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Influence of weft density on selected parameters of fabric surface
Wptyw liczno$ci watku na wybrane parametry powierzchni tkanin

Gabriela Kosiuk'?", Matgorzata Matusiak®

! Lodz University of Technology, Faculty of Material Technologies and Textile Design, Institute
of Architecture of Textiles, Poland
2 Institute of Security Technologies ‘MORATEX’, Lodz, Poland

Abstrakt

Struktura geometryczna powierzchni materialow tekstylnych ma duze znaczenie funkcjonalne,
eksploatacyjne 1 estetyczne. Podstawowymi parametrami struktury tkanin sg: ggsto$¢ splotu,
osnowy i watku oraz gesto$¢ liniowa osnowy i watku. Chropowato$¢ jest jedng z cech jakosci
powierzchni najczgsciej ocenianych za pomocg wskaznikéw ilosciowych, zwanych parametrami
chropowato$ci  powierzchni. Celem prezentowanych badan byla analiza parametrow
charakteryzujacych struktur¢ geometryczng powierzchni tkanin bawetnianych o splocie skosnym.
Pomiary topografii powierzchni przeprowadzono przy uzyciu profilometru MicroSpy® Profile
firmy FRT the art of metrology™. Badania potwierdzity, ze na podstawie wynikow uzyskanych za
pomoca profilometru mozna kompleksowo analizowaé topografiec powierzchni tkaniny.

Abstract

The geometric structure of surface of textile materials have significant functional, operational and
aesthetic importance. The basic parameters of the woven fabrics’ structure are the following: weave,
warp and weft density as well as warp and weft linear density. Roughness is one of the surface
quality features most often assessed by quantitative indicators called surface roughness parameters.
The aim of the presented research was to analyze the parameters characterizing the geometric
structure of the surface of cotton woven fabrics with twill weave. Surface topography measurements
were performed using the MicroSpy® Profile profilometer by FRT the art of metrology™. The
research confirmed that, on the basis of the results obtained with the profilometer, it is possible to
analyze comprehensively the topography of the fabric surface.

Stowa kluczowe: chropowato$é, profilometr, splot, tkanina, powierzchnia

Keywords: roughness, profilometer, weave, fabric, surface
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1. Introduction

There are many features that characterize the quality of fabrics. Zylifiski [1]
divided them into 3 main groups:

» features significant from the point of view of the possibility of formatting the
desired product,

« features affecting the performance of the manufactured product,

* features determining the durability of products.

The shaping of particular properties of fabrics depends on their structure. The
basic structural parameters of the woven fabrics are:

* weave,

* the density of warp and weft,

* linear density of warp and weft.

The weaving pattern determines the way the warp and weft are interlaced. The
twill weave is one of the basic weaves of the woven fabrics. In twill weave, the weft

thread runs successively under three and then over one warp thread (Fig. 1).

twill 3/1 S

Fig. 1. The interweaving of warp and weft threads in a twill weave fabric.

Source: [own source].

The density of threads determines the number of threads per unit of length. It

reflects the density (compactness) of the fabric structure. A distinction is made
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between the density of warp and density of weft. The linear density of yarn is a
parameter characterizing the thickness of the yarn and it is most often expressed in
the tex unit. 1 tex corresponds to the weight of a 1 km (1000 m) length of yarn.
Numerous studies have shown that the above-mentioned parameters of the fabric
structure affect their properties: mechanical, technological, aesthetic and functional
[2—7]. One of the important quality features of fabrics is the quality of their surface.
It affects both the appearance of fabrics and their performance properties. This
applies especially to fabrics used in direct contact with human skin [7]. In contact
with human skin, as well as in the mutual contact of fabrics, an important role is
played by the surface topography characterizing the shape of the surface as well as
the presence and mutual position of characteristic objects and points. There are
many methods of studying the surface topography of objects. Generally, these
methods can be divided into contact and non-contact methods [8]. In the textile
industry, the most popular and most frequently used method is the measurement of
the surface parameters of textiles using the KES (Kawabata Evaluation System)
system module - KES - FB 4 [8]. It is a contact method in which the surface
roughness is determined. The disadvantage of contact methods is the possibility of
deformation of the surface of the textiles due to the movement of the sensor of
measuring instrument on the measured surface. This can lead to measurement
errors. The aim of presented work to characterize the surface topography of the
woven fabrics of twill weave by using the contactless method of measurement. The
influence of linear density of weft yarn on selected roughness parameters of the

investigated fabrics was also analyzed and discussed.
2. Materials and methods
2.1. Materials

In order to analyze the influence of weave on the surface properties of woven

fabrics, 5 variants of cotton woven twill weaves fabrics have been manufactured.
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OE cotton yarns with different linear density were used for manufacturing the
fabrics: 50 tex as the warp as well as 100, 60, 50, 40, 30 tex as the weft. The fabrics
were made of the same warp yarn and of the same density of warp and weft. The

basic parameters of the investigated fabrics are presented in table 1.

Tab. 1. The basic parameters of the investigated fabrics.

Mass per Warp Weft ]
Weft ] ] Thickness
) . square meter density density
Sample linear density
[tex] [g/m2] Threads Threads (mm]
ex m mm
J [/dm] [/dm]
1 100 292 317 116 0.78
2 60 238 317 117 0.70
3 50 225 317 116 0.68
4 40 215 320 118 0.65
5 30 198 318 118 0.61
2.2. Methods

The fabric surface topography tests were performed using the MicroSpy®
Profile profilometer by FRT the art of metrology™ (Figure 2). For each fabric
variant, a sample scanning was performed on the right side of the fabrics. The
scanning area was 49 mm x 49 mm. The obtained fabric scans were processed in a
specialized Mark 11 software. First, the obtained images were modified in order to
remove defective and missing data. Based on the scan results obtained, the surface

topography of the tested fabrics was analyzed. The parameters characterizing the
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geometric structure of the fabric surface were determined according to the PN EN
ISO 4287: 1993 standard [9].

Fig. 2. MicroSpy® Profile profilometer by the FRT the art of metrology™.

Source: [own source].

3. Results and Discussion

In order to assess an influence of linear density of weft yarn on the parameters
characterizing the geometric structure of the fabric surface the statistical analysis
has been performed using the ANOVA. Figure 3 shows the example of the obtained
images of the tested fabrics.

1.822 mm

15

1.0

0.000 mm

0 10 20 30 40
mm

Fig. 3. Image of the fabric before applying the filter.

Source: [own source].
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Next to the images on the right side there is a scale for the z (height) value.
Fabrics are flexible materials. They show a certain shape memory. Therefore, it is
impossible to arrange the fabric samples in such a way that they perfectly adhere to
the measuring table of the profilometer. Due to this fact the phenomenon of
waviness has been observed. It does not result from the waviness of the fabric
surface, but from the inaccurate adherence of the samples to the table, and thus the
position of the samples slightly deviating from the horizontal plane. To eliminate
this, when determining the roughness parameters, an appropriate filter (cut-off
filter) was used to eliminate the waviness phenomenon. The surface image of the
tested fabric after eliminating the waviness is shown in Figure 3. It is clearly visible
that the height distribution (z value) is more even, and the range of z-value is
significantly smaller than that recorded for the images of fabrics before the filter

was applied (Figure 4).

1.028 mm

30

mm

0.000 mm

Fig. 4. Image of the fabric after applying the cut-off filter.

Source: [own source].

The fabrics images after removing the waviness component have been analyzed
using the Mark Ill software. Selected parameters for the whole area of the
investigated samples are presented in the table 2.
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Tab. 2. Results from the MicroSpy® Profile profilometer for the sample area.

Weft Ra Rq Rz Rk

Sample linear density
[mm] [mm] [mm] [mm]

[tex]
1 100 0.034 0.047 1.060 0.079
2 60 0.034 0.046 0.931 0.076
3 50 0.032 0.045 1.036 0.075
4 40 0.032 0.045 1.069 0.073
5 30 0.029 0.040 1.034 0.069

In the table 2 there are presented the values of the following parameters: Ra, Rq,
Rz and Rk. The Ra, Rg and Rz are the height parameters. The Ra is an arithmetic
mean of the absolute of the ordinate values within a defined area. It is an
arithmetical mean height of a line. It expresses, as an absolute value, the difference
in height of each point compared to the arithmetical mean height of the surface, The
Rq is a root mean square value of the ordinate values within a defined area. It is
equivalent to the standard deviation of heights. Rz expresses the maximum height.
It is equivalent to the sum of the maximum peak height Rp and maximum valley
depth Rv. Last parameter O — Rk is a core height. It is functional parameter derived
from the Material Ratio curve. Rk expresses the difference between the upper and
lower levels of the core of the material being investigated. It is clear that the values
the are different for each fabric variant. In the case of the Ra, Rq and Rk, the values
of the parameters decrease with the decrease of the linear density of weft yarn. For
the Rz parameter any clear tendency was observed. Due to the fact that the structure

of the fabrics was changed by changing only one system of threads — weft, the

10
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influence of the structure changes on the surface parameters was analyzed
separately for both directions warp and weft. In order to do it, for each fabric variant
the profiles have been created in warp and weft directions. Exemplary profile and

place of the profile of the fabric surface are presented in the Figure 5.

1.028 mm
0.8
0.6
£
£
0.4
0.2
0.000 mm
a)
0.7 [ F e P L — E— S S
0-6 .............................................................................................................................................................
3
E
2
a 0.5
B
o
o X |
2 .
Q
2
0'4 ............................................................................................................................................................
. SN, N, N, S—
0 10 20 30 40
b) Distance [mm)]

Fig. 5. Exemplary profile created in the weft direction: a) place of the profile on the sample

surface, b) created horizontal profile; Source: [own source].

