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Optical properties of polymer-dispersed liquid crystal films

as basic elements of imitation measures for calibration

of photoplethysmographic devices
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An experimental setup was assembled and the optical properties of two polymer-dispersed liquid crystal films

were studied. Transmission spectra of the films were constructed in the UV, visible and near-infrared ranges.

Electro-optical curves (transmittance versus applied voltage) were calculated for wavelengths of 515 and 632 nm.

Using the two-stream Kubelka-Munk model, the electro-optical curves were then converted into the scattering

coefficient of films. At a wavelength of 515 nm, the scattering coefficient of the first film varies in the range

of 45−5 cm−1, while the scattering coefficient of the second film varies in the range of 38−21 cm−1 with the

applied voltage changing from 0 to 60 V. It was shown that both films can simulate the modulation depth of the

photoplethysmographic signal (AC/DC ratio) within the physiological range and, thus, are suitable for use in the

developed working simulation measures.
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Introduction

Development of optical phantoms simulating the optical

properties of real biological tissues is an important task

in the field of optical noninvasive diagnostics [1,2]. Such

methods as laser Doppler flowmetry, laser doppler imaging,

photoplethysmography (PPG), etc., can be specified here

with respect to tissue circulation study [3]. Phantoms that

mimic tissue circulation are important for such methods.

Since, blood flow is a dynamic process, then phantom

becomes a measuring tool — a working simulating measure

(WSM) designed to store and reproduce a measured

quantity, unit of this quantity, mimicking the time-varying

behavior of the quantity. For example, for the laser

Doppler flowmetry, the best known WSM is the PF 1000

Calibration kit with a Motility standard (Perimed AB,

Sweden) [4]. Working principle of this phantom is based

on the Brownian motion of polystyrene microspheres in

solution and formation of the Doppler frequency shift when

light scatters on them.

There are also phantoms made on the basis of pho-

topolymer rubber, gelatin, agar-agar, intralipids, variuos

gels, paraffin, etc., combined with dyes (indocyanine green,

Indian ink, etc.) for mimicking optical properties of blood

and other tissue components [5,6]. For example, for PPG,

there is an optical phantom on the basis of gel with various

concentrations of hemoglobin to mimic individual time

points on a pulse wave [7]. However, such approach has

obvious disadvantages — a new solution shall be prepared

for each characteristic point, and the more points are to

be simulated, the more solutions are required. There

are phantoms in the form of tubes, via which blood is

pumped [8]. Such phantoms also have some disadvantages:

first, they are difficult-to-make, second, solutions get dry

with time, therefore new solutions shall be prepared each

time and, third, repeatability of measurements is low on

such phantoms. Thus, there is still an outstanding problem

concerning the repeatability of parameters for various liquid,

gel and other
”
hand-made“phantoms [1].

Meanwhile, there is another technique designed to

simulate tissue blood flow parameters. This is a polymer-

dispersed liquid-crystal (PDLC) film with electrically con-

trolled optical properties. PDLC consists of liquid crystals

that are arranged chaotically when there is no voltage to

make the film a heavily scattering medium, and, when a

voltage is applied, crystals align along one direction, light

scattering by the film decreases and the film becomes more

transparent. The film-control voltage varies within 0−110V,

however, a maximum transparency is achieved as early

as at 60V. Therefore, these materials have been recently

widely used in various devices — modulators, glasses, smart

windows, etc. [9,10].
PDLC films can be also used for simulating circulation

processes in tissues and, in particular, the PPG signal. We

have earlier patented this idea [11] and proposed a three-

layer WSM structure based on such film [12]. A detected

PPG signal is known to represent a sum of two components:

a variable (AC) component that is formed by arterial

blood flow pulsations, and a slowly varying (quasi-constant,
DC) component induced by light absorption in fixed tisue

structures and by a mean blood volume [13]. AC/DC ratio

is often treated as a PPG signal quality indicator. Thus,

WSM, despite its structure and operating principle, shall

reproduce an AC/DC ratio approximated to real tissues. In
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Figure 1. PDLC films used in the study: sample 1 (a) and sample 2 (b).

Figure 2. Schematic diagram of the experimental system for examination of optical properties of PDLC films: for measuring transmission

spectra (a) and transmittance at a particular wavelength for different applied voltage levels (b ).

the proposed three-layer WSM [12], the AC component is

simulated by applying an AC voltage to the PDLC film, and

the DC component is formed by means of light scatteting on

a PTFE substrate and absorption on a special optical filter.

The measure works in
”
back scattering“ mode, however,

it can also work
”
transmission“ mode with small layer size

modification. Since the AC/DC ratio depends both on blood

pulsation amplitude in arteries and on optical properties of

tissue, then by varying the modulation depth of an AC signal

applied to the PDLC film and by selecting various absorbing

optical filters, the AC/DC value can be simulated for various

wavelengths.

