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Abstract

When dealing with various tasks of medicine, in mathematical modelling of processes in the human body, it is necessary
to know the physical parameters of biological tissues. In cosmetology and dermatology, these are the physical properties of
hair — diameter, density, heat capacity, thermal conductivity, and optical parameters. Existing methods can solve the problem
of measuring these parameters, but as a rule, they take a great deal of time and resources. Therefore, the purpose of this
paper is to develop and study fast and cheap optical methods for measuring the diameter of a human hair using computer
methods for processing the results of the experiment.

Several methods for measuring the diameter of a human hair have been studied. The hair diameter was measured
by analysing the pattern of laser scattering and using a microscope with a digital attachment and an eyepiece micrometer.
Measurements by diffraction methods are consistent with each other within the limits of errors. Measurements using PAINT
program are a little more accurate (the average error is 0.7 um) than using MATHCAD program (the average error is
1.3 um). Measurements using MATHCAD program are more complicated. Therefore, of the two remaining methods, the
first one is preferable. Measurements using a microscope require more manual work; especially focus adjustment, which, with
a large magnification of the lens (20x — 40x), is a time-consuming operation. The measurement error (1 um) is comparable
with the error of diffraction methods. Thus, of the four methods considered, the diffraction method with the processing
results using PAINT program, which is included with all versions of Microsoft Windows system, has the greatest advantages,
in contrast to the paid MATHCAD program, which has be installed on a computer.
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Introduction

When dealing with various tasks in biology and
medicine, the mathematical modelling and methods of
computer processing of experimental data are currently
used. To develop mathematical models describing the
propagation of light in biological tissues, it is necessary
to know their optical parameters, which characterize
light absorption and scattering. For example, the use
of lasers in cosmetology and dermatology is gaining
more and more popularity, which raises the problem
of determining the optimal parameters for the effect of
laser radiation on human hair. This, in turn, requires
the development of fast and cheap means of controlling
the optical characteristics of the hair [1—4]. This paper
describes the use of computer mathematical methods
for determining the parameters of human hair, in
particular, measuring its diameter.

In Fig. 1 the structure of the hair is shown.

The outermost part of the hair (cuticle) is a dense
covering formed by flat cells overlapping in layers like
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in a tiled roof. The cells are arranged in 6—9 layers.
They consist of keratin and proteolipids, which form
a hydrophobic hair coating and contain horn sub-
stances that provide mechanical protection to the in-
ner layers. The organic components of the cuticle are
fats, proteins, and wax-like substances that provide
the hair with elasticity and gloss. The condition of

Medulla b

Fig. 1. Hair structure
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Fig. 2. Healthy («) and unhealthy (b) hair

the cuticle is an important diagnostic feature. In cases
of many diseases, it is impaired, because a sufficient
amount of vitamins and other substances ceases to
flow to their inner and outer layers. In this case, the
outer cells die off, and the surface of the hair loses its
smooth structure (Fig. 2).

The condition of the outer surface of the hair
strongly influences its light absorption and scattering.

The inner part of the hair (cortex) is formed by
keratinized fibres surrounded by the cells responsible
for hair metabolism and morphology. The cortex
accounts for approximately 90% of the hair mass.
It contains melanin granules.

Hair colour is determined by the concentration
and type of melanin:

— eumelanin, which colours hair black and brown;

— pheomelanin, which makes hair fair.

In grey hair, melanin disappears because it stops
being synthesized in hair follicles, and the amount of
hydrogen peroxide in them sharply increases. That is,
natural hair discolouration is due to the same reagent
that helps women become fair-haired. A large number
of air cells appear at the same time, which also makes
hair fair.

Thus:

* the light absorption in hair is determined by
the amount and type of melanin it contains [5];

» light scattering is determined by keratin scales
of the cuticle and melanin granules in the cortex [6].

In grey hair, light scattering also occurs on air bubbles
inside the hair that are formed as a result of the dest-
ruction of melanin granules.

By measuring the scattering diagram and factors of
light absorption and scattering, the medical condition
of the hair can be determined.

Proposed methods

The diameter of a human hair ranges from 50
to 300 microns. It can be measured with a mechani-
cal micrometer. However, since the graduation of
an ordinary micrometer is 10 microns, the error in
measuring the diameter of a thin hair is large — about
10%. Therefore, it is advisable to use measurement
methods like microscopy or methods based on light
diffraction.

1. Diffraction method

A block diagram of the experimental setup for
measuring the diameter of a hair is shown in Fig. 3.

The radiation of laser 1 is directed to the hair
under consideration 2. The diffraction pattern 4 of the
light scattered by the hair is observed on screen 3.
It is a series of alternating light and dark areas situa-
ted symmetrically on both sides of the central spot.