For each created profile the Mark Il software provides the values of the
roughness parameters. The values of the selected parameters for the profiles created

in weft direction of the investigated fabrics are presented in the Table 3.

11
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Tab. 3. Results from the MicroSpy® Profile profilometer for the horizontal profiles.

Weft Ra Rq Rz Rk

Sample linear densit

P [tex] y [mm] [mm] [mm] [mm]
1 100 0.035 0.048 0.261 0.085
2 60 0.033 0.044 0.215 0.072
3 50 0.036 0.048 0.240 0.077
4 40 0.030 0.041 0.215 0.086
5 30 0.027 0.035 0.161 0.068

Next, in the same way the vertical profiles — in warp direction have been created

and assessed. The results for the vertical profiles are presented in the Table 4.

Tab. 4. Results from the MicroSpy® Profile profilometer for the vertical profiles.

Weft Ra Rq Rz Rk
Sample linear density

[tex] [mm] [mm] [mm] [mm]
1 100 0.032 0.045 0.260 0.084
2 60 0.030 0.040 0.194 0.068
3 50 0.029 0.040 0.211 0.061
4 40 0.033 0.047 0.245 0.071
5 30 0.028 0.042 0.237 0.057

12
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Figure 6 presents the comparison of the Ra parameter determined for the
investigated fabrics for whole area of the sample (A symbol) as well as for the

created profiles: horizontal (H symbol) and vertical (V symbol).

0,040
0,035

0,030
= 0025
£.0,020
[
€ 0,015
0,010
0,005
0,000
A H Y,

m100tex m60tex m50tex =40tex m30tex

Fig. 6. The comparison of the Ra parameter determined for the investigated fabrics for whole area
of the sample (A symbol) as well as for the created profiles: horizontal (H symbol) and vertical (V

symbol). Source: [own source].

For the Rq parameter the tendencies are the same as for the Ra parameter (Figure
7) but the values of Rq are higher that the values of the Ra. Interesting situation is
observed in the case of the Rz parameter. The values of the Rz parameter for the
whole area of the sample are ca. 5 times higher that that for the profiles. The Rz
parameter is the sum of the maximum peak height Rp and maximum valley depth
Rv in the analyzed area. It is obvious that in the whole area it is much more points
being investigated that in the case of the profiles. On the whole area are all picks
and valleys present on the sample surface. It is probable that the highest pick and
the deepest valley determining the Rz parameter for the whole area of the sample

are located in a different place than the created profiles (Figure 8).

13



Technologia i Jakos¢ Wyrobow 68, 2023
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£.0,030
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& 0,020
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Fig. 7. The comparison of the Rq parameter determined for the investigated fabrics for whole area
of the sample (A symbol) as well as for the created profiles: horizontal (H symbol) and vertical (V

symbol); Source: [own source].

1,200

1,000
= 0,800
£.0,600
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0,000 [ I
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Fig.8. The comparison of the Rz parameter determined for the investigated fabrics for whole area
of the sample (A symbol) as well as for the created profiles: horizontal (H symbol) and vertical (V

symbol); Source: [own source].

It is clearly seen that the linear density of the weft yarn influences the value of
the Ra parameter. In the case of the whole sample area the lower the linear density

of the weft yarn is the lower value of the Ra parameter. Similar situation is observed

14
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for the profiles. However, in both cases the horizontal and vertical directions the
trend is disrupted. In the weft direction(horizontal) the fabric variant with the 50
tex weft yarn is characterized by the highest value of the Ra parameter whereas, in
the warp direction (vertical) the highest value of the Ra parameter occurs fir the
fabric with the 40 tex weft yarn. Using the MicroSpy® Profile Profilometer
supported by the Mar 11 software it is possible to determine a range of parameters
and functions. All of them can be applied to complex characterization of the surface
topography of textile materials. For instance it is possible to create the histograms
of height presenting the distribution of height of all points on measured surface.

Figure 9 presents exemplary histogram for the fabric with the 100 tex weft yarn.

70

@
o

o)l
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Fig. 9. An example of histogram illustration the height (z value) distribution on the surface of

fabric with the100 tex weft yarn. Source: [own source].

There are two parameters characterizing the shape of histogram: the most
frequent height and histogram maximum. The values of the parameters are
presented in the Table 5. The table presents also the fractal dimension determined
at the initial cell height 2.5 mm. A fractal dimension is a ratio expressing a

complexity of a surface.

15
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Tab. 5. Results from the MicroSpy® Profile profilometer for the whole area.

Weft The most Histogram Fractal
Sample linear density frequent height maximum  dimension

[tex] [mm] [%]

1 100 0.508 57.716 2.399

2 60 0.514 49.035 2.399

3 50 0.574 58.445 2.399

4 40 0.493 47.449 2411

5 30 0.410 44,650 2.482

The linear density of the weft yarn influence both the histogram parameters and
fractal dimension. However, it is difficult to stat and clear trend. It needs further
investigations. So far, no similar studies have been conducted that could be the
subject of reference to the results obtained. Surface measurement of textile
materials using non-contact methods is very rare. The works published so far
concern other textile materials. For example, Matusiak [10] conducted research on
seersucker woven fabrics. The topography of seersucker woven fabrics has a
completely different character than that of standard fabrics. Therefore, at present it

is not possible to compare the obtained results with literature reports.
4. Conclusions

Based on the performed investigations and obtained results it can be concluded

that:
e the MicroSpy® Proflie profilometer by FRT and the Mark III software
enable comprehensive studies of the geometrical structure of the textile

surface,

16
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e investigated cotton fabrics of twill weave with different weft yarns differ
between each other in the range of all presented surface topography
parameters,

e achange in the linear density of the weft yarn while maintaining the same
other parameters of the fabric structure affects the surface topography;
the values of the Ra, Rg and Rk parameters decrease with the decrease of
the linear density of the weft yarn while other structural parameters are
unchanged.

e The influence of the structural parameters of the fabrics on their surface

topography needs further investigations.
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pochodnych o-nitro-N-f-hydroksyetyloaniliny stosowanych do bawienia wlosow.
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Abstrakt

Celem pracy bylo zbadanie wptywu podstawnikoéw na dziatanie $wiatta i wtasciwosci spektralne
pochodnych o-nitro-N-B-hydroksyetyloaniliny, stosowanych w poéltrwatych farbach (semi-
permanent) do barwienia wlosow. Stwierdzono, ze szybko$§¢ zaniku barwy wlosow zalezy od
charakteru podstawnikow ED i EA w o-nitro-N-B-hydroksyetyloanilinie. Pochodne o-nitro-N-f3-
hydroksyetyloaniliny ulegaja odbarwieniu zgodnie z kinetyka reakcji 1-go rzgdu. Ujemna warto$¢
wspoélczynnika nachylenia wskazuje na mechanizm utleniajacy reakcji. Z zalezno$ci lmax=f(c)
obliczono stale op—Hammetta. Stosujac polempiryczng metod¢ kwantowo-chemiczng AMI,
obliczyliSmy budowe barwnikéw pochodnych N-B-hydroksyetyloamino-nitrobenzenu. Struktury
barwnikéw optymalizowano przy uzyciu MM +, DM oraz AM1.

Abstract

The aim of this study was to examine the substituent effects on lightfastness and spectral properties
of o-nitro-N-B-hydroxyethylaniline derivatives, used in semi-permanent hair dyes of HC (Hair
Color-Dyes ) type. It has been found that the fading rate of the color of hair dyed depends on the
nature of the ED and EA substituents in the o-nitro-N-B-hydroxyethylaniline. The o-nitro-N-p-
hydroxyethyl aniline derivatives undergo discoloration according to kinetics of the first order
reaction. A negative value of the slope coefficient indicates the oxidative mechanism of the reaction.
From the relationship Imax=f(c) op—Hammett’s constant were calculated. Using the semi-empirical
AM1 quantum chemical method, we calculated the structures of hair dyes The dye structures were
optimized using MM +, DM, and AM1

Stowa kluczowe: poéttrwate farby do wloséw, degradacja fotochemiczna, rdwnanie Hammetta,
geometria czgsteczek, metoda kwantowo-chemiczna AM1

Keywords: semi-permanent hair dyes, photochemical degradation, Hammett equation, molecules
geometry, AM1 quantum-chemical method
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1. Introduction

Hair dyes consist of properly selected single dyes or, in general, their mixtures
and also contain standardizing additives: conditioners, antioxidants, dispersants,
inorganic salts, dextrins or lubricants to facilitate combing. The quantitative
composition of these mixtures is not known, as it is usually covered by the
manufacturer's trade secret [1-8]. There are three basic groups of dyes for dyeing
hair. The division into groups is a consequence of the method of their application,
the type of dye and the different resistance of dyes to dyed hair.

