu-
tion of intensity. The software supports the main color 
systems, namely CIE XYZ, RGB, CIE LUV and CIE 
LAB [12]. In addition, the calculation of other important 
parameters, such as the correlation color temperature 
[13] and the color rendering index (CRI) [14] is also 
supported. For flexibility and convenience, all parame-
ters used by the system for calculations can be adjusted.
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 The input data for the system is the spectral intensity 
distribution. The spectrum can be obtained from a text, 
XML or JSON file, or directly from the spectrometer. 
The system supports a wide range of Ocean Optics spec-
trometers through a software interface OmniDriver [15]. 
The software receives and processes data from the spec-
trometer in real time, which allows monitoring changes 
in the color parameters of light. The system allows data 
processing results to be stored in a local database or 
exported to files of basic standard formats for further 
processing and analysis. 

The main system tools are placed in the toolbar, 
while all others are hidden in the main menu. All graphs 
and charts in the program are scalable, allowing the 
exploration of the smallest details. The size of the appli-
cation window and the aspect ratio can also be changed 
in a wide range, so the system is convenient to be used 
for most existing devices. In general, the software is de-
veloped in the C# programming language and using the 
.NET framework. Selected technologies and develop-
ment tools are natively supported, which means there are 
no compatibility problems between the program and the 
operating system. The system consists of several soft-
ware modules, a database, and a graphical user interface. 

Among all software modules, the main ones are the 
mathematical model of light processing, the communica-
tion module with the spectrometer, and the main module 
of the system. The mathematical model of light process-
ing is developed as a dynamic library that can be used 
separately from the software tool. The main mathemati-
cal concepts and methods on which the model is based 
are described in the article [16]. The transformation of 
the spectral intensity distribution into an RGB color is 
described below. 

3. Experiment procedure 
The basics of the technological process of creating a 

hybridized sensitive element of the color sensor label 
based on a molecular crystal-semiconductor system are 
the processes characteristic of the technology of inte-
grated circuits (diffusion or ion alloying, oxidation, pho-
tolithography, vacuum metallization, various types of 
cleaning and heat treatment etc.). At the same time, 
processes are used that are not typical of semiconductor 
technology. First of all, these include anisotropic and 
isotropic chemical profiling. 

The process of microprofiling of silicon substrates 
includes the following main stages: standard preparation 
of the surface of silicon wafers, growth of a film (SiO2) 
masking coating on the surface of the wafer, photolitho-
graphy of the mask, anisotropic etching. 

The method of anisotropic etching of membranes of 
sensitive elements of sensors is used in the process of 
manufacturing the MEMS, which is the basis for creat-
ing a microelectronic color sensor label. 

 Considering the experimental data on the depend-
ence of etching depth on time, the etching rate of 
monocrystalline silicon in an aqueous solution of KOH 
was calculated as a function of temperature (Fig.1). 
Taking into account the quality of the obtained surface 
of the membrane bottom depending on the concentration 
of the solution, as well as the rate of etching of silicon, it 
is possible to microprofile the plates to form the micro-
electronic label sensor for optical identification. 

 
Fig.1. Dependence of the etching rate of silicon in the 

(100) plane on the temperature in an aqueous KOH solution. 

Taking into account the above features of anisot-
ropic etching of monocrystalline silicon, it is possible to 
obtain membranes for substrates with a diameter of 100 
mm, whose fragment is shown in Fig. 2, as well as pro-
posed design and technological features of the manufac-
ture of a color sensor-label based on semiconductor 
liquid-crystal systems. 

 
Fig.2. Appearance of membranes after deep etching  

of a monocrystalline substrate at x20 magnification 

In this case, the features of microprofiling of silicon 
wafers, being intended for the formation of the chip 
configuration, is one of the most important stages of the 
MEMS manufacturing technology. At the same time, it 
is necessary to solve a number of problems, the main 
ones being the ensurance and control of the reproducibil-
ity of the geometric shape and dimensions of mechanical 
parts, the thickness of the membrane, the quality of the 
surface, etc. Fig. 3 shows a schematic representation of a 
microelectronic label sensor using micro-profiled 
monocrystalline silicon. 