A photo of the diffraction pattern of an 18-year-old
brown hair (sample 11), taken with a digital camera,
is shown in Fig. 4. At the bottom of the photo, there
is a scale bar.
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Fig. 3. Block diagram of the experimental setup: 1 — laser, 2 — hair, 3 - screen, 4~ diffraction pattern
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Fig. 4. Diffraction of laser radiation on the hair

It is known from the theory of diffraction that
the diameter of a cylinder can be calculated by the
formula

kX

Pk min

d=

)]

where A is the laser radiation wavelength, k is the order
of the diffraction minimum, and ¢, . is the angle of

the diffraction minimum of the order of £.
Angles ¢, . are calculated by the formula:
Ik

18(Pkmin) ==+
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where L is the distance from the hair to the screen,
[, are the distances between symmetric minima of the
order of k (they are shown in Fig. 4 — [, L, L, 1,).
Diffraction patterns were processed in two ways:
— using PAINT program;
— using MATHCAD program.

1.1. Processing measurement results with PAINT prog-
ram

1. The diffraction pattern is placed in the PAINT
window. The horizontal coordinates of the cursor are
determined at the beginning and at the end of the
scale of 100 mm long.

2. The number of pixels, which fit within the
length of 1 mm, is determined.

3. The coordinates of the minima of the
diffraction pattern are determined, and the distances
l,, 1, [, etc. are measured.

4. According to formulae (1) and (2), the values
of the hair diameters d,, d,, d,, etc., corresponding to
the values of /, [, [, etc. are calculated.

5. The value of measurement error Ad is found
according to the rules for processing the results of a
number of measurements.

As a result of the diffraction pattern processing

shown in Fig. 4, we obtain:
d=1720=% 0.2 um.

1.2. Processing measurement results with MATHCAD
program

1. The pattern and graphs of the scale bar and
diffraction maxima and minima are shown in Fig. 5.

2. The TRACE command determines the
horizontal coordinates of two adjacent minima on the
“Scale” graph, separated at the distance of 10 mm
from each other, and calculates the number of pixels
at 1 mm interval.

3. The “Diffraction pattern” graph contains the
distances /, L, [, etc. in pixels and in millimetres.
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Fig. 5. Window of MATHCAD program
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Fig. 6. USB attachment to the microscope

4. According to formulae (1) and (2), the values
of the hair diameters d,, d,, d,, etc., corresponding to
the values of /, [,, L, etc. are calculated.

5. The value of measurement error Ad is estimated.

The results of the pattern processing shown in
Fig.5 are as follows:

d=72=% 1 um.

These results are consistent with the results shown

above, but the measurement error is somewhat greater.

2. Microscopy method
2.1. Measurements using a microscope and digital
attachment

An optical biological microscope with lens of
10x, 20x and 40x magnification was used. The digital
attachment Sigeta UCMOS 1300 (Fig. 6) allows ob-
taining a digital image of an object and write it into
the computer memory.

The photos of two hair samples and a scale bar
with the graduation of 10 um are shown in Fig. 7.

Using PAINT program, the pixel graduation of
the scale bar was determined, and the hair diameter
was calculated using a method similar to that descri-
bed in paragraph 1.1:

d=70 £ 1 um.

Sample 02 Sample 04

2.2. Measurements using a microscope and eyepiece
micrometer

The eyepiece micrometer MOB-1-15x (Fig. 8)
has a scale, the graduation of which depends on the
magnification of the lens. With a 20x magnification
lens, the value of one division on the scale is
approximately 0.5 um. The micrometer was accurately
calibrated using the scale shown in Fig. 7.

The diameter of the hair, which was analysed by
the previous methods (sample 11), turned out to be
equal

d=74 £ 1 um.

The errors of both measurement methods with
a microscope are determined by the scale graduation
and are approximately = 1 um.

Results and discussion

For the experiments, hair samples of two 18- and
45-year-old brown-haired people, an 18-year-old fair-
haired girl, an 18-year-old dark-haired girl, an 11-year-
old red-haired girl and a 79-year-old grey-haired man.

The results of the measurements by four methods
are shown in Table 1.

The diffraction measurements are consistent with
each other within the error limits. Measurements

Scale bar,

division price of 10 um

Fig. 7. Photomicrograph of hair
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Fig. 8. The eyepiece micrometer

using PAINT program are somewhat more accurate
(the average error value is 0.7 wm) than using
MATHCAD program (the average error value is
1.3 um). Measurements with MATHCAD are more
complicated. Therefore, of the two methods, the first
one is preferred.