a) "Permanent” - permanent dyeing

b) "Semi-permanent™ - semi-permanent dyeing

c) "Temporary" - impermanent or temporary

Hair dyed with "Permanent™ dyes shows good resistance to washout and light.
The reason for this is their polymeric structure formed as a result of chemical
reactions during application. The other two groups of dyes do not have very high
resistance to external factors, especially to light. "Temporary" dyes, the purpose of
which is to give a permanent color for a period of several hours, may even have
very low light fastness. "Semi-permanent™ dyes, which are intended for temporary
coloring of hair for a period of several days, should show such resistances that will
ensure their permanent color for this time. Semi-permanent dyes are becoming
more and more popular due to their durability, enough for 6-8 shampooing.
Basically, they serve more to darken the hair than to change its color dramatically
[8]. Semi-permanent dyes are poorly soluble in water, low molecular weight non-
ionic dyes, usually used in mixtures with other dyes. The group of these products
includes low molecular weight compounds, such as phenylenediamines,
nitroanilines, nitrophenyldiamines and nitroaminophenols, they are often used with
selected azo or anthraquinone dyes [1,9-13]. They do not require the use of H202
[1,10]. It was found in practice that the shampoos and coloring toners used, the

ingredients of which were Semi-permanent dyes, changed their colors in the
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summer under the influence of sunlight. The problem of light fastness of "Semi-
permanent” dyes is important because that many of these dyes are allergenic or even
toxic. As a consequence, some of the dyes used, after clinical tests of their toxicity,
were withdrawn from the market. It seemed advisable to study the course of
degradation of semi-permanent dyes under the influence of light. In the first stage,
it was necessary to study the rate of degradation processes on the fibre, determine
the Kinetics of these processes and determine the effect of substituents on the rate
of reaction. Research on commercial hair dyes is hampered by the fact that the same
or very similar shades can be obtained in coloring products with different
compositions from different manufacturers. The selection of mixes depends on
aesthetic requirements. Semi-permanent dyes are also added to oxidative dyes to
enhance the shade and broaden the color palette. Another problem is the selection
of research material for hair dyeing due to the variable properties of different types
of human hair. The natural color of hair depends on the amount of melanin in the
hair cortex, and more specifically on the ratio of eumelanin to pheomelanin. Hair
dyed with semi-permanent dyes gives different shades depending on the initial color
of the hair. As a result of sunlight, the hair becomes lighter and mechanically
weakened by breaking the sulfur bonds of keratin, protein degradation and the
formation of —COOH and —NH2 groups. Sunlight can lead to dry hair, reduced
strength, roughness, loss of color and shine, stiffness and fragility; the
disintegration of the surface layer of the epidermis (cuticuli) precedes the
degeneration of the cortical layer of the hair [12, 14-16]. Using human hair after
bleaching does not ensure reproducible results. Shades of hair color will depend on
the pH of the bleaching agents, their concentration and alkalizing additives.
Repeatedly bleached hair becomes more porous, brittle and dry for longer. An
increase in porosity reduces their resistance to subsequent discoloration. Damaged
hair absorbs more dyes and auxiliaries. One-time bleaching weakens the
mechanical strength of the hair by up to 15% and can even lead to the removal of

the proteins of the cortical layer. Repeated dyeing means that subsequent hair
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dyeing will give unique results [17, 18]. A suitable material for the dyeing process
would be white, melanin-free llama hair [19], but this material is difficult to obtain.
Instead, the test used white wool, which is normally used to assess dye fastness
according to EN 1SO 105 FO1. The dyeing procedure was analogous to the hair
dyeing procedure proposed by the manufacturers of commercial products.

The light fastness of dyes is affected by their molecular structure, i.e. the nature
of the substituents and their substitution location, as well as the ability to form
intramolecular hydrogen bonds [20-23]. For safety reasons, the EU Cosmetics
Directive defines the permissible maximum concentration of hair dyes in approved
commercial products [24-27]. For example, the maximum allowable concentrations
for the semi-permanent dyes HC Blue 2, HC Red 3 and HC Yellow 2 are 2.8%, 3%
and 1%, respectively [27,29]. The resistance of the dye molecule to light, washing
and mechanical processing is also determined by the highly polar structure of the
fiber (or hair), in which ionic interactions play an important role. These interactions
are involved in the transfer of excitation energy from the molecule to the fiber and
often cause an increase in resistance. In addition, the properties of the fibers affect
the spectral properties of the dye, influencing its distribution of electron density and
the maximum absorption value Amax [21,28]. In real conditions, all these factors
may occur, which is manifested by changes in the rate and sequence of
photochemical redevelopment reactions. The limits of safe concentrations in hair
dyes vary depending on the chemical nature of the dyes.

The aim of our research was to investigate the spectral and photochemical
properties of semi-permanent hair dyes containing N-B- hydroxyethylamine.
Depending on the nature of the substituents and their position in the aromatic ring,
wool was colored yellow to violet-blue. For dyeing, as stated earlier, a woolen
fabric was used, in accordance with the EN ISO 105 F01 standard. First, the rate of
photochemical decomposition of semi-permanent dyes exposed to light was
examined, and the influence of the nature of the substituents and their position in

the ring on the Kkinetics of the reaction was also investigated.
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2. Experimental

The group of six dyes were used in this study, N-B-hydroxyethyl and N,N-(di-3-
hydroxyethyl)-2-nitro-4-phenylenediamine derivatives (B1-B5) and derivative of
3-nitro-4-aminophenol (B6) of the general formula 1 (Tab.l). Their
physicochemical properties are shown in Table 1. Tested semi-permanent dyes have
been purchased from the trading company Hangzou Haichem Co., Ltd. and used
without further purification. All dyes were of 99% purity (checked by HPLC), with
moisture content max. 0.5%, ash <0.5% and iron 40-100ppm. Melting points were
consistent with the manufacturer's specifications and further confirmed by DSC
(Perkin Elmer DSC 400). Chemical reagents and solvents were purchased from the

POCh Poland and were of analytical grade.
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B1™ B2 B3 B4 B5™ B6
Commercial Name HC Yellow 2 HC Red 3 HC Blue 2 HC Violet BS HC Red B54
X H NH; N(C2H4OH), NHC;H4OH NO; OH
M.w. 182.18 197.19 285.30 241.25 227.18 198.18
CAS 4926-55-0 2871-01-4 33229-34-4 84041-77-0 1945-92-2 65235-31-6
EINECS 225-555-8 220-701-7 251-410-3 281-856-4 | e 265-648-0
m.p. [°C] 70 124 106-9 103-4 86-88 140-3
m.p. [DSC] [°CT™ 74.7 126.8 109.6 105.4 87.5 146.0
Purity (%) >99 >99 >99 >99 >99.5
Ash [%] <05 <05 <05 <0.1 <05
Fe [ppm] 40 40 100 <50 40
Moisture [%] <05 0.5 <05 <05
TLC™ 0.85 0.76 0.79 (0.16™) 0.78 0.81 (0.4479) 0.86

IR

ven[em ] 1197.1228 1203.1215 1196.1248 1203 1231.1300. 1218
vnn[em?] 3335 3297 3299 3321 3330 3326
vasno[cm™] 1417.1567 1409.1568 1421.1563 1395.1533 1401.1582 1422.1580
vasco[cm™] 1043 1062 1034.1057 1047.1065 1039.1086 1053.1210
ve=car[cm] 1507 1521 1519 1513 1497 1519

"1 No 17501 (SDBS N0.31996) [30], 2 2,4-dinitro-N-(2-hydroxyethyl)aniline [GC MS m/z=227(mother backbone), 196(highest peak)],
"3 sulphate, " heating rate 10°C/min* [DSC Perkin Elmer DSC 400], " TLC analysis: Kieselgel 254 Merc (uv-254), eluent: Bz: ACOH=6:2 (v/v), *® Ethyl
Acetate:PrOH:H,0=1:6:3 (V/v).

NHC,H,OH

NO,
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2.1. Synthesis of 2,4- dinitro-N-(2-hydroxyethyl)aniline (B5) [7,31,32]

20mL of 50% ethanol was heated to 55°C and 5.05g (0.025M) of 2,4-dinitrochlorobenzen
was added. The whole was heated to 75°C and then, within 1,5 hours, 3.36g monoethanolamine
(0.055M) was added dropwise. The mixture was stirred to complete the reaction. The TLC
chromatography control  (Kisielgel 254 Merck UV 254, Eluent - Ethyl
Acetate:PrOH:H>0=1:6:3 (v/v) was carried out (R = 0.44). After cooling the reaction mixture
was filtered and washed with ethanol. 5.399 of dye B5 was obtained (yield 95.0%, melting point
87.51°C by DSC; Perkin Elmer DSC 400). IR: vc.on 1039cm™, vo.n 1086cm™, ven 1231,
1300cm™, vnoz 1333, 1401, 1582cm™, vn-n 33306cm™; GC MS m/z=227 (mother backbone),
196 (highest peak) [33].

2.2. Dyeing procedure

Wool 5g sample, previously washed 20min in surfactant (Pretepon G), has been dying for
45min. in 40+0.1°C with 250mg of B1-B6 dye (5% dyeing, pH~9-9.5 from NH3/H20). The
sample was washed 3 times with 200cm? of water at 40°C, until a colorless effluent. Then the

fabric samples were dried (Fig 1).

washing 3 times
(water, 40°C)

45min ¢

40°C

\

~1.5°C mint 25min

200G 20min 10min / \ 200C

to f

Washing Wool Drying
(Anionic dye 5% omf
Detergent) pH 9-9.5 (NH,/H,0)

1:40 liquor ratio

Fig.1. Dyeing method

2.3. Photofading analysis

Dyed wool fabric was irradiated with xenon lamp in the Suntest device for 35 hours. Changes
in the K/S value of the dye on the fiber were analyzed every 1h. The reflection spectra of the

dyed wool fabric were obtained on the Mackbeth ColorEye 2020, in the wavelength range of
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400-700nm recording changes in the dyes concentrations according to the Kubelka-Munk
equation [34,35] and formula (1):

K _ (1-R)?
s 2R @
The K/S values are proportional to the concentration of the dye on the fiber according to

the relation (2):
K
S =7Cw (2)
where K - absorption coefficient, S - scattering coefficient, R - reflectance coefficient vy -

proportionality coefficient, cw — the concentration of the dye on the wool fiber.
2.4. Spectral analysis

Spectral analysis were performed in 50% acetone/water solution (pH~9.5) for dyes in
concentration of 10* + 10 mole/dm?® using spectrophotometer Specord Uv-Vis (Zeiss Jena) in
the wavelength range of 320 — 700nm. Ir spectra were measured with Nicolat iS10 (Thermo
Scientic) infrared spectrometer using KBr pellets.