Liquid crystal materials with a spiral supramolecular 
structure, so-called cholesteric liquid crystals (CLC) 
were chosen for the implementation of sensors [18]. The 
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direct effect on the spectral characteristics of optical 
radiation is based on the effect of selective reflection of 
light [19]. Selective reflection at the wave length around 
λmax means that the flat structure of the CLC will appear 
colored being illuminated by white light [20].  

 
Fig.3. Schematic representation of a microelectronic la-

bel-sensor for optical identification: CLC- cholesteric liquid 
crystal, P-pressure, d- membrane thikness. 

The coloration of a flat texture illuminated with 
white light can be explained by considering it as a dif-
fraction grating with a system of parallel layers of thick-
ness P/2 and an average refractive index n. 

Then the wavelength of the light λmax, which has the 
maximum intensity in the case of interference, corre-
sponds to Wulff–Bragg's condition: 

λmax = 2 n d sin θ,          (1) 

were d = P/2 is lattice period; θ is the angle between the 
incident beam and the cholesteric plane. 

In addition, having the techniques and methods of 
controlled pressure change in the "membrane - liquid 
crystal" system, it is possible to form the color back-
ground of the microelectronic label sensor with a prede-
termined accuracy, or, in other words, by controlling the 
spectral characteristics λmax= f(P) to set the required 
color of the device. 

4. Experimental results 
At the first stage, the spectral intensity distribution is 

normalized and converted to color in the CIE XYZ color 
model [12] which is the basis for all subsequent calcula-
tions and transformations. To calculate the color in the 
CIE XYZ model, the system uses the color finder func-
tion [21]. The function allows for easy converting the 
spectral intensity distribution of any visible light into 
color. Nowadays, there are several different color detec-
tion functions and new ones can be developed in the 
future, therefore, the function in the system code is not 
protected. In the system, the functions are stored in the 
database, and if necessary, the user can import a new one 
from a text file.  

After calculating the color in the CIE XYZ model, 
the it is converted to the RGB color model. For this, the 
transformation matrix is used, which is displayed in the 
ratio (2). 
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In the formulas, Xr, Yr, and Zr are the RGB parame-
ters of the transformation matrix calculated from the 
chromatic coordinates of some RGB system. Xw, Yw, 
and Zw are the color coordinates of the reference white 
light of the selected RGB system. 

Since there are many different RGB color systems 
today, the user can choose the required one from the 
preset systems stored in the application, or if the required 
color system is not available, the user can easily import 
it. 

After calculating the linear RGB color using the ma-
trix (3), it is converted into a more familiar, non-linear 
color format using the gamma transformation (4): 

γν
1

=V .              (4) 

In relation (4) V is a linear color channel,  is non-
linear RGB color channel, and γ is the gamma parameter 
of the corresponding color system. 

The main system is designed using the Model-View-
ViewModel (MVVM) architectural pattern. This was 
chosen because it makes it easy to update the user inter-
face in real time. Selected .NET and Windows Presenta-
tion Foundation (WPF) frameworks [22] natively sup-
port this architectural pattern. 

The SQlite database is used to save data in the soft-
ware application [23]. SQLite is a relational database 
management system. Unlike other popular database 
management systems, the SQLite does not require addi-
tional installation and deployment. 

To work properly, the SQLite needs only a database 
file and a dynamically linked library. This allows for 
delivering the application with the required data set and 
simplify the installation and deployment process. The 
SQLite database also has some drawbacks, but they are 
insignificant for the developed system. 

The next part of the main system is the graphical user 
interface. As described above, the MVVM pattern was 
chosen as the main architectural design pattern, and the 
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WPF was chosen as the main framework for user inter-
face development [22]. The WPF is one of the most 
powerful and versatile graphical user interface (GUI) 
frameworks for the .NET Windows platform. Another 
advantage is that it is supported by all popular versions 
of the Windows operating system. 

When developing the graphical user interface, the 
main goal was to combine all the most important infor-
mation, all the graphics and all the functionality in a one 
main window of the program, while all the less impor-
tant things were transferred to the menu of the program 
and additional windows. This allows the user to always 
see a complete picture of the light being tested and to 
have easy access to the main functions. At the same 
time, due to the removal of everything superfluous in the 
menu and additional windows, the main window of the 
program is not overloaded with information and, there-
fore, not too complicated. The implementation of the 
main window is shown in Fig. 4. 

