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Abstract

The solution to the scientific and practical problem of developing and studying the operation of an electronic digital
colorimeter is considered. The study was not only to determine the percentage composition of the base colour in the con-
trolled object for further unambiguous identification of it with another control object, which is studied using an electronic
digital colorimeter, but also to check its metrological reliability. The functional scheme of the developed digital colorimetric
sensor for measuring the colour properties of materials and products is presented, the principle of operation of which is
also provided. Experimental data were obtained for three measurement channels of the digital colorimetric sensor, namely:
the channel of red, green, and blue photodiodes. A statistical analysis of the series of observation results was carried out,
which allowed establishing the levels of unbiased estimates of dispersions for three measurement channels. The change in
the percentage of the base colour of the sample across the measurement channels is associated with a change in the charac-
teristics of the surface being controlled (the presence of damage, contamination, etc.). Graphic images of the determination
of the level of blue colour across control areas in three samples are obtained. Calculations of the uncertainty budget for

three measurement channels of an electronic digital colorimeter are presented.

The results obtained allow further improvement of methods and means of control of the metrological reliability of
means of colorimetric control by using statistical methods of analysis of the measurement results obtained using them. The
use of a fuzzy logic apparatus for identifying objects of colorimetric control among themselves is promising.
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Introduction

Colorimetry, as a branch of optics, is aimed at
the quantitative study of colour perception and hence
it is an indispensable tool for the detection of che-
mical compounds, organic pollutants, heavy metal ions
and biomolecules for biological study, medical tests on
blood composition and diagnostics of any skin disease.
Colorimetry, physics, chemistry, and biology are in-
extricably linked, and hence it provides an understan-
ding of such phenomena as structural colour, pigment
composition, and others.

One of the most common measuring instruments
of colour properties is an electronic digital colorimeter
(EDC). It offers several advantages, namely: express
colour control, ease of use, sufficiently high measure-
ment accuracy and economic feasibility. The capabi-
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lities of the EDC significantly exceed the capabilities
of other similar instruments.

The issues of colorimetric control are associated
with the need to constantly increase the sensitivity,
reproducibility, and reliability of the results obtained.
The interest of the world scientific community in sol-
ving the problems is confirmed by numerous publica-
tions [1—8] in leading world scientific editions.

Thus, further improvement of the capabilities of
the EDC and study of the features of its use are re-
levant and promising tasks for both developers of such
devices and scientists.

Analysis of recent studies and publications
Colorimetric sensors (CSs) used in electronic
colorimeters have hold appeal for scientists in terms
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of various applications due to the possibility of rapid
analysis, ease of use, cost-effectiveness, and even the
possibility to observe the results of the control with
the naked eye. The collection of scientific papers [1]
presents the results of studies on CSs for the detection
of small molecules, including cations, anions, neutral
particles, and important cellular components associated
with living human systems, in solutions and biologi-
cal samples, as well as for therapeutic and diagnostic
purposes. The paper [1] also discusses the principles,
mechanisms, and methods of manufacturing CSs, their
corresponding applications in various industries, the
principles and mechanisms of colorimetric sensing,
nanomaterials for colorimetric biosensors for biome-
dical applications, paper CSs, CSs for cations, anions,
and biomolecules. In [2], information is presented on
modern innovative methodologies for the development
and production of food CSs, such as electrospun na-
nofibers, electrochemical sheet, inkjet printing, sol-gel
technologies, and paper-based CSs. In addition, recent
advances in the development of CSs, smartphone-based
sensor platforms, and mini-programs for assessing food
safety and quality were documented. In [3], it is stated
that recently, the introduction of advanced nanomate-
rials has given a new impetus to the development of
CSs. Moreover, it describes the necessary actions that
need to be taken to increase the sensitivity of CSs and
considers the design of CSs based on several typical
nanomaterials, including graphene and its derivatives.
Future trends and challenges in the development and
operation of CSs are discussed. In [4], it was found
that due to the similarity of the molecular structure
of biothiols, the development of simple, fast, efficient
and sensitive CSs has great prospects for clinical can-
cer diagnostics. CSs for quality control of poultry and
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Fig. 1. Functional diagram of a digital sensor

red meat are considered in [5]. In [6], a colorimetric
method for the analysis of polyphenols in black tea was
proposed. It was proven that the method is effective
for the analysis of both fresh and fermented samples
of black tea leaves. The aim of [7] is to analyse co-
lorimetric changes in light transmitted through special
filters manufactured by different manufacturers. The
study [8] determined that during colorimetric assess-
ment of enzymes, test samples play an important role
in ensuring high accuracy and increasing the reliability
of results. By comparing the control results with the test
samples, researchers can identify and correct any sour-
ces of errors that could affect the experimental results.