2.5. AM1 calculation method [36,37]

A structure all derivatives of N-p-hydroxyethylamine-o-nitrophenyl molecules have been
fully optimised using semi-empirical quantum chemical calculation AM1 methods with full
optimization of all bonds length, angles and torsion angles (HyperChem v.8.0.6, Hypercube
Inc.). Once the ground state optimized structures had been obtains by molecular mechanics
method (MM+, atomic charge option), the geometry of the molecule were completely
optimized without any geometrical restriction using the eigenvector following routine (RMS
gradient 0,01kcal/A mol), the molecular dynamic (MD; run time 1ps, step size 0.001ps,
simulation temperature 300K) and by AM1 or PM3 methods. Finally, unrestricted Hartree-Fock
(UMF) Hamiltonian was used to calculate the single point CI, energy in gaseous phase at 25°C.
Calculation MD and AM1 were performed 3 to 5 times until constant lowest standard enthalpy
of formation Hr (kcal mol™?) (convergence limit 0.01, accelerate convergence) was obtained. In
calculating the properties of dyes, the molecules were assumed to be in vacuum. Changes in the
total energy of a molecule associated with its spatial structure were analyzed as a function of E
= f(a) for Aa®=2°.
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3. Results and Discussion
3.1. Analysis of photochemical decomposition of B1 — B6 dyes

Reaction order of photochemical decomposition of dye on the fiber is not always the constant
value. In the beginning it could be I-order reaction but finally it may become zero-order
reaction. For the examined B1 — B6 dyes plots IgK/S = f(t) were drawn and used to determine
the final concentration of each dye after 35 hours of radiation and the rate of its degradation on
the wool fabric (Fig.2,3).

-4 5.0

Barwnik B4 ° Barwnik B5
. —s=—B
—o—cC

-4 45

-4 4.0

-4 35
-4 3.0
-4 25

-4 20

K/S [barwnik B5]
KIS [barwnik B4]

—4 15
=4 1.0
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T T T T T T T 0.0
400 450 500 550 600 650 700

Fig.2. Reflectance spectra of B4 and B5 dyes at 0 and after 35 hours of exposure
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Fig.3. Example of changes in the relationship K/S = f(A,T) for dyes: a)B4 and Ig K/S =f (t) b) B2, B6.

Table 2 shows a straight lines equations and correlation coefficients R for the dyes B1-B6.
In all cases the high values of correlation coefficients R for IgK/S=f (t) function were obtained

which indicates that the discoloration of dyes follows the kinetics of the first order reaction.
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Spectra of decomposition of dyes B2 and B6 after 0 + 35 hours are compared and illustrated in

Figure 2.

Tab 2. The rate constants k of dyes decay, correlation coefficients R of Ig(K/S) = f(t) function and half-life T4,
[hrs] of B1 + B6 dyes.

Dye Substituent kx10° R T [hrs] op [38]
B1 H 8.38 0.999 36.42 0.0

B2 NH: 14.64 0.999 20.53 -0.620
B3 N(CzHsOH). 13.60 0.999 20.55 -0.810"
B4 NHC,H,OH 17.04 0.994 17.47 -0.680"
B5 NO. 11.13 0.987 26.92 0.778
B6 OH 10.69 0.999 28.03 -0.370

*) calculated values (Fig.4., Tab.3.)

The tested dyes are characterized by the presence of the strong group Ea — NO- in the orto-
position to Ep - NHC>H4OH substituent. The presence of donor and acceptor substituents in
para- position may affect the electron density of N-B-hydroxyethylamine group and the spatial
structure of adjacent substituents. The group of B1 — B6 dyes have been selected to possess the
greatest differences in c-Hammett constants of substituents in para-position. Among them B5
has the strongest Ea substituent (p-NOz), while B2 dye has the strongest Ep substituent (p-NH>)
[39]. The knowledge of the rate constants of decomposition reactions allows to determine the
values of o-Hammett constants for N-B-hydroxyethyl- and N,N’-(di-B-hydroxyethyl)amine

substituents.
3.2. Spectrophotometric analysis of B1-B6 dyes in solution and on the dyed wool fabric

The unknown op values for N-B-hydoxyethylamine and di(N-B-hydoxyethyl-amine)

substituents were calculated based on Amax = f (op) relationship for dyes in solution.

Tab. 3. The Amax values of B1 — B6 in 50% Ac/H,0 solution and on the dyed wool fabric, and calculated o,-
constants™); 1 [50% Ac/H,0], 2 [wool], 3 [EtOH, lit.40].

Dye Amax [nm] Amax [NM] Amax[nNM] Gp*l) [38]
Bl 438 440 429 0.0
B2 504 520 499 -0.620
B3 556 560 508 -0.81™
B4 526 540 519 -0.68™
B5 356 --- +0.778
B5ion --- [400]"2 --- [+0.778]
B6 [500] 476 -0.370
B6ion 5562 -0.812

"D calculated values oy, (fig.4), ™ absorption of ionic forms B5ion, B6ion.
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Fig. 4. A plot of Amax = f(c) of B1-B6 (M spectra in 50% Acetone/H,0 solution, A reflectance spectra on wool).
Relative error 5%.

Only the op value for -NHC2H4OH (-0.87) is given in the literature [39].
The correlation coefficients of function Amax = f (o) are:
50% Acetone/H.O solution:  Amax = (445.546.2) — (122.7£9.0) x 6. R =-0.989
Wool: Amax = (464.847.6) — (100.5+12.4) x 5. R =-0.970

The tested dyes in 50% Acetone/H.O solution show a slight hypsochromic effect (2-16nm)
compared to dyes on wool (Tab. 3). A determination of correlations mentioned above allowed
to calculate the unknown o-Hammett values of p-NHC>H4OH and p-N(C2H4OH)> substituents,
which are -0.68 (B4) and -0.81 (B3) respectively (in 50% Ac/H.0 solution, Tab. 3). Among the
tested dyes, BS and B6 show significant changes in AAmax location in solution and on the fabric.
Strong Ea character of o- and p-nitro groups (AAmax = 44nm, bathochromic effect) and possible
ionization of p-OH group (Akmax = 56nm, hypsochromic effect, pH = 9.5) can cause significant
changes in the electron density in the molecules of analyzed dyes. The values of c-Hammett
constants, obtained from spectrophotometric study, help to illustrate dependence of the
degradation rate of dyes as a function of op-Hammett constants. An image of this relationship

is shown in Fig. 4.
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Fig. 5. The plot of the function lgk = f(c) for B1 — B6 dyes (for 5% dyeing of wool).

As it can be seen in Figure 5, negative value of the slope of the straight line in the area of
the value of influence parameter Amax=f(c) points to photooxidizing mechanism of

decomposition reaction [41,42].
3.3. Structure analysis dyes B1 — B6 by AM1 method [36]

According to the literature [36], the spatial structure of dyes may be one of the reasons
determining their resistance to light, washing...etc. This is determined by the ability to form
intramolecular hydrogen bonds or intermolecular bonds with the polymer matrix (wool,
collagen) or with the other dye molecule. These factors affect the ease of diffusion of molecules
into the interior of the polymer, which in such a situation plays a protective role against the
oxidizing and destructive effect, active in the photo-oxidation reaction of the singlet oxygen
atom *0.. Analysis of the spatial structure of dyes B1 =+ B7 and. analysis of changes in the total
energy of the molecule as a function of changes in the rotation angle of the 0-NO2 group around
the C—N bond and its position relative to the phenolic ring plane by the AM1 method was
performed. First of all, attention was paid to the spatial structure of the N-B-hydroxyethylamine
residue and the 0-NOz group. The position of these groups will have a decisive influence on the
possibility of hydrogen bond formation and the effects of coupling to the Ea or Ep substituent
in the para-position. Analysis of the changes in the rotation energy of the 0-NO- group as a

function of the rotation angle relative to the phenyl ring Er = f(a) is shown in Fig.6a and 6b.
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Fig. 6. Example analysis of changes in angle o and energy of Eg molecule due to rotation of group (a) -NO; (-o-
) and (b) N-B-hydroxyethylamine (-m-) relative to the phenyl ring plane for dyes B2 and B3 calculated by AM1
method (table 6) in range -50° + +50° (Fig.6a) and -45° + +45° (Fig. 6b).

Analysis of the obtained quantities indicates that the position of the nitro group relative to
the phenolic ring plane changes, as does the value of the energy that can accompany this change.
For example, for dye B2, the optimal angle between the -NO, group and the phenyl ring at
which the molecule has the lowest energy is 11.39°, while the energy barrier of rotation around
the C—N bond is only 0.08kcal/mol. These values for dye B3 are respectively: 23.02° and AER
= 0.49 kcal/mol. An analogous analysis of the change in rotation energy AEr resulting from the
rotation of the -NHC2H4OH group is respectively: 15.29° and 0.56 kcal/mol [B2] and 21.96°
and 0.94 kcal/mol for [B3].