Measurements using a microscope require more
manual work; especially focus adjustment, which, with
a large magnification of the lens (20x — 40x), is a time-
consuming operation. This is a distinct disadvantage of
such methods. The measurement error is comparable
to the error of diffraction methods.

Table 1 shows that some results of the measure-
ments with a microscope are very different from the

results obtained by diffraction methods. This may
be due to the difficulty of focusing the lens on an
object comparable in size to the depth of the lens
focus.

Conclusions

1. Methods for measuring the diameter of fine
fibres, in particular, the diameter of human hair, have
been studied.

Measurements by diffraction methods are con-
sistent with each other within the error limits. Mea-
surements using PAINT program are somewhat more
accurate (the average error value is 0.7 um) than
using MATHCAD program (the average error value

Table 1
Hair Diameter Measurement Results
Diameter, micron
Diffraction method Microscope
Sample Sample characteristic ]
USB Eyepiece
PAINT MATHCAD attachment micrometer MOB-
SIGETA 1-15x

Dark-haired boy,

11 72.0+0.2 72.0+1.0 70.0+1.0 74.0+1.0
18 years old
Fair-haired girl,

12 91.0+1.0 93.0+2.0 99.0+1.0 100.0£1.0
18 years old
Dark-haired girl,

15 96.0+1.0 95.0+1.0 96.0+1.0 85.0+1.0
18 years old
Red-haired girl,

16 46.0+1.0 46.0£1.0 48.0+1.0 57.0+£1.0
11 years old
Grey-haired man,

17 62.0+1.0 61.0+1.0 61.0+1.0 54.0+1.0
79 years old
Dark-haired man,

18 54.3+1.0 55.0+1.0 52.0+1.0 43.0£1.0
46 years old
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is 1.3 um). Measurements with MATHCAD are more
complicated. Therefore, of the two methods, the first

disadvantage of such methods. The measurement error
(1um) is comparable to the error of diffraction me-

thods.

3. The diffraction method with the processing of
the results using PAINT program, which is included
with all versions of Microsoft Windows system, has the
greatest advantages of the four considered methods.

one is preferred.

2. Measurements using a microscope require
more manual work; especially focus adjustment,
which, with a large magnification of the lens (20x —
40x), is a time-consuming operation. This is a distinct
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AHoTauis

[Tpu BupileHHi pi3HOMaHITHUX TTPOOJIEM MEIUIIMHU, TIPM MaTeMaTUYHOMY MOJIEIIOBAHHI MPOLIECiB B OpraHi3Mi JIOAUHU
HeoOXigHOo 3HaTH (hi3WYHI MapamMeTpu 0i0JOTIYHUX TKAHUH. Y KOCMETOJIOTII i1 1epMaTtosiorii e (i3udHi BIaCTUBOCTI BOJOCCS —
foro miaMeTp, HIiIbHICTb, TETUIOEMHICTb, TETUJIONPOBIAHICTh, ONTUYHI MapaMeTpu. ICHyI04i MeToan M03BOJSIIOTH BUPILIATU
npo0bJieMy iX BUMiprOBaHHSI, ajie, 3a3BUYail, 3 BEJIMKMMU BUTpaTaMM 4yacy i pecypciB. ToMy MeTOIO 1€l poOOTH € po3podKa
Ta JOCTIMKEHHs NEUIeBUX i IIBUAKWX ONTUYHUX METOIMIB BUMIPIOBAHHS AiaMeTpa BOJIOCCS JIIOAMHU i3 BUKOPUCTAHHSIM
KOMIT'IOTEPHUX METOAiB OOpPOOKMU pe3yJIbTaTiB €KCIEPUMEHTY.

BuBueHO aexinbka METONIB BUMIpIOBaHHSI AiaMeTpa BoJjioccs JonuHU. IlpoBeneHO BUMIpIOBaHHSI AiaMeTpa BoJjioca
METO/IOM aHasi3y KapTUHU PO3CiIOBAaHHS JIa3epPHOTO BUITPOMIHIOBAHHS i 3a IOMOMOIOI0 MiKpOCKONa — i3 BUKOPUCTAHHSAM
IMMPOBOI MPUCTABKU Ta OKYJISIPHOrO MikpomeTpa. BuMiptoBaHHSI nudbpakUiiHUMKM METOAAMU Y3TOIKYIOThCSI OAMH 3 OJi-
HUM B Mexax noxuoku. BumipioBanHs 3a mornomoroio mporpamMu PAINT nemro touHime (cepenHe 3HaAYeHHSI TTOXUOKU —
0,7 MkM), Hix 3a ponomoroto nporpamu MATHCAD (cepenHe 3HayeHHs moxuOku — 1,3 MkM). BumiproBaHHs1 3a gomo-
moroto nporpaMu MATHCAD cknagnimn. ToMmy 3 1IIUX IBOX METONIB MEpIINii € KpaluM. BumiproBaHHSI 3a JOTIOMOTOIO
MiKpOCKOITa BUMaraloTh OUIbIIOT KiJIbKOCTi py4yHOI pOoOOTH — HaBeJACHHS Ha Pi3KiCTb, 1O MPU BEJIUKill KpaTHOCTI 00 €KTUBA
(20x — 40x) € TpymoMicTKowo orepalnier. [ToxubKy BuMipioBaHb (1 MKM) MOXHa TOPIBHATH 3 TOXMOKOIO HUQpaKIliii-
HUX MeToliB. TaKUM YMHOM, i3 YOTUPHOX PO3MISIHYTUX METOMAIB HaiOiablIi nepeBaru Mae nudpakuiiiHUil MeToa i3 00pob-
KOO0 pe3ynbTaTiB 3a gomomoroto mporpamu PAINT, ska BoymoBana B WINDOWS, nHa Bimminy Bim MATHCAD, saxy
HEOOXiIHO BCTAHOBJIIOBATU Yy KOMIT'IOTep.