Considering the interest of the world scientific
community in colorimetry, the task of ensuring high
accuracy of comparative analysis of colour properties
of materials and products arises when conducting both
criminal examination and establishing a medical diag-
nosis for sick patients. The task can be solved through
the implementation of statistical analysis methods. The
feasibility of such a statement is based on the results
presented in some papers [9, 10].

Study of metrological reliability of the EDC

To determine the percentage composition of the
base colour in a controlled object for the purpose of
further unambiguous identification of it with another
control object (for example, in forensics when estab-
lishing the identity of the colour of a car suspected of
committing a crime), it is advisable to use EDC, which
is a convenient measuring instrument.

One of the parts of such an EDC is a digital
sensor (Fig. 1), which works both on the reflection
of light and on the lumen of the controlled medium.
The functional diagram of the sensor consists of LEDs

Fig. 2. Electronic digital colorimeter (EDC)
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HL1 — HL4 — Fig. 1 (1), three light filters: Red (R),
Green (G), Blue (B) — Fig. 1 (2); photodiodes VD1 —
VD4 — Fig. 1 (3), normalizing amplifiers — Fig. 1 (4),
ADC — Fig. 1 (5), status register — Fig. 1 (6), inter-
face chip — Fig. 1 (7), and data transmission chan-
nel to a personal computer — Fig. 1 (8). The sensor
uses white LEDs HL1 — HL4 with a temperature of
5600 K [11].

On its display, the EDC indicates the percentage
of one of the three colours (red, green, blue) in the
sample being examined. The design of an EDC is pre-
sented in Fig. 2.

During experimental studies, data were obtained
on the level of blue content in three samples, presented
in Fig. 3.

No 1 Ne 2 Ne 3

Fig. 3. Samples for colorimetric control

Under experimental conditions, the sensor was
moved across the monitored surface at thirty points
with a step of 1 cm. Since the main colour monitored
is blue, the other two channels (red and green LEDs)
were not considered in the calculations.

For further studies, the obtained dependences of
the output signal on the channels of red, green and
blue photodiodes were used, and they were designa-
ted as L, i=Ln, where n is the number of observa-
tions in the series. Under the experimental conditions,
the results of observations are considered independent
and equally accurate. In general, they may contain
systematic and random components of measurement
error. The confidence probability is set at the level of
P = 0.99 (significance level a = 0.01).

To ensure high reliability of the colorimetric con-
trol of the presented objects, it is necessary to control
the operation of the sensor. The importance of the
problem is due to the fact that the confidence inter-
vals are quite wide for the root-mean-square errors.
It is advisable to solve the problem using the variant
of the analysis of variance, which consists in com-
paring the variances and selecting the larger variance
from many according to the Cochrane criterion [12].
This criterion requires the same number of experimen-
tal results in each series.

To solve the problem, the results of the experi-
ments given in Table 1 (n = 30). were used. The values
of the variances were calculated D,...D, and the largest
of the obtained variances was compared with the sum
of all variances according to the formula

D

— max . 1
D, +D, +D, (1

The case when the value (1) turns out to be grea-
ter than the critical value obtained from the Cochrane
criterion tables, in accordance with the established sig-
nificance level, and hence the difference in the maxi-
mum dispersion value from the others is significant,
the colorimetric sensor is recognized as unreliable from
metrological point of view and requires replacement.
A graphical representation of the processes of deter-
mining the level of blue colour by control areas in
samples Ne 1, Ne 2, Ne 3 is presented in Fig. 4, Fig. 5,
Fig. 6, respectively.
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Fig. 4. The process of determining the level of blue colour
across control areas in sample Ne 1
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Fig. 5. The process of determining the level of blue colour
across control areas in sample Ne 2
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Fig. 6. The process of determining the level of blue colour
across control areas in sample Ne 3