B4

B3

L Nitro-group plane

Aromatic ring plane 6% Aromatic ring plane

Nitro-group plane

Rys.7. Spatial structure of dyes B4 and B3 and the position of the nitro group with respect to the aromatic ring
for Emin Of the molecule (Table 3).

A similar analysis was performed for the other dyes. The results of the analyses are quoted
in Table 4.
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Tab.4. Energy of calculated rotation barrier Emin dyes B1 + B6 and o-nitroaniline (o0NA), m-nitroaniline (mNA), p-nitroaniline (pNA), N,N-di(B-hydroxyethyl)amine (NA),
2,4-dinitro-N,N-di(B-hydroxyethyl)amine (NDA), angle values for amin[NO2], amin[NHR] (R = C2H4OH), amin [X] and aromatic ring and corresponding energies for AE=E, -
Eo. amin[NO2] and amin[NH] - minimum torsion angle of 0-NO; and -NHC,;H4OH group to aromatic ring for Emin; (Fig.6); AEno2, AEnw - energy difference corresponding to
coplanar position of NO, or NHC,H4OH group relative to phenyl ring (Fig.5 ), ZAE - total energy change, ¥ ionized N-B-hydroxyethylamine group [N” CoH4OH], 1 [A] -
bond length NH O (Imin (calc.) = 1. 530A), oumin [X] torsion angle —X relative to the phenyl ring, 2 2-, 3- or 4-nitroaniline, ¥ - sign - or + indicates torsion in front of or out of
the plane of the phenyl ring (calculated by AM1 method), ¥ N,N-di(B-hydroxyethyl)amine, ® 2,4-dinitro-N,N-di(B-hydroxyethylamine)

Dye oX Emin omin [NO2] AEno2 Aoumin [NHR] AENHR [kchn:Eol‘ll Omin [X] I [NH~0]
[kcal/mol]® [°]® [kcal/mol] [°]® [kcal/mol] [°]® [A]
kJ mol?]
Bl H -28.135 +11.35 0.072 +6.63 0.164 0.236/0.988 | = ----- 2.0580
B2 NH: -27.803 +22.26 0.482 +18.06 0.939 1.421/5.949 [NH;] +23.62 2.1043
B3 N(C2H4OH)2 -121.355 +21.05 0.932 +50.38 2.554 3.486/14.595 [NR2] -28.62 2.1409
B4 NHC.H4OH -77.156 +21.29 0.415 +13.66 0.565 0.980/4.103 [NR] -27.85 2.0862
B5 NO; -22.607 +14.90 0.177 -0.09 0.003 0.180/0.753 [NO;] -0.34 2.0536
B5ion NO,Y -69.941 +18.06 1.258 +2.32 0.139 1.397/--- [NO2] +3.24 |  -----
B6 OH -69.798 +20.06 0.387 +11.27 0.631 1.018/4.262 [OH] +1.88 2.0780
B6ion o -108.438 +26.10 1.017 +71.68 8.473 9.496/--- | - 2.1940
0-NA [2-NO2)? 20.541 +4.27 0.010 -4.44 0.067 0.077/0.322 | = ----- 2.0967
m-NA [3-NO,J? 23.808 -1.20 0.0 -24.35 1.000 1.000/4.186 | @ - | e
p-NA [4-NO,J? 21.363 -1.60 0.0 -16.46 0.690 0.690/2888 | = - | -
NAY | e 67911 | - | e -39.82 4271 | e e
DNAY NO; -60.052 +55.15 18.339 +59.03 107.807 126.146/--- [NO2] +0.28 |  -----
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In the dye B5 and its ionized form B5ion, there are very significant energy differences due
to electrostatic interactions of the -N" C2H4OH group with the highly polar nitro group. The
maximum Er rotation energy differences for the NO> group are about 6.17 kcal/mol and 11.44
kcal/mol for B5ion, respectively. For B6 dyes and its ionic form B6ion, the values are close to
each other, at 5.52 and 4.68 kcal/mol, respectively. In the latter case, the spatial structure of the
N-B-hydroxyethyl-amine substituent is not changed only its Ep character due to ionization of
the -OH group at the 4-position. These calculations further underscore the significant role
played by substituents in position 4-. They affect not only the electronic and functional
properties of the dyes (Table 2), but additionally their spatial structure (Table 4), which
determines the interaction of the dye with the dyed wool fiber or hair keratin. Dyes B1 + B6
and oNA form intramolecular hydrogen bonds (WWW) between the —NO2 and —HNR
groups (R=C>HsOH). Their strength depends on the magnitude of the twist angle relative to the
phenyl ring plane. Ideally, these groups should be in its plane, because then the hydrogen bond
is strongest and its length should be 1.530A (AM1). In reality, as shown by the calculations
performed, these distances are larger and amount to 2.058 = 2.141A. It also turned out that these
values are affected by the type of substituent in position 4-. If it is a substituent of Ep nature
(NH2, NHR, NRy), it is strongly tilted out of the plane of the ring by an angle of approx. 23 +
29°, while if it is an Ea substituent (NO>) it is only about 0.3 + 3.2° and this is a typical value
even for compounds in which hydrogen bonding does not occur i.e. in DNA, for example. The
exception is the —OH (Ep) group, where this angle is 1.88°. The spatial structure of the dyes
studied can significantly affect their crystal structure, in which a measure of the ordering of
molecules is the change in the enthalpy of the phase transition during the melting process of the
compound crystal. The strongly branched —NR> substituents are tilted out of the phenyl ring
plane by 33 + 60°, so they must affect the ability of the molecules to pack tightly in the crystal.
They probably also affect the possibility of forming weak WWs or van der Waals. The lowest
transformation enthalpies have compounds in which intermolecular hydrogen bonds (MWW)
cannot form B1, oNA. A comparison of AH values of oNA and B1 also highlights the possibility
that B1 can form an additional weak MWW bond through the —OH group with —C2H4OH,
whose energy is 1.526kJ/mol. In dye B2, MWW can also be additionally formed by the —NH>
group at the 4-position. The total energy change in this case is 10.798 kJ/mol, of which the
—NH> group accounts for 10.185 kJ/mol. The extended —NHR substituent lowers the value to
9.864 kJ/mol (B4) while the additional —C2H4OH group raises it to 21.330 kJ/mol (B3).
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As the analysis of AH changes for B5 and B6 shows, the ability to form MWW is mainly
determined by the Ep nature of the substituents, Ea substituents have less influence. Thus, for
example, B5 has this energy of 3.380 kJ/mol (NO2) while B6 is close to that of B2 at 9.966
kJ/mol. Calculations also indicate that in NA the —NR> group does not lie in the plane of the
ring and is tilted by 39.82°. The compound, moreover, under normal conditions, is in a semi-

liquid state, so it should be assumed that it does not form intermolecular H-bonds.
4. Conclusions

Study on lightfastness of semi-pemanent dyes have been published. In this work research on
lightfastness of o-nitro-N- p-hydroxyethylaniline derivatives used in commercially semi-
permanent hair dyes was performed. Their photochemical decomposition rate, spectral
properties in 50% Ac/H20 and on wool as well their electron structure were examined. As a
result of irradiation, selected dyes B1-B6 are subject to photo degradation with the kinetics of
the I-order reaction (Table 2). These changes are described by the relationship Ig(K/S) = f(t),

with correlation coefficient R = 0.987 - 0.999. Analysis of changes in function £ = f (o)

allowed to determine values of o, -Hammett constant for N-B-hydroxyetylamine (B4) and N,N-
B-dihydroxydietylamine substituents (B3) (Table 3). Negative value of the slope coefficient of
the function Igk = (o) indicates the oxidizing mechanism of the photodegradation of tested
dyes. It was found that the values of energy AEr necessary for the molecule to adopt a flat
structure and be able to form intramolecular hydrogen bonds are 0.64 = 1.43 kcal mol™.
Electrostatic forces act on the dye molecule in the polymer matrix, affecting the rate of diffusion
into the interior of the polymer matrix, the ability to form hydrogen bonds with the polymer or
aggregation with other dye molecules. The cage of the polymer matrix is hindered by reactive
singlet oxygen 1O;, so the rate of photochemical decomposition of dyes should also decrease.
Factors related to the electron structure and spatial conformation of dyes, play no lesser role,
however not fully explained. Such include the spatial structure of the substituents, i.e. their size
and intermolecular aggregation, affecting the diffusion of the dye and the ability of the dye to
form intramolecular hydrogen bonds (WWW), which has an impact on increasing the dyes'
resistance to light. Literature data show that 0-NO2aniline derivatives form WWW, but they
are very weak, much weaker than, for example, in 0-NO2phenol derivatives. However, there
are no data on the possibility of such bonds being formed by 0-NO2-N-B-hydroxyethylamine
derivatives. The effect of o-substitution on intra- and intermolecular hydrogen bonds in

nitroaniline derivatives was investigated using NMR, IR and AM1 calculation. Nitro and NHR
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functionalities were approximately coplanar with the phenyl ring. The 2-nitroaniline derivatives
formed an intramolecular hydrogen bond creating a six-membered chelate ring. The AM1
method was used to calculate the barrier energy of group rotation: NO> and NHR. The nitro
group tilt angle from the phenyl ring plane was +11.35 ++26.10°. The torsion of the NHR group
against the C-C bond of the aromatic ring varies between -0.09 + +50.38°. The dyes studied
show the dependence of functional, spectrophotometric and performance properties on the
geometric structure of the molecules. It affects the ability of molecules to form inter- and
intramolecular hydrogen bonds, their aggregation, and the rate and possibility of diffusion of
the dye into the interior of the polymer matrix. The easier this process is, the slower the rate of
photochemical reaction, as the "availability" and rate of diffusion into the dye molecule in the
"cage" of the polymer of excited oxygen in the singlet 1O state decreases. The individual dyes
forming a mixture of color decompose with diverse speed after the process of their application
which results in a color change of dyed hair. This is the result of different lightfastness of o-

nitro-N-B-hydroxyethylaniline derivatives used in cosmetic formulations for dyeing hair.
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Analysis of rheological properties of potato starch pastes as a potential

binding liquid in the granulation process

Analiza wtasciwosci reologicznych kleikow skrobi ziemniaczanej jako
potencjalnej cieczy wigzacej w procesie granulacji
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Abstrakt