KiouoBi ciioBa: BoJioc; AiaMeTp; BUMipIOBaHHSI; ONTUYHI METOAM; KOMIT'IOTepHa oOpooOKa.
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AHHOTAIMSA

[1py MaTeMaTHUYECKOM MOAEIUPOBAHUM IIPOLIECCOB B OPraHU3ME UeIOBeKa HEOOXOIMMO 3HaTh (PM3MUECKUEe TTapaMeTphl
OMOJIOTMYECKMX TKaHeil. B KocmeTomormum u OepMaTOIOrMU 3TO (PU3MYECKHE CBOMCTBA BOJOC — AMAMETP, IJIOTHOCTD,
TEIIOEMKOCTD, TEIUIOIIPOBOIHOCTD, ONTUYECKUE IMapaMmerpbl. CyILECTBYIOIIME METOIbI IMO3BOJSIOT PELIUTL IIPOOIEMY X
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M3MEPEeHUsI, HO, KaK IMPaBWJIO, C OOJBIIMMHU 3aTpaTaMu BpeMEHU U pecypcoB. [1oaTomy 1ienbio paboThl SBIsIeTCST pa3paboTKa
M UCClleloBaHWE OBICTPBIX M JEIIEBBIX ONTUYECKUX METOIOB M3MEPEHUs IHaMeTpa BOJIOC YelIoBeKa C HMCITOJIb30BaHUEM
KOMITBIOTEPHBIX METOJO0B O00pabOTKM PEe3yJbTaTOB 3KCIIEPUMEHTA.

[TpoBeneHbl U3MEPEHUsT TUaMeTpa BOJIOCa METOIOM aHaIn3a KapTUHBI PacCestHUST JIa3epPHOTO U3JIYUEHHUsI U C TIOMOIIIbIO
MMKpPOCKOIA — C MCITOJIb30BaHUEM IIM(POBON MPUCTABKU U OKYJISIPHOTO MHMKpoMeTpa. M3amepeHus nudpakiimoOHHBIMU
MeTOJaMM COIJIACYIOTCSI IPYT C IPYroM B mpenesax norpeiHocteit. Mamepenust ¢ momoibio rporpammbl PAINT HecKoJbKO
TouyHee (cpeaHee 3HauyeHue morpemHoctd — 0,7 Mkm), yem ¢ momolibsio mporpammMbl MATHCAD (cpenHee 3HaueHue
norpemrHoct — 1,3 MxMm). Mamepenust ¢ momotpio nporpammbl MATHCAD 6Gonee croxubie. [ToaToMy M3 3TUX ABYX
METOAOB MEePBBIA MpearnoyTuTeabHee. M3aMepeHus ¢ MOMOILbI0 MUKPOCKOIA TPEOYIOT OOJIbIIEr0 KOJIMYEeCTBA PyYHOUM pabOoThI.
[MorpemrHOCTh M3MepeHUiA (I MKM) CpaBHHUMA € MOTPEITHOCTBIO MTU(PPAKIIMOHHBIX METOTOB. TakuM 00pa3oM, M3 YeThIpex
PacCMOTPEHHBIX METOJ0B HAaMOOJBIIMMU MPEUMYILECTBAMU 00sanaeT AUGPaKIMOHHbBIA METOA ¢ 00pabOTKON pe3y/abTaToB

¢ nomotpio nporpammsl PAINT.

KioueBsbie cioBa: BOJIOC; IWAMETP, M3MCPCHUC, OINTUYCCKUC METOIbI, KOMITBIOTCpHAasA 06pa60TKa.
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