The unbiased point estimate of the variance of
the results of multiple measurements of the blue co-
lour level across areas in samples Noe 1, No 2, No 3 is
determined by the formula
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Table 1
Output data of two-dimensional
Ne Sample Nel Sample No2 Sample Ne3
of measurement | Red,% | Green,% | Blue,% Red,% | Green,% | Blue,% Red,% | Green,% | Blue,%
1 0 5 29 0 7 38 0 44 66
2 0 4 28 0 7 39 0 43 67
3 0 4 29 0 13 40 0 43 66
4 0 4 29 0 14 40 0 44 67
5 0 4 27 0 19 40 0 43 66
6 0 4 28 0 13 40 0 42 66
7 0 4 28 0 12 39 0 44 66
8 0 4 29 0 13 39 0 43 65
9 0 4 30 0 13 40 0 43 66
10 0 4 27 0 12 39 0 43 66
11 0 4 27 0 13 39 0 43 66
12 0 4 28 0 13 40 0 46 64
13 0 4 29 0 13 39 0 43 66
14 0 4 28 0 14 40 0 43 66
15 3 0 28 0 12 39 0 42 65
16 0 5 27 0 19 39 0 44 66
17 2 0 28 0 13 39 0 43 67
18 0 4 28 0 19 39 0 43 66
19 2 0 27 0 13 40 0 44 66
20 0 8 29 0 13 39 0 42 66
21 0 4 28 0 12 39 0 43 66
22 0 4 28 0 12 39 0 44 66
23 0 5 28 0 13 39 0 43 65
24 2 0 28 0 13 39 0 42 66
25 0 4 28 0 13 40 0 43 66
26 0 4 28 0 13 39 0 43 66
27 0 4 28 0 13 39 0 47 64
28 0 4 28 0 14 41 0 42 65
29 0 4 29 0 13 40 0 42 66
30 0 4 29 0 13 39 0 43 66
D, = Ll y ( L _Z)Z‘ Q) others, and, thus, the colorimetric sensor is considered
n—1%55

The calculated dispersions across areas for sam-
ples Ne I, Ne 2, Ne 3 according to formula (2) were
performed using Microsoft Excel:

1. Sample Ne 1: D, = 0.56%%

2. Sample Ne 2: D, = 0.38%?;

3. Sample Ne 3: D, = 0.49%”.

According to formula (1), the value of the sum of
all variances is equal to

0.56

=————=0.392.
0.56+0.38+0.49

The critical value of the deviation G at a confi-
dence probability of P = 0.99 and significance level
a = 0.01 is determined according to the Cochrane
distribution table [12] G, = 0.5696

G, =0.5696 > G =0.392.

The calculated critical value G is less than the
critical value G, at o = 0.01, hence the difference

of the maximum dispersion is D, = 0.56 from the

metrologically reliable.

The standard measurement uncertainty of the re-
sults was calculated.

The standard type A uncertainty was calculated as
a statistical estimate of the standard deviation of the
arithmetic mean [13] by the formula

3)

where n, is the number of observations made during
measurement L.

The standard type A uncertainty of measurements
of the blue colour level across control areas in sample
Ne 1 is calculated by the formula (3)

u, (L) =0.136%.

Similarly, calculations were performed for control
areas in sample Ne 2 using formula (3):

u,(L,)=0.112%,
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and also for control areas in sample No 3:

u, (L;)=0.127%.
The calculation of the standard type B uncertainty

was performed based on the assumption of normality
of the distribution law according to the formula

b- C)
uy(x)==5" =, &

where a and b are the left and right limits of the dis-
tribution of the unexcluded systematic error (USE),
respectively. For the developed EDC, the limits +0©
of the USE interval are +1.0%.

The standard type B uncertainty of measurements
of the blue colour level across control areas in sample
No 1 according to formula (4) has the value

uy (L) =0.5%.
Similarly, calculations were performed for control
areas in sample Ne 2 using formula (4):
Uy (Lz) =0.5%,
and also for control areas in sample No 3:
up (L3 ) =0.5%.

The combined standard uncertainty of the initial
quantity L has the form [13]

0= ur ). )

The combined standard uncertainty was calculated
for each of samples No 1, No 2, No 3, respectively:

u (L) = \/(uA (L, ))2 +(uy (L)) =0.518%.

u (L) = \/(uA (L)) +(uy (L,)) =0.512%.

u (L) = \/(uA (L)) + (s (L)) =0.516%.

The expanded uncertainty was calculated for each
of samples Ne 1, Ne 2, Ne 3 using formula (6) [13]

UL)=k-u,(L), (6)

where k is the coverage ratio; u (L) is the total standard
uncertainty.

The coverage coefficient k¥ was found according to
the Student distribution for probability P = 0.95 and
the effective number of degrees of freedom v, [13]
by the formula

k= fo.95 (Veff ), (7

where v, is the effective number of degrees of free-
dom, with v, — o, k = 2 (with a normal distribution
and P = 0.99).
The effective number of degrees of freedom is
determined by the formula [13]
u'(L)
YW ®
i=1 V,'
where v, is the number of degrees of freedom of the
i-th input variable.
Given that during the study on the operation of
the EDC a series of direct multiple measurements have
n = 30, formula (8) can be written in the form [13]

u,' (L)

Vy =(n=1) (L) .

)

The expanded measurement uncertainty of the
initial value for each of samples No 1, No 2, No 3 was
calculated using formula (6), respectively:

U(L)=1.036%; U(L,)=1.024%; U(L,)=1.032%.