W  pracy przedstawiono oceng wilasciwosci reologicznych kleikow komercyjnej skrobi
ziemniaczanej, jako zrodila stanowigcego ciecz wigzacg w procesie granulacji jedno i
wielosktadnikowych materiatow sypkich poprzez zastosowanie modelu Carreau-Yasudy. Na
podstawie uzyskanych wynikow stwierdzono, ze wysokie warto$ci lepkosci kleikow skrobiowych i
znaczaca sztywno$¢ ich struktury wewngtrznej nie s3 gwarancja odpornosci tej struktury na
dziatanie sit zewngtrznych, moga ponadto obniza¢ efektywnos¢ samego procesu granulacji.

Abstract

The paper presents an assessment of rheological properties of commercial potato starch pastes as a
binding liquid source in the process of granulation of single and multi-component loose materials
using by Carreau-Yasuda model Based on the obtained results, it was found that high viscosity
values of starch pastes and significant stiffness of their internal structure are not a guarantee of
resistance of this structure to external forces, and may also reduce the efficiency of the granulation
process itself.
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1. Introduction

Starch is one of the most important plant polysaccharides. It is a biodegradable,
non-toxic and fully biocompatible natural polymer. It is a reserve material of plants
and is deposited in their tissues in the form of grains, the so-called granules, the
shape and size of which depend on the botanical origin of the starch. Starch is a
white solid substance, tasteless and odorless, which has found its application in
many industries. In the food industry, starch has been used as a starting material for
the production of hydrolysates (glucose, maltodextrin, starch syrups) and as a raw
material for the production of modified starches. In baking, it is used as a bread
ingredient that improves water retention and delays staleness of bread, and as an
addition to pastry products. In the production of food concentrates, it is used as a
thickener in powdered food (sauces, soups, puddings, jellies) and ketchups. In the
textile industry, it is used for gluing yarn and starching. In the paper industry, it is
needed for dyeing, satining, printing and finishing, as well as for gluing paper pulp.
In the chemical industry, it has found application in the production of glues,
dextrins, and even in the production of explosives. In the pharmaceutical industry,
it is used for the production of baby powders, talcum powders and pills for
medicines, as well as a functional additive to cosmetics. So many specialty
applications of starch and its derivatives enable manufacturers to develop a range
of products related to technical applications. Thanks to all these possible
applications, starch as a functional material turned out to be irreplaceable in many
industries. This also results in the search for new sources of its acquisition, so it
should not be surprising that research on starch obtained from kiwifruit (Actinidia
deliciosa) [1], banana (Musa paradisiaca) [2], common pea (Pisum sativum) [3],
acorns (Quercus ilex L.) [4], or chestnuts (Castanea sativa Mill.) [5]. However, it
is also unique because it is a hydrocolloid showing a large physicochemical
diversity with an unchanged chemical structure. The starch molecule has a

heterogeneous structure, composed of amorphous linear structures - amylose and
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branched crystalline structures - amylopectin - Fig. 1. It is the content of amylose
and amylopectin in starch granules that determines its technological usefulness and

physicochemical properties.

Fig. 1. Structure of molecules: a). amylose, b). amylopectin [6].

Starch, or rather a suspension of starch granules subjected to the heating process,
creates the so-called paste, in which dissolved starch granules (amylose) form a
continuous phase, and swollen remains of granules (amylopectin) act as fillers. It
should be noted, however, that in the process of heating starch granules obtained
from edible tubers (e.g. potato and tapioca starch), the primary structure of the
granules is completely destroyed and a homogeneous suspension of
macromolecules or their aggregates is obtained. Hence the pastes of these starches
resemble opalescent solutions. It is the possibility of obtaining a homogeneous paste
from potato starch that may predispose it to be used as a binding liquid in the
granulation process. The granulation of powdered materials and the accompanying
processes, such as mixing or grinding, depend to a large extent on the physical and
rheological properties of the materials involved. Previous studies [7-10] have
shown that the properties of the wetting liquid affect the nucleation and,
consequently, the granulation effect, especially when it comes to the formation of

agglomerates from materials that are difficult to combine, such as mixtures of
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biomass and mineral materials. It is the binding liquid that is responsible for
producing a granular product with the desired properties. Despite the wide spectrum
of research, there are no models that would take into account the impact of
rheological parameters on granulation, describing both the properties related to the
viscosity and elasticity of binding liquids.

Therefore, the aim of the presented work is to evaluate the rheological properties
of pastes obtained from domestic, commercial potato starches in terms of their

usefulness as binding liquids for the granulation process of loose materials..
2. Materials and Methods

The research material was commercial potato starch from various companies of
the potato industry, operating on the domestic market and available in every grocery
store. These starches were: starch Superior Standard from Trzemeszno and Grula
brand starch also from Trzemeszno, Jermapol starch from Konopnica, Niechlow
starch from Niechlow, and Melvit starch from Kruki.

In the tested commercial samples of potato starches, the content of amylose was
determined using the spectrophotometric method with iodine according to Morrison
and Laingelet [11]. Absorbance measurements were performed at a wavelength of
A=640nm using a Specord M42 spectrophotometer (Carl Zeiss, Germany).

Potato starch samples in the form of 5% aqueous suspensions were gelatinized
at 95°C for 90 minutes. After the gelatinization process was completed, the samples
were cooled for 60 minutes. The gelatinized starch samples were then left at rest
for a further 60 minutes at an ambient temperature of 25°C to remove any air
bubbles. After this time, the paste sample was placed in the measurement system of
the rotational rheometer and left to rest for 30 minutes at a constant temperature of
25°C to reach thermal and mechanical equilibrium. The rheological properties of
the tested potato starches were determined using a Physica MCR 301 rotational

rheometer by Anton Paar in a cone-plate measuring system with a cone diameter of
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50 mm, an angle of inclination of 10 and a distance between the measuring
elements, i.e. a cone and a plate of 0.048 mm. Rheological tests were carried out to
measure the viscous properties of the tested samples of commercial potato starch in
the range of shear rate from 0.001 to 100s-1, i.e. in the range of five logarithmic
decades, taking 6 measurement points for each decade of shear rate.

The Carreau-Yasuda model [12-14] was used to describe the viscosity curves

obtained as a result of rheometric measurements:

(n

W) =[+@- P - (1, = 1,,) + 71, 1)
where the rheological parameters of this model are:
Mo i N - the zero-shear viscosity and the infinity-shear viscosity, [Pa‘s], A - time
constant, [s], n - time constant, [-], a - width of the transition region between
Newtonian and power-law behavior, [-].
Determination of the rheological parameters of the Carreau-Yasuda model
(especially the time constant 1) made it possible to determine the critical value of
the shear rate y¢r at which the transition from the behavior typical of Newtonian
fluids to the behavior characteristic of non-Newtonian fluids occurs. The numerical

value of this shear rate is given by the equation:

1
Yer = 1 2)

ver — the critical shear rate denoting the one of shear-thinning behavior [s]

At the same time, the knowledge of the viscosity no (obtained as an independent
variable, directly from rheometric measurements) and the time constant A
determined from the Carreau-Yasuda model allowed to determine the value of the
shear stress tcr at which the Newtonian behavior of the fluid changes to the behavior

typical for a non-Newtonian fluid:
_ o
Ter = ©)
Ter — the critical shear stress at the transition between Newtonian and power-law

regions [Pa].
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Thus, thanks to the determined parameters of the Carreau-Yasuda model, two
additional parameters were obtained to characterize the viscous properties of the
starch pastes tested.

Mathematical analysis concerning the determination of rheological parameters
of the Carreau-Yasuda model was carried out using non-linear regression methods
from the Excel program. One of the tools of this program was used, namely the
Solver add-on, used to solve the mathematical modeling task, i.e. to find such
parameters of the mathematical model that the tested lubricants could be described
in the best possible way. Using the numerical minimization procedures that the
Solver tool uses, local minimization procedures were used. Therefore, for a
multimodal objective function having many local minima, a solution was found that
depended on the initial value of the objective function's independent variables. One
of the initial values of the independent variables of the objective function was the
experimentally determined value of zero viscosity no.

In order to assess the correctness of the description of the experimental data with
the Carreau-Yasuda model equation, a statistical evaluation of the fit of the model
curves to the experimental curves was carried out in relation to the value obtained
directly from the rheometric measurements of the apparent viscosity m. This

assessment was made by estimating the effectiveness of modeling R2.
3. Results and Discussion

Table 1 presents the results of determining the amylose content, and thus
amylopectin, in the tested samples of commercial potato starch. The data presented
in Table 1 shows that commercial potato starches differ in terms of amylose and
amylopectin content, and these differences can be significant - the difference
between potato starch with the highest amylose content (Trzemeszno Superior
Standard starch) and potato starch with the lowest amylose content (Melvit starch).