Optical properties of PDLC films shall be known for

precise simulation of optical radiation propagation in such

multylayer WSMs and calculation of a reproducible quantity.

However, optical properties of such films are still unknown

and depend on many factors (concentration of liquid crystals

in the polymer matrix, impurities in the polymer matrix,

etc.), and, therefore, can vary between films. The purpose

of this work was to measure an optical property variation

range for two PDLC film samples depending on the applied

voltage to justify the magnitude of AC/DC.

As for optical properties (absorption and scattering

coefficients) of materials, full and/or specular transmission

and reflection data are often used to determine these

properties [14,15]. Then, to evaluate directly absorption and

scattering coefficients on the basis of obtained experimental

data, various approaches can be used, including adding-
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Figure 3. Photographs of the experimental system, (a) and (b) correspond to the system configurations in Figure 2. 1 — illuminating

optical fiber, 2 — PDLC film, 3 — focusing lens, 4 — detecting optical fiber, 5 — power meter.

doubling [16], inverse Monte Carlo method [17], and

Kubelka-Munk model [18]. We have used the Kubelka-

Munk model because it adequately suits a multiple scatter-

ing and non-absorbing medium, with the PDLC film being

such medium.

Materials and methods

Photographs of the test film samples are shown in Figure

1. Films were custom-made by Inter-systems for research

purposes. Films have different shapes due to different

structural forms of the developed WSM, but this doesn’t

influence their optical properties in any way. Thickness of

both films is 0.045 cm.

To study optical properties of these film samples, an

experimental system was fabricated, see Figure 2 for

the schematic diagram. Photographs of the experimental

systems are shown in Figure 3. To study spectral properties

of films, i.e. for qualitative evaluation of transmission

spectra in different states, the system was assembled in

the following configuration (Figure 2, a). Light from a

broadband light source — GLORIA-X150A xenon lamp

(Zolix Instruments CO., LTD)– strikes the film through

400µm multimode optical fiber, gets scattered in the film,

then is collected by a quartz lens into 600µm detecting

optical fiber and is detected by a spectrometer. The

Multikom spectrometer [19] with an operating range of

200−1100 nm was used. Measurement were performed

with film in OFF state (zero voltage), film in ON state

(60V) and without film to record a light source spectrum

and without a light source to evaluate external background

light (noise). Then a noise spectrum was subtracted from

spectra obtained on the films, and the calculated values were

normalized to the light source spectrum:

SPDLC,trans(λi) =
SPDLC(λi) − Snoise(λi)

Ssource(λi)
, (1)

where SPDLC,trans(λi) is the PDLC film transmission spec-

trum in arbitrary units, SPDLC(λi) is the total PDLC film
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spectrum, Snoise(λi) is the noise spectrum, Ssource(λi) is the

light source spectrum.

The second system configuration option was fabricated

for measuring film transmittances depending on the applied

voltage (Figure 2, b). For this, the Multicom 515 nm

and 632 nm laser sources were used. The green and red

wavelength ranges are actively used in modern PPG mea-

surements [3]. Laser light transmitted through the films was

detected using the StarLite power meter (Ophir Optronics
Solutions Ltd., Israel), whose sensing head was placed in the

immediate proximity to the test film. Instrument error of the

power meter is 2%. Coherent laser light made it possible to

focus more accurately the light beam scattered by the film

into the 1× 1 cm power meter head and, thus, to consider

side scatter components. During the experiment, voltage

applied to the film was varied from 0 V to 60V at 5V

intevals. For repeatability assessment, measurements were

performed 5 times (in different days). Further, a mean value

and RMS deviation (RMSD), which reflects a measurement-

method error here, were calculated.

Further, the obtained experimental data were used to

calculate the scattering coefficient of films. For this, the one-

dimensional two-stream Kubelka−Munk model was used.

The model takes into account multiple light scattering in the

medium, but cannot take anisotropy into account [20]. Since
the absorption coefficient of liquid crystals in the polymer

matrix is close to zero [21], the film can be represented

only as a scattering medium. Optical flux transmitted

through such medium can be described by the following

equation [22]:

Fτ = F0

1

1 + SH
, (2)

where F0 is the optical flux that strikes the medium,

Fτ is the optical flux transmitted through the medium,

S is the linear (transport) medium scattering coefficient,

H = 0.045 cm is the medium thickness. Strictly speaking, S

doesn’t correspond to classical µs in all problems, however,

for our idealized one-dimensional problem according to the

results of [23], they can be taken as identical. Thus, from

knowing the film transmittance Fτ /F0, the film scattering

coefficient can be easily found.

