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DEVELOPMENT OF AN OPTICAL TEMPERATURE
SENSOR ON LIQUID CRYSTALS

Introduction. High-tech production requires careful control of the technological process, the operation of fac-
tory equipment, as well as the parameters of work premises, which have to meet the criteria of safety and comfort
of employees. For this, there are used sensors of physical parameters, including temperature.

Problem Statement. Inside industrial premises and near factory equipment, special temperature sensors that
are not affected by various technological factors, such as high concentration of dust, aerosols of chemical sub-
stances, and high noise, shall be employed.

Purpose. The purpose of the research is to illustrate the possibility of creating an optical temperature sensor
on liquid crystals, which reliably operates in the conditions of high-tech industrial production.

Material and Methods. Analytical review of scholarly research publications. Experiment, numerical analysis
of experimental data.

Results. A design of optical threshold temperature sensor has been proposed. The sensor comprises an optical
radiation source that is connected to the input optical pole of the optical switch. The sensor is capable of fixing a
number of threshold temperatures that correspond to the phase transition temperatures of each temperature-
sensitive element. Composites based on a liquid crystal 6CB doped with magnetic Fe,O  nanoparticles have been
used as heat-sensitive elements. The phase transition temperature of these composites varies from 22 to 29 °C
depending on the concentration and size of the Fe,O , nanoparticles. Due to it, the sensor is able to record threshold
temperatures in the range of 22—29 °C with an accuracy of 0.05 °C.

Conclusions. The design of temperature sensor on liquid crystals, which can be used in manufacturing enter-
prises, in particular, in modern battery production for monitoring temperature conditions inside industrial prem-
ises and near technological equipment has been proposed.
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Modern high-tech production is impossible unless
the technological process, the operation of facto-
ry equipment, as well as the specified parameters
of the working premises, which are necessary for
the safety and comfort of employees are controlled
carefully. In turn, it requires a variety of sensors
of physical parameters, including the tempera-
ture sensors [1, 2]. Temperature control systems
that use temperature sensors have been becoming
increasingly popular in residential buildings [3].

Measuring the temperature of process equipment,
industrial plants, as well as working and residen-
tial premises is possible both by the contact methods
(for example, with the use of a thermometer or a
thermocouple), and by the non-contact ones (for
example, by the radiation analysis) [4].

One of the promising methods of temperature
measurement is the use of optical temperature sen-
sors on liquid crystals as a thermosensitive ele-
ment. Therefore, such optical sensors that replace
the mercury and alcohol thermometers, have al-
ready become widespread in the market of house-
hold services [5]. However, inside industrial pre-
mises and near factory equipment, special optical
sensors that are not affected by various techno-
logical factors, such as high concentration of dust,
aerosols of chemical substances, high noise level,
and so on may be necessary. Often, such sensors
shall act as logic devices that generate an output
alarm signal if the measured parameter exceeds
some threshold value. These are the so-called thre-
shold optical temperature sensors [6].

Therefore, an urgent task is the development of
such an optical temperature sensor on liquid crys-
tals, which would operate reliably in the condi-
tions of high-tech industrial production, in par-
ticular, at battery factories.

The purpose of the research is to illustrate the
possibility of designing such a sensor.

GENERAL INFORMATION ABOUT
LIQUID CRYSTALS AND COMPOSITE
LIQUID-CRYSTAL MATERIALS

It should be emphasized that liquid crystals have
many interesting physical properties, due to their
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complex crystal structure, more precisely, their
liquid crystalline state of matter. Liquid crystal is
a phase state that is taken by some substances are
converted at a certain temperature or concentra-
tion in solution (so-called thermotropic or lyotropic
systems). Liquid crystals simultaneously possess
both the properties of liquids (fluidity) and crys-
tals (characterized by anisotropy). Liquid crys-
tals are viscous liquids consisting of elongated or
disk-shaped molecules arranged in a certain way
throughout the volume of the liquid [7—9].