 
Fig. 4. The main window of the software module. 

As can be seen in Fig. 4, the main window displays 
the spectral distribution of the intensity of the investi-
gated light, the calculated color indicators and other light 
indicators. As described above, the software system 
directly communicates with the spectrometer. Such 
communication is extremely important, as it allows the 
elimination of several intermediate steps while investi-
gating the color of light. The system works with most 
spectrometers from Ocean Optics. 

The OmniDriver library [15] was used in the system 
to operate and configure the spectrometer. The described 
library supports normalization and smoothing of the 
intensity spectral distribution before processing. This 
makes the spectrum acceptable for further processing 
and rejects unwanted noise. Normalization and smooth-
ing parameters can be adjusted in the corresponding 
system window. Also, the user can select the desired 
spectrometer if several of them are connected to the 
computer. The system receives standard parameters from 
the spectrometer when it is connected, so the users usu-
ally do not need to make additional settings every time 
they use it. 

The software has two modes of working with spec-
trometers, namely, reading a single spectrum and peri-

odically reading and processing the spectrum in real time 
within a given period. Accepting the second option, the 
user can dynamically change the periods and processing 
parameters. Reading and processing the spectral distribu-
tion in real time allows the user to monitor changes in 
the color parameters of light over time. It is an extremely 
important function, which significantly expands the 
scope of using the software product. 

To simulate the operation of the software-hardware 
complex, the software module was used to find the color 
in the RGB model of the light emitted by the sensor in 
the absence of a load. A typical characteristic for T=9.68 
color temperatures is shown in Fig. 5. 

 
Fig. 5. Results of studies of spectral distributions for 

T=9.68 color temperatures. 

As the research showed, there is a noticeable differ-
ence between the spectral intensity distributions which 
indicates a high resolution during the calculation proce-
dure for the СRІ. So, for wavelengths in the range 
500÷560 nm the software module allows for estimating 
the intensity that constitutes the order І1.4. At the 
same time, the color rendering index is within the limits 

СRІ= 77.28 ÷ 87.45. For longer wavelengths (  420 
nm) the spectral intensity distribution already corre-
sponds to І=1.7. 

6. Conclusions 
As a result of the conducted research, the construc-

tive technological element of the hardware and software 
complex for visualization of the color labels-sensor of 
the MEMS for monitoring physico-chemical parameters 
under the conditions of a high-level electromagnetic 
barrier was developed and proposed. The implementa-
tion of the sensitive element involves the complex use of 
bulk silicon and liquid crystal materials with a spiral 
supramolecular structure - cholesteric liquid crystals. A 
software module of the system was developed for esti-
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mating the intensity in a wide range of waves from 300 
to 900 nm. The feature of the software module is the 
flexibility of integration with existing .NET Windows 
platforms. For wavelengths located in the range 500÷560 
nm, the software module allows for estimating the inten-
sity, which is the order of magnitude І1.4. At the same 
time, the color rendering index is within the limits СRІ= 
77.28 ÷ 87.45, which indicates the high resolution of the 
complex during the calculation procedure for the CRI. 
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МЕТОДИ ВІЗУАЛІЗАЦІЇ КОЛІРНИХ 

МІТОК-СЕНСОРІВ  
У МІКРОЕЛЕКТРОМЕХАНІЧНИХ 

СИСТЕМАХ 
А.Фечан, Ю.Ховерко, В. Далявський, Т. Дигладович  

У поданій статті наведено конструктивно-технологічні 
особливості створення колірних міток-сенсорів мікроелек-
тромеханічних систем  (МЕМС) для моніторингу фізико-
хімічних параметрів в умовах високого рівня електромаг-
нітних завад. Створено програмний модуль апаратно-прог-
рамного комплексу візуалізації спектральної інтенсивності 
шляхом перетворення в RGB-модель. Показано алгоритм 
проведення процедури обчислення індексу передавання 
кольору (СRІ) та визначено основні параметри темпе-
ратурних колірностей в широкому діапазоні хвиль види-
мого випромінювання. 
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