Conclusions

The analysis showed the need to continue the
work on improving colorimetric control tools to in-
crease their accuracy and reliability.

For the first time, a digital device to measure the
uniformity of optical media coverage has been deve-
loped, which has contributed to solving the scientific
and practical problem of measuring the uniformity of
optical media coverage and constructing a scheme of
zones with uniform permeability, as well as simultane-
ous measurement of a large area of material.

Thanks to the use of dispersion analysis of the mea-
surement results of the conducted metrological control of
the EDC, namely the digital sensor, which is part of the
electronic colorimeter, the metrological reliability of the
EDC was established, which makes it possible to assert
that high measurement accuracy is ensured.
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AHoTanis

PosrnsiHyTo po3B’si3aHHS HayKOBO-MPAKTUYHOI 3a7adi po3poOKU Ta MOCHIIKEHHS pOOOTH €JIEKTPOHHOTO LM(GPOBOTO
KosiopuMeTpa. JdociimkeHHs Moisrago y BU3HaUY€HHi BiICOTKOBOTO CKJIaay 0a30BOr0 KOJbOPY B KOHTPOJIbOBAHOMY O0’€KTI
JUUIS TIOJAJIBIIOI OJHO3HAYHOI imeHTUdIKaLIl Horo 3 iHIIKUM 00’€KTOM KOHTPOJIIO, IO JOCIIKYETHCS 3a JTOMOMOTOIO ejleK-
TPOHHOTO U(POBOro KOJOPUMETPa, a TAKOX y MepeBiplli ioro MeTposoriyHoi HaaiitHocTi. [IpencraBieHo (QyHKIIIOHATbHY
CXeMY PO3po0JIEeHOrO LM(POBOro KOJOPUMETPUYHOIO CeHcopa JJis BUMIpIOBaHHSI KOJIbOPOBUX BJIACTMBOCTEM MaTepiamiB i
BUPOOiB, HABEJEHO MPUHIIUI HOro poOoTH. OTPUMAHO €KCIIEPUMEHTAJIbHI IaHi 10 TPhOX KaHajdaX BUMipOBaHHS LU(POBOro
KOJIOPMMETPUUHOTO CEHCOopa, a caMe: KaHajl YepBOHOI0, 3eJICHOTO Ta CUHbOro (oTomioniB. [TpoBeaeHO cTaTUCTUYHMIA aHAa-
JIi3 cepiil pe3ysbTaTiB COCTEPEXeHb, SIKMI TO3BOJIMB BCTAHOBUTU PiBHI HE3MIllIEHUX OLIIHOK JMCIIEpPCiii MO TPpbOX KaHajax
BUMiproBaHHS. 3MiHa BiICOTKIB 0a30BOro KOJbOPY 3pa3ka I0 KaHajax BUMIpIOBaHHS IOB’s3aHa 3i 3MiHOIO XapaKTEePUCTUK
IMOBEPXHi, 110 KOHTPOJIOEThCS (HASIBHICTh MOIIKOMIKEHb, 3a0pyTHEeHb To1o). OTpuMaHo rpadiyHi 300paxkeHHS BUSHAYCHHS
PiBHSI CMHBOTO KOJIbOPY IO AiJITHKAX KOHTPOJIO Y TpbhOX 3paszkax. HaBemeHO po3paxyHKM OIOMKETY HEBM3HAYEHOCTi IO
TPhOX KaHaJlaX BUMipIOBaHHS €JIEKTPOHHOTO HUMPOBOrO KOJOPUMETPA.

OTpuMaHi pe3yabTaTu 103BOJISIIOTH TTPOBOAUTHU MOJAJIbIIE BIOCKOHAJIEHHSI METO/IB i 3aC00iB KOHTPOJIIO METPOJIOTIYHOL
HaJIAHOCTI KOJOPUMETPUYHMUX 3aCO0iB KOHTPOJIIO, LIISXOM BUKOPMCTAHHSI CTAaTUCTUYHUX METOMIB MPOBEACHHS aHasi3y
pe3yJbTaTiB BUMipIOBaHb, 110 OTPUMaHi 3 iX goromoroto. [lepcrieKTMBHUM € BUKOPUCTAHHS arapaTy HEYiTKOI JIOTiKU ISt
ineHTU(diKaLii 00’€KTIB KOJOPUMETPUUHOTO KOHTPOJIIO MiX COOOIO.

KmouoBi cioBa: konopuMertpist; LUGPOBUIL CEHCOpP; CTATUCTUYHMI aHali3; OMCIEepCiiHUI aHali3; HEeBU3HAYEHICTh

BUMIipIOBaHb; MOXMOKA.
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