This is probably due to from the starchiness of potato varieties used for the
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production of commercial potato starches.

Tab. 1. Content of amylose and amylopectin in the tested potato starches

Potato Amylose Amylopectin
Starch content content
[%0] [%0]
Trzemeszno Superior Standard 39.38 60.62
Niechléw 37.30 62.70
Jermapol 37.17 62.83
Trzemeszno brand Grula 35.95 64.05
Melvit 14.99 85.01

The graph in Fig. 2 shows the viscosity curves for all tested samples of
commercial potato starch and Table 2 presents the values of rheological parameters
obtained as a result of describing the viscosity curves with the Carreau-Yasuda
model.

The analysis of the obtained experimental data presented in Fig. 2 allowed to
conclude that for all the tested samples of potato starch, the apparent viscosity
decreases with the increase of the shear rate. This indicates that the tested pastes of
commercial potato starch should be treated as non-Newtonian media, shear thinned
media. The shape of viscosity curves obtained from rheometric measurements,
which shows zero viscosity no at low shear rate values, justifies the choice of the
Carreau-Yasuda model to evaluate the rheological properties of the starch pastes
tested. The analysis of the data presented in Table 2 shows that:

- the highest value of viscosity 1o at the zero shear rate is characteristic for Superior
Standard potato starch from Trzemeszno, while the lowest value of zero viscosity
is shown by Melvit potato starch,

- the width of the transition area between Newtonian and non-Newtonian behavior
is the largest for potato starch from Trzemeszno, brand Grula, and the smallest for
potato starch from Niechlow,

- the time constant A, reflecting the susceptibility of the internal structure to
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from Trzemeszno, and the lowest for Melvit potato starch from Kruki,

- Jermapol potato starch has the highest value of the characteristic flow index,

whereas potato starch from Niechlow has the lowest value,

- the critical value of the shear rate at which the behavior of the pastes changes from
Newtonian to non-Newtonian, i.e. when the apparent viscosity of the starch paste

begins to decrease, is the highest for Melvit potato starch, and the lowest for

Superior Standard potato starch from Trzemeszno,

- the values of the critical shear stress at which the starch gruel begins to show the
characteristics of a non-Newtonian fluid are the highest for Superior Standard

potato starch from Trzemeszno, the lowest for Melvit potato starch.
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Fig. 2. Viscosity curves of the pastes of the tested potato starches.
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Tab. 2. Rheological parameters of the Carreau-Yasuda model

Potato no a A n Yer Ter R?
Starch [Pa-s] [-] [s] [-] [s"] [Pa] [-]
;{;ﬁ&"afzzno SUPEor 53000 1.897 123457 0187 00081 18.630  0.999
Niechlow 6750 1249  99.010 0178 00101  6.817  0.998
Jermapol

600.0 2.044 79.365 0.387 0.0126 7.560 0.998
298.0 4.269 61.728 0.292 0.0162 4.828 0.998
256.0 2.673 57.803 0.376 0.0173 4.429 0.997

Trzemeszno brand
Grula

Melvit

For all the starch pastes tested, a very high matching efficiency was obtained, at the
level of 0.997+0.999. In order to better illustrate the nature of changes in the
obtained rheological parameters of the Carreau-Yasuda model, some of them, i.e.
zero viscosity no and time constant A as a function of amylose content in starch, are
presented graphically in Figure 3. This graph clearly shows that with increasing
amylose in potato starch, the value of zero viscosity increases no. At the same time,
it is also accompanied by an increase in the time constant A and the critical shear
stress Tcr.

The high value of the time constant for the potato starch paste Superior Standard
from Trzemeszno means that this paste has a structure most susceptible to
destruction by shearing. This may indicate the low mechanical stability of its
structure, which is also not guaranteed by high values of the critical shear stress 7,
which here reflects the rigidity of this structure. Of all the tested potato starch
pastes, it is Melvit starch, i.e. the starch with the lowest amylose content, as 14.99%,
seems to be the one whose internal structure is resistant to damage caused by
external force (low values of constant A and structure stiffness in stress value tcr).
The internal structure with very similar rheological properties has a paste made of
starch from Trzemeszno, but of the Grula brand - its viscosity no is higher by 42Pas,
the time constant A by less than 4s, and the stiffness of the internal structure by
0.4Pa.
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Fig. 3. Changes in some rheological parameters of the Carreau-Yasuda model.

What distinguishes Grula starch from Melvit starch is the width of the transition
area between Newtonian and non-Newtonian behavior, the value of which is 1.596.
This area, defined in the Carreau-Yasuda model by the parameter a, can be
identified with the polydispersity of the PDI medium, which in turn may indicate
that the polydispersity of potato starch Grula from Trzemeszno is greater than that
of Melvit starch. Potato starches Jermapol and Niechléw have over 2 times higher
zero viscosity mo and almost 2 times higher time constant A with 1.5 times higher
structure stiffness in the form of . In addition to the susceptibility of the internal
structure of the potato starch pastes to damage caused by shear forces present in the
granulation process, it may also result in difficulties in uniform distribution of these

pastes as binding liquids over the granulated material.
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4. Conclusions

The assessment of rheological properties of pastes obtained from commercial

potato starch as a material for the binding liquid in the granulation process allowed

to conclude that:

starch pastes are non-Newtonian fluids, shear thinning, the apparent
viscosity of which decreases with increasing shear rate,

high content of amylose in starch, which translates into high viscosity of the
paste, does not guarantee the resistance of the structure of this paste to
external forces,

high stiffness values of the internal structure are not a guarantee of its
mechanical stability,

high values of both viscosity and stiffness of the paste may be an obstacle
to the even distribution of the binding liquid over the granulated bulk
material, which may consequently contribute to the low efficiency of this

process.

However, commercial potato starch can be a valuable and relatively cheap

source for granulating loose materials, and the characteristics of its pastes will be

responsible for producing a granulated product with the desired properties.
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Assessment of rheological properties of selected viscosupplements

used in knee osteoarthritis

Ocena wtasciwosci reologicznych wybranych wiskosuplementow stosowanych w

chorobie zwyrodnieniowej stawow kolanowych

Magdalena Orczykowska*

Lodz University of Technology, Faculty of Process and Environmental Engineering

ul. Wélczanska 213, 90-924 1.6dz

Abstrakt

W pracy przedstawiono ocene wiasciwosci reologicznych wiskosuplementéw opartych na bazie
kwasu hialuronowego, a powszechnie stosowanych w chorobie zwyrodnieniowej stawow
kolanowych. W oparciu o pomiary reometryczne wyznaczono moc i gestos¢ usieciowania oraz
charakterystyczne wymiary liniowe sieci tych wiskosuplementow. Wykazano, ze przebadane
wiskosuplementy cechuja sie siecig luzno splatanych tancuchow, ktére moga tworzyé podobny,
badz zréznicowany typ struktury.

Abstract

The paper presents an evaluation of the rheological properties of viscosupplements based on
hyaluronic acid, commonly used in knee osteoarthritis. On the basis of rheometric measurements,
cross-linking power and density of network as well as characteristic linear dimensions of the
networks of these viscosupplements were determined. It has been shown that the tested
viscosupplements are characterized by a network of loosely entanglement chains that can form a
similar or different type of structure.
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1. Introduction

Hyaluronic acid, also called hyaluronan, was discovered in 1934 by Meyer and
Palmer in the vitreous fluid of the bovine eye [1,2]. Today it is known that it occurs
in all vertebrates - it is part of the basic substance of connective tissues such as
cartilage, dermis or umbilical cord, and is also a component of synovial fluid and
the already mentioned vitreous fluid. On an industrial scale, hyaluronic acid is most
often obtained by extraction from rooster combs, as well as biotechnologically, in
a process consisting of bacterial fermentation, extraction and purification [3,4].
From a chemical point of view, hyaluronic acid is a glycosaminoglycan composed
of repeating disaccharide subunits connected by a 1-4 glycosidic bond. Each of
them consists of D-glucuronic acid and N-acetyl-D-glucosamine, between which
there is a f1-3 bond [5-7] — fig.1.

[[’;-D-Glucuronic aCidHN-Acetyl-[5-D-GIucosamine][ﬁ-D-Glucuronic aCid][N-Aceiyl—ﬁ-D-Glucosamine]

Fig. 1. Structure of hyaluronic acid [6].

Intensive research on hyaluronic acid, conducted from the moment of its
discovery to the present, has shown that as a biocompatible, non-immunogenic and
biodegradable compound, and at the same time having viscoelastic properties, it is
perfectly suitable for use in medicine, cosmetics and pharmacy. Hyaluronic acid
turned out to be particularly useful in the treatment of osteoarthritis of the synovial
joints, and above all of the knee joint, improving its biomechanical conditions [2,6].
The concentration of hyaluronic acid in the synovial fluid decreases with age. This

decrease is particularly pronounced when the degenerative process in the joint
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progresses simultaneously with the aging process. Then, the ability of the synovial
fluid to protect the cartilage and synovial membrane is reduced, which in turn leads
to pain. Improvement of the patient's condition can be achieved by a series of
several injections of preparations based on hyaluronic acid derivatives, i.e.
viscosupplementation  [8-10]. There are several preparations for
viscosupplementation on the pharmaceutical market. However, they are not
identical, which means that they differ in the form and origin of the hyaluronic acid
contained in them and the molecular weight of the polysaccharide, but above all
they differ in rheological properties.