The obtained scattering coefficient was further used to

calculate a skin-simulating three-layer measure proposed

in [12]. The first layer of such measure is the PDLC film

designed to mimic blood pulsations. The second layer is an

absorbing optical filter designed to mimic light absorption

by blood. And the third layer is PTFE designed to mimic

light scattering on fixed tissue structures. According to [12],
optical flux back scattered from such measure can be

expressed using the following expression:

FBS,measure = F0

[

SH

1 + SH
+

T 2
f

(1 + SH(1− T 2
f ))(1 + SH)

]

,

(3)
where Tf is the transmittance of the absorbing optical

filter. Equation (3) is used to calculate the power of signal

reproduced by the measure, and the signal midulation depth.

Figure 4. Transmittances of PDLC fiims in OFF state (0V) and

ON state (60V) for sample 1 (a) and sample 2 (b).

For PPG, the modulation depth of the detected signal is

the AC/DC ratio and, as mentioned above, is an important

signal quality indicator [24].

Results and discussion

Figure 4 shows the measured film transmission spectra.

As can be seen, the transmission spectrum for sample 1

is almost uniform to visible and near infrared ranges,

while transmission for sample 2 is lower in amplitude

and increases linearly as the wavelength grows. Film

transimission in OFF state is close to zero throughout the

wavelength range.

Figure 5 shows the obtained dependences of the film

transmittance on the applied voltage for two wavelengths.

Sample 1 has a more abrupt electro-optical curve than

sample 2. This suggests that this sample provides a

wider variation range of the scattering coefficient and

output signal, respectively. The shape of the obtained

curves correspond to that in [25], however, certain film

transmittances for certain voltages can differ due to a

difference in concentration of liquid crystals in copolymer.

The obtained dependences of film transmittance on the

applied voltage were further transformed into the depen-

dences of the scattering coeficient (µs = S) on the voltage

using equation (2). The results are shown in Fig. 6. For

sample 1, the scattering coefficient varies from 45 cm−1 to

approx. 5 cm−1 for 515 nm and from 33 cm−1 to 5 cm−1 for

632 nm. The widest spread of µs is observed at low voltages

(0−10V), and the lowest scattering is observed as early

as at 15−20V. For sample 2, electro-optical curve is more

gentle and µs varies from 38 cm−1 to 21 cm−1 for 515 nm

and from 27 cm−1 to 14 cm−1 for 632 nm. The obtained
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Figure 5. PDLC film transmittance vs. applied voltage for

sample 1 (a) and sample 2 (b). Data are shown as a mean value

±RMSD.

result suggests that film 1 is more sensitive to voltage

variation and, consequently, for AC component simulation,

a smaller range of control voltages is required.

Calculated scattering coefficients of films made it possible

to calculate the optical flux back scattered from the three-

layer WSM, i.e. the flux modulation depth (AC/DC).
For this a basic optical flux with film in OFF state at

µs ,0 = µs (0V) was first calculated, and then a flux incre-

ment induced by the scattering coefficient increment with

applied voltage was calculated: 1µs = µs(0V)−µs(60V).
Final modulation depth of the detected radiation was

calculated as:
(

AC

DC

)

measure

=
|1FBS,measure(µs ,0, 1µs)|

FBS,measure(µs ,0)
. (4)

AC/DC simulated using (4) depending on the trans-

mittance of the absorbing optical filter Tf (second layer

in WSM) are shown in Figure 7. As can be seen, the

Figure 6. PDLC film scattering coefficient vs. applied voltage for

sample 1 (a) and sample 2 (b). Data are shown as a mean value

±RMSD.

modulation depth of the signal reproduced by sample 1 is

approximately twice as large as the modulation depth of

sample 2. AC/DC for real skin is 3−10% for the green

range and 1−5% for the red range [26–28]. Both films

exceed these ranges, thus they can be used as the main

WSM components.

Conclusion

This study investigated optical properties of two PDLC

film samples included in simulation measures for calibration

of PPG devices. As a result, film transmittances ranging

from 300 to 800 nm and electro-optical curves for 515 nm

and 632 nm were obtained. In future, we also plan to

study electro-optical properties also for the near infrared

range. Scattering coefficient of films was calculated for

different levels of applied voltage. Film 1 showed a
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Figure 7. Calculated dependence of the modulation depth

of a signal back scattered from the three-layer WSM on the

transmittance of the absorbing optical filter Tf for sample 1 (a)
and sample 2 (b).

larger scattering coefficient variation range than film 2.

Quantitative data for scattering coefficient of film are of

critical importance because they ensure more accurate

calculations of light propagation in multilayer measures that

mimic blood volume pulsations in tissue. In particular,

the obtained data were used to calculated AC/DC of the

generated signal for the three-layer WSM and it was shown

that both films were suitable for such measures.
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