The most famous structural types of liquid
crystals are as follows: smectic, nematic, and chol-
esteric; the corresponding substances have the na-
mes: smectics, nematics, and cholesterics (Fig. 1).
In smectics, the molecules are arranged in layers,
but their centers of mass can move in the plane of
the layer. The predominant direction of the mo-
lecule orientation is usually called the “director”
that is denoted by the vector n (Fig. 1, a). In
nematics, the molecules are oriented mainly along
one axis, with their centers of mass located ran-
domly. The molecules can be elongated (Fig. 1, b)
or disk-shaped (Fig. 1, d). Cholesterics contain
mirror-unsymmetrical molecules arranged in a
periodic spiral structure (Fig. 1, ¢).

The thermotropic liquid crystals are character-
ized by the two temperature points: the melting
temperature (T ) and the clearing temperature

AR
iR AT
\ N(’ ‘1(” “

h 0 ~u'f

Fig. 1. Types of liquid crystals [7—9]
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Fig. 2. Cholesteryl benzoate phases [10]
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Fig. 3. Example of colloid suspension based on liquid crystals

(T,). Below T , the substance has a crystal struc-
ture (Cr), Whlle above the T, the substance is a
liquid (L), namely the hquld crystal phase exist
between the melting and clearing points. This is
illustrated by the example of cholesteryl benzoate
(Fig. 2) [10].

Let us recall the history of liquid crystal dis-
covery [10—16]. In 1861, during the synthesis of
cholesteryl chloride, the professor of anatomy of
the Lviv (at that time — Lemberg) University, Ju-
liusz Planer, for the first time observed the unique
optical properties of this substance that changed
its color in incident and transmitted light upon
melting. He published the results of his research
in [14] (the English translation [15]), which be-
came the first documentary observation of the
physical properties of thermotropic cholesteric
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liquid crystals and phase transitions in these sub-
stances. In 1888, the Austrian botanist Friedrich
Reinitzer observed how the crystalline substance
cholesteryl benzoate, when heated to T , turned
into a cloudy liquid that dispersed light a 10t and
then upon further heating, at T, the substance
became transparent [10]. However, the physical
reason for such optical properties was not clear to
the researchers. Therefore, Reinitzer asked for an
explanation to the German crystallographer Otto
Lehmann who, in 1889, established that a cloudy
liquid was anisotropic and had the properties of a
crystal. Therefore, Otto Lehmann called this
state of matter “liquid crystal” [16].

Since the 1960s, liquid crystals have been wi-
dely used in microelectronics, as they are able to
easily change their structure and properties with
little external influence, that is, they are able to
display and transmit information with minimal
energy consumption [7—9].

Let us consider another type of liquid crystal ma-
terials — colloidal suspensions or composites based
on liquid crystals. They are liquid crystals with
added nanoparticles having a size of 10—100 nm.
These materials can be characterized by the prop-
erties that are even more interesting for science
and useful for technical applications. Nanoparti-
cles do not change the general orientation of mol-
ecules in the entire volume of liquid crystals, but
they can significantly correct the orientation of
molecules close to the particles (Fig. 3) and affect
the effective properties of liquid crystals. For ex-
ample, it is possible to change the point liquid
crystal — liquid (T,) phase transition. It is possi-
ble to increase the sensitivity of composites to
electric and magnetic fields. Figure 3 schemati-
cally shows the composite structure from which
we can see that the spherical nanoparticles are
able to turn the nearest liquid crystal molecules
perpendicular to their surface.

The theoretical study of composites started in
1970 [17], and in the 1980s and 1990s they were
synthesized experimentally [18—21]. Since the
1990s, there have appeared many publications on
theoretical and experimental study of the inter-
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nal structure and collective effects in composites,
for example [22—31]. These studies, in particular,
have shown that the points of phase transitions
depend on the concentration and properties of
nanoparticles, so engineering devices based on
composite liquid crystals can serve as tempera-
ture indicators.

OPTICAL TEMPERATURE INDICATORS
ON LIQUID CRYSTALS

Optical effects in liquid crystals have already used
in information technology. Based on liquid crys-
tals, the following devices have been designed:
displays; microlasers; controlled optical diodes;
light modulators; adaptive lenses; phase correc-
tors; deformation detectors; detectors of electric,
magnetic, and thermal fields; materials for recor-
ding holograms [7—9, 32, 33].

The effect of selective light scattering on the
periodic structure of cholesteric liquid crystals
(cholesterics) is widely known. In such substanc-
es, the molecules are arranged in layers, and with-
in each layer the molecules are oriented parallel
to the director. Since when moving from one lay-
er to another, the director turns to a small angle,
the liquid crystal looks like a layered spiral tex-
ture with some spiral pitch (Fig. 1, ¢). Under il-
lumination with white light, such a liquid crystal
selectively reflects light like a diffraction grating.
With normal light incidence, light with a wave-
length approximately equal to the pitch of the spi-
ral is maximally reflected. Many cholesteric liquid
crystals have a spiral pitch of 400—1000 nm. The-
refore, they scatter in the region of visible light.
Temperature variations and mechanical deforma-
tions affect the pitch of the helix in the texture of
cholesterol. This leads to change in the color of the
light scattered by them and allows displaying the
deformation fields and the temperature fields [33].

Of course, temperature indicators on choles-
terics are constructed in the form of a heat-sensi-
tive film coating on the studied surface. In such
liquid crystals, light splits into two waves, the
transmitted and reflected ones. Black paint is ap-
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plied to the studied surface to absorb the light
wave passing through the liquid crystal. The sec-
ond light wave is selectively reflected from the
liquid crystal and characterizes the crystal color.
This light wave gives information about the de-
formation or the temperature of the studied sur-
face. This is how film thermosensors or deforma-
tion sensors work [33]. However, since high noise,
vibration, and pressure drops, cause uncontrolled
deformations, such sensors work unreliably, be-
cause these factors introduce errors into the proc-
ess of temperature measurement. In addition, che-
micals aerosols in the production conditions can
damage film temperature sensors. An additional
negative factor is that in many cases it is neces-
sary to measure the temperature in some local
places, and for this it is better to use a small liquid
crystal rather than a film coating.

Therefore, let us consider fiber optic tempera-
ture sensors on liquid crystals [34]. The principle
of operation of such sensors is based on the con-
version of the temperature effect into a modulat-
ed light signal and its transmission over an optical
fiber communication line. Usually, in such sensors,
the light generated by the light source is trans-
mitted to a heat-sensitive element via an optical
fiber, the light signal is modulated on the heat-
sensitive element and further fed to a detector via
an optical fiber. There may be the sensors in which
the optical fiber itself is a sensitive element and is
capable of modulating the light signal. However,
known fiber optic temperature sensors usually re-
spond only to one temperature value that is set
by the thermosensitive element properties and
cannot react to several values in the temperature
range [6, 34, 35].

Figure 4 illustrates the scheme of such a fiber
optic temperature sensor. The temperature sensor
has radiation source (7), such as a laser; lens (2);
thermosensitive element (3); photodetector (4);
fiber optic cable (5); dispersing lens (6); and fo-
cusing lens (7). A liquid crystal is used as thermo-
sensitive element (3) that is capable of detecting
one threshold temperature value. In this device,
lens (2) allows improving the input of optical ra-
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Fig. 4. Scheme of the fiber optical temperature sensor [35]

diation into optical fiber (%), and lenses (6) and
(7) reduce the heating of liquid crystals (3) from
radiation due to the redistribution of light over a
larger plane, which reduces the error of environ-
ment temperature measurement. However, as al-
ready mentioned, such a sensor can record only
the achievement of one threshold temperature. In
order to carefully control the temperature condi-
tions, it is necessary to use several similar sensors
that react on different threshold temperature
(due to, for example, special changes in the com-
position of liquid crystals) [34, 35].

Further, we demonstrate the results of our de-
sign of a fiber optical liquid crystal sensor of thre-
shold temperature capable of detecting a range of
threshold temperatures.

OPTICAL LIQUID CRYSTAL SENSOR
OF TRESHOLD TEMPERATURE

We offer the following sensor design (Figs. 5, 6).
The source of optical radiation (D) is connected
to the input optical pole of the optical switch
(OP), the output optical poles of which are con-
nected to a group of optical fibers (VS,..VS ). A
control signal (S,) from an external monitoring
system (not shown in Fig. 5) is connected to the
input of the optical switch (OP). An optical
switch is an optical device with one input optical
pole and several output optical poles, which en-
sures the closure of an optical circuit with one of
the output optical poles, and the switching proc-
ess is controlled by an electric potential. With the
help of the group of optical fibers (VS,..VS ), the
output optical poles of the optical switch (OP)
are connected to a group of thermosensitive ele-
ments (T,..T, ) through the dispersing lenses (LR,...
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LR,) and through polarizers (P,..P,). Thus, the
group of thermosensitive elements (T,.. T, ) is con-
nected in parallel to the source of optical radia-
tion (D) through the optical switch (OP). With
the help of optical fibers (VS,...VS, ), the group of
thermosensitive elements through analyzers (A, ...
A,) and through the focusing lenses (LF,...LF)
is connected in parallel to the photodetector (F).
The photodetector output (F) is connected (S,
signal) to the external monitoring system. In each
thermosensitive element, a liquid crystal (RK) is
fixed in an optically active structure that rotates
the plane of light polarization by 90° (Fig. 6). To
ensure this, the liquid crystal (RK) is placed be-
tween two parallel transparent plates with guid-
ing layers (PV) and (PG), with the direction of
the guiding layers on the second plate (PG) be-
ing perpendicular to that on the first plate (PV).
This results in a 90° rotation of the liquid crystal
optical axis: from the surface of the crystal in con-
tact with the first transparent plate (PV) to the
surface of the crystal in contact with the second
transparent plate (PG). This leads to a 90° rotation
of the light polarization plane. In principle, it is
possible to simplify the sensor design by excluding
the dispersing and the focusing lenses from it.
Such an optical threshold temperature sensor
is capable of recording several threshold temper-
atures that correspond to the phase transition
temperatures of each temperature sensitive ele-
ment of the sensor. Due to the fact that the group
of temperature-sensitive elements (T, T,, ... T)
is connected in parallel to the source of optical
radiation by means of the optical switch and to
the photodetector, the optical switch (OP) can
close the optical circuit between the source of op-
tical radiation (D) and one of the temperature-
sensitive elements (T,) and the photodetector (F).
In this state, the sensor can record only the achie-
vement of one threshold temperature that is equal
to the temperature of the phase transition of the
corresponding temperature-sensitive element (T,).
The optical switch is able to connect each tem-
perature-sensitive element to the source of opti-
cal radiation, one after the other, depending on
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the control signal (S,) from the external moni-
toring system, which is connected to the input of
the optical switch. This allows the sensor to re-
cord the achievement of each threshold tempera-
ture that is equal to the temperature of the phase
transition of the corresponding temperature-sen-
sitive element, one after the other. Due to the fact
that the output of the photodetector is connected
(SF) to the external monitoring system, the ex-
ternal monitoring system has the ability to re-
ceive information about the achievement of each
threshold temperature. It is possible to use a com-
puter or other intelligent devices as an external
monitoring system. Due to the fact that a dispers-
ing lens and a focusing lens are placed in front and
behind each temperature-sensitive element, respec-
tively, the sensor is characterized by a small error
in measuring the environment temperature.

Let us consider how an optical temperature sen-
sor works. Unpolarized light from the optical ra-
diation source (D) passes through the optical switch
(OP). An external monitoring system (not shown
in Fig. 5) controls the switching of the optical
switch (OP) with the help of control signal (S,)
by sending successive commands that make the
optical switch (OP) sequentially close the opti-
cal circuit with the thermosensitive element (T)),
one after the other. In parallel, the external moni-
toring system receives a signal (S,) from the pho-
todetector (F), which allows identification of an-
other temperature-sensitive element (T)), through
which the optical radiation from the source (D)
has to pass. After the optical switch (OP), the un-
polarized light passes through the fiber optic gui-
de (VC), the dispersing lens (LR), and through
the polarizer (P,). Further, the polarized light pas-
ses through the first transparent plate with a gui-
ding layer (PV). For example, vertically polarized
light passes through a transparent plate with a
vertically oriented layer (PV). After that, the po-
larized light passes through the liquid crystal (RK),
which leads to a light polarization plane rotation
by 90°, provided the environment temperature
and, accordingly, the temperature of the liquid
crystal does not exceed the temperature of its pha-
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Fig. 5. Scheme of the proposed optical temperature sensor
on liquid crystals

Fig. 6. Temperature sensitive element

se transition. After that, the polarized light passes
through the analyzer (A) and through the focus-
ing lens (LF). However, if the temperature of the
environment and, accordingly, of the liquid crys-
tal (RK) reaches or exceeds the temperature of its
phase transition, the liquid crystal turns into an iso-
tropic liquid that no longer rotates the plane of light
polarization. In this case, the polarized light can no
longer pass through (A,), because it is crossed at 90°
with the direction of light polarization. Thus, if the
environment temperature reaches or exceeds the
temperature (t,) of the phase transition of the ther-
mosensitive element (T,), the photodetector records
the absence of a signal, and thereby informs the ex-
ternal monitoring system that (t,) has been reached.
If we properly reduce the power of the optical ra-
diation source (D) and accordingly increase the
sensitivity of the photodetector (F), it is possible
not to use lenses (LR,..LR), (LF,..LF), which
simplifies the sensor design.

In this sensor, it is possible to use composites
based on liquid crystal 6CB (4-cyano-4-hexylbi-
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phenyl) with the addition of iron oxide (Fe,O,)
magnetic nanoparticles as thermosensitive liquid
crystals. The synthesis process of such composites
and the results of experiments on determining the
temperature T, of the liquid crystal — isotropic lig-
uid phase transition have been described in [36].
The nanoparticles have a spherical shape, their di-
ameter varies from 10 to 30 nm. The nanoparticles
are pretreated with a surfactant (oleic acid) to pre-
vent their magnetic coagulation. As a result, stable
systems with a volume concentration of impurities
from 10~* to 103 are obtained. As shown by experi-
mental studies [36], the phase transition tempera-
ture of such composite liquid crystals varies from
22 to 29 °C, depending on the concentration and
size of Fe,O, nanoparticles. For example, these lig-
uid crystals can provide temperature-sensitive ele-
ments with threshold temperature of 22; 23; 24; 25;
26; 27, 28; and 29 °C with an accuracy of 0.05 °C.
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IncTuTyT TpaHCcOpTHUX cucTeM i TexHosoTiH HamionarpHoi akazeMii Hayk YKpainw,
By [Trcapxkescokoro, 5, [nimpo, 49005, Yipaina,
+380 56 746 4282, itst@westa-inter.com

PO3POBKA OIITUYHOTO JATYUKA TEMIIEPATYPU HA PIAKNX KPUCTAJIAX

Beryn. Bucokorexsosoriune BUPOGHUIITBO IOTPEOYE PETEBHOIO KOHTPOJIIO TEXHOJIOTIYHOTO IIPOLECY, POOOTH 3aBOACHKOTO
YCTaTKyBaHHs, MapaMeTpiB poOOYHX MPUMIIIEHD, SIKi 3aI0BOJIBHSIOTH KPUTEPisiM Ge311eKH 1 KoMhOopTy MpatiBHUKIB. JIj1st 1Iboro
BUKOPHMCTOBYIOTH IATYNKK (DI3UUHUX ITApaMeTPiB, 30KpeMa, I TeMIiepaTypu.

IIpo6aemaTuka. B yMOBaxX IPOMUCIOBUX TIPUMIIIEHD 1 TOOJIU3Y 3aBOJCHKOTO YCTATKYBAHHS HEOOXIIHUMU € CrerianbHi
JIATYUKY TEMIIEPATYPH, SIKi He TIONITKO/IKYIOTHCS BiJl Il PI3HOMAHITHUX TEXHOIOTTYHUX (DaKTOPiB: BUCOKOI KOHIEHTPAITIT TTHJLY,
aepo30JIiB XIMIYHUX PEUOBIH, BUCOKOTO PiBHS HIYMY.

Mera. ITokasaTu MOKJIMBOCTI KOHCTPYIOBAHHS ONTHYHOTO JaTYMKA TeMIEpaTypy Ha PIAKUX KpUCTadax, sKuii Oyae Ha-
MHAHO MPAIOBATH B YMOBAaX BUCOKOTEXHOJIOTTYHOTO TIPOMUCIOBOTO BUPOOHUIITBA.

Marepianm i MeToau. 3aCTOCOBAHO aHAITHYHUIT OIS HAYKOBUX My OJIiKalliii, eKCIIepUMEHT, YKCeIbHUIT aHali3 eKCIre-
PUMEHTAIbHUX JIAHUX.

PesyabraTi. 3anporoHOBaHO KOHCTPYKILIIO ONTHYHOTO TIOPOTOBOTO JIATYUKY TEMIIEPATYPH, SIKUIl MiCTUTH J[KEPEJIO OTl-
TUYHOTO BUITPOMIHIOBAHHSI, TTi/[KJII0YEHE /10 BXiJIHOTO OMTHYHOTO TOJII0CA ONITUYHOTO TiepeMuKkaya. Jlarauk 3naten ikcysa-
TH PsiJl TOPOTOBUX TeMIEpaTyp, AKi BiAIIOBia0Th TemiepaTypam (asoBoro rnepexo/y Ko>KHOrO TeEPMOYYTIMBOIO €JIeMEHTA.
Ak TepMOUYTINBI eleMEeHTH BUKOPUCTAHO KOMITO3UTH Ha OCHOBI pizfikoro kpuctany 6CB 3 mogaBanHsM MaraiTHUX HaHOUYaC-
ok Fe,O,. Borm sMinioors TemmepaTypy dasosoro nepexomy Bia 22 mo 29 °C 3aekno BiJ KOHIEHTpaIii Ta po3MipiB Ha-
HOYACTUHOK. 3aB/ISIKU IIbOMY JIaTYMK MOsKe (hikcyBaT 1moporosi tremreparypu B aianazoni 22—29 °C 3 tounicTtio 0,05 °C.

BucHoBKH. 3aIPOIIOHOBaHY PO3POOKY MaTUMKY TEMIIEPATYPU Ha PIIKUX KPUCTAIaX MOKe OyTH BUKOPUCTAHO HA IPOMIC-
JIOBUX IIAIPUEMCTBAX, 30KPEMA, HA CYYACHOMY aKyMYyJISSTOPHOMY BUPOOHUIITBI IJIs1 KOHTPOJIKO 32 TEMIIEPATYPHUMU PEKI-
MaMU y IPUMIIIEHHAX 1 TT06JIM3Y TEXHOJOITYHNUX YCTAaHOBOK.

Kmouosi cnosa: mpoMUCIOBI AATINKH, ONTHYHI TATINKNA TeMIIepaTypH, PiZIKi KpucTaid, Ga3oBi Iepexoimn.
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