Therefore, the aim of the presented study is to evaluate the rheological properties
of selected hyaluronic acid preparations, commonly used in viscosupplementation

during the treatment of knee osteoarthritis.
2. Materials and Methods

The research material consisted of three commercial preparations of hyaluronic

acid - Ostenil, Hyalubrix and Orthovisc - see table 1.

Tab. 1. Properties of commercially viscosupplements

Commercially Concentration Molgcular
viscosupplements [mg/ml] Source weight
pp g [kDal
OSTENIL (by Trb Chemedica) 20mg/2mi biofermentation 1(()8?2%%())0
HYALUBRIX (by Fidia Farmaceutici) 30mg/2ml biofermentation >1500

ORTHOVISC (by Anika Therapeutics) 30mg/2ml biofermentation 1100-2900

Intra-articular injection solutions, directly from the syringe, were placed in the
measurement system of the rotational rheometer and left at rest for 1 h at a constant
temperature of 37°C to reach thermal and mechanical equilibrium. The rheological
properties of the tested viscosupplements were determined using a Physica MCR

301 rotational rheometer by Anton Paar in a cone-plate measuring system with a
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cone diameter of 50mm, an angle of inclination of 1° and a distance between the
measuring elements, i.e. a cone and a plate of 0,048mm. The basic tests were carried
out in dynamic conditions in the controlled strain mode, determining the
mechanical spectra by measuring the values of the storage modulus G' and the loss
modulus G" and the complex viscosity n*. The tests were carried out in the range
of changes in the oscillation frequency ® from 0,01rad/s to 300rad/s, taking 6
measurement points for each decade. For all oscillation frequencies, the same
relative deformation value of 5% was assumed, determined in earlier studies on the
range of linear viscoelasticity of the tested viscosupplements.

A comprehensive assessment of the rheological properties of the tested
viscosupplements was based on determining the characteristic linear features of the
network created by the viscosupplement. In order to know the linear dimensions of
the network, it was additionally necessary to know such parameters as: the value of
the plateau viscoelastic modulus Gn®, i.e. the cross-linking power, the value of the
cross-linking density wo and the value of the viscosity under steady-state flow
conditions mo. Taking into account the data presented in Table 1 regarding the
molecular weight of the tested viscosupplements, they were treated as polydisperse
materials, i.e. those in which the molecular weight distribution is statistically large.
Therefore, the value of the viscoelastic modulus of the plateau Gn° [11-13] was
determined from the following relationship:

4 11}
Gyl = - f_‘“oom“" G"(w)dInw 1)
Obtaining the value of the viscoelastic modulus of the plateau Gn° made it possible
to determine the characteristic linear dimensions of the network of the viscoelastic

material tested (according to the markings presented in Fig. 2), which are:
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Fig. 2. Characteristic linear dimensions of the network of viscoelastic material [13].

- the mesh size of the network &:

¢= (25 ) @

where: kg — Boltzmann constant (1,38-1022J/K), T — temperature [K]

- the persistence length Ip:

1

_( kT \3
b = (—8.a,0.,,0) ®)
- the entanglement length le:
5
3
=% @)
Ip3
- the linear contour length L:
le
LC = G"min )
GNO

where: G”min — IS the value of the local minimum of the loss modulus after the
intersection of the curves of both modules, i.e. curve G'and G", impossible to obtain
if such a point is missing,
- the network chain diameter de:

d, =19-1, (6)
The value of the viscosity at steady flow conditions no was determined by
extrapolating the complex viscosity to the value ® tending to 0. Thanks to the

viscosity no obtained in this way, the average relaxation time to was numerically
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determined from the relationship:

To=5 ™
The reciprocal of the relaxation time 7o is also the cross-linking density of the
structure wo. In addition, the knowledge of the persistence length I, and the
entanglement length le made it possible to estimate the semi-elasticity of the

network in the form of the parameter a. [14] from the following relationship:

le
ae = . (8)
14
Moreover, thanks to the knowledge of the viscoelastic modulus of the plateau Gn°,

the packing length p was also determined [15]:
p=(3%) ©
and also, based on the relationship described by equation (10):

GNO=§'vs'kB'T (10)

the number of entanglements vs in ml of solution.
3. Results and Discussion

The graphs in Figure 3 show the oscillation curves obtained during rheometric
measurements for all the tested viscosupplements, while Table 2 shows the values
of the G' and G" modules at ® values corresponding to walking and running, and
Table 3 shows the values of the parameters describing the network of these
viscosupplements. The data presented in the graphs in Figure 3 show that the higher
the molecular weight of the viscosupplement, the faster - with a lower value of the
oscillation frequency - the transition from a viscous liquid to a solid occurs, i.e.
the transition from viscous properties to elastic properties. So it should come as no
surprise that it is for Orthoviscu that this oscillation frequency, denoted as wc, has

the lowest value of 1,42rad/s.
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Fig. 3. Oscillation curves of tested viscosupplements at human body temperature 37°C.
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Taking into account the work of the knee joint in real conditions, it is clearly visible
on the graphs in Fig. 3 that Ostenil is characterized in a wide range of oscillation
frequencies ® by the predominance of viscous over elastic features, this applies
especially to this particular range  which includes the work of the knee joint when
walking (3,14 rad/s or 0,5 Hz) and running (15,7 rad/s or 2,5 Hz). In Hyalubrix, the
transition from viscous to elastic characteristics takes place exactly in the range of
work of the knee joint. This suggests that the viscosupplement behaves like a
viscous liquid while walking - when the loads on the joint are lower - and the more
the speed of movement increases, it starts to behave like an elastic solid. Orthovisc,
meanwhile, is a viscosupplement which in this range of oscillation frequency is
characterized by a definite predominance of elastic properties over viscous ones,

I.e. high elasticity - see also table 2.

Tab. 2. Value of G’ and G” while walking and running

Value of G’ and G” OSTENIL HYALUBRIX ORTHOVISC
®=3,14rad/s — f=0,5Hz

G'[Pa] 1.93 13.55 57.62

G” [Pa] 6.23 16.96 44.84
w=15.7rad/s — f=2.5Hz

G'[Pa] 12.22 54.56 113.43

G” [Pa] 19.07 38.27 58.82

The data presented in Table 3 shows that with the increase in the molecular weight
of the viscosupplement, the cross-linking power of the structure in the form of the
Gn® parameter increases, the viscosity in the conditions of steady flow no, and the
relaxation time 1o. The reciprocal of the relaxation time 1o is the cross-linking
density of the viscosupplement structure wo, which means that Orthovisc has the
highest cross-linking density - at its lowest numerical value, it means that cross-
linking occurs every 3,18s%, so it is more frequent than in Ostenil, for which cross-
linking occurs every 40,75s. Thus, as the molecular weight increases, the cross-

linking density of the viscosupplement structure also increases.
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Tab. 3. The rheological parameters of the tested viscosupplements

Rheological parameters OSTENIL HYALUBRIX ORTHOVISC
GnC [Pa] 142.64 340.52 509.27
Mo [Pas] 35 19.0 160.0
¢ [nm] 31.07 23.25 20.33
I, [nm] 15.54 11.63 10.17
le [nm] 49.33 36.91 32.27
de [nm] 295.2 220.9 193.1
0[] 0.025 0.056 0.314
oo [s7] 40.75 17.92 3.18
oe [-] 3.175 3.175 3.175
p[A] 0.452 0.338 0.296
Vs [1/ml] 4.17-10% 9.94-10% 1.48-10%

Moreover, the more the cross-linking density wo is shifted to the left, i.e. towards
smaller numerical values, the greater the mobility of the network structure elements.
This property of the network translates into its ability to damp mechanical
vibrations associated with movement, and thus the work of the knee joint. In
practice, this means that all elements of the network structure are involved in the
damping of mechanical vibrations, ensuring proper and painless functioning of the
joint, if such a viscosupplement was administered by intra-articular injection. Of
the three viscosupplements tested, Orthovisc is a viscosupplement that ensures such
behavior of the network. At the same time, with the increase in the molecular weight
of the viscosupplement, it was observed that the values of the characteristic linear
dimensions of the network, such as: the mesh size &, the persistence length I, and
the entanglement length le decrease. This is additionally confirmed by the high
cross-linking power of the structure, which is again in favor of Orthoviscu. In the
data presented in Table 3, it is particularly significant that the semi-elasticity in the
form of the ae coefficient has the same value for all three viscosupplements tested,
regardless of their I, and le length values. Already Zou and Larson [14] showed in

their research that if the coefficient ae>2, then we are dealing with a network of
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loosely entanglement chains and such a network is characteristic of these three
viscosupplements, which was guaranteed already at the stage of their production.
However, the number of entanglements is the highest for the viscosupplement with
the highest molecular weight, i.e. for Orthoviscu, for which it is 1,48-10%°
entanglements/ml with the lowest packing length p equal to 0,296A.

Differences in the structure of the analyzed viscosupplements are additionally
presented in the form of the so-called reduced curves in the relationship
G'/GN’=f(w/wo) and G"/GnN’=f(w/wo) - Fig. 4. This allowed to assess the
superposition of the obtained experimental curves and to show that the share of

shaping elements is very diverse viscous and elastic properties of the tested
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Fig. 4. Reduced curves of the tested viscosupplements.

The graph presented in Fig. 4a shows that both Ostenil and Hyalubrix form a
similar type of structure in the scope of work of the knee joint, the elastic properties
of these viscosupplements are not significantly differentiated - a full superposition
of the reduced curves G'/Gn’=f(w/wo) in this range. The lack of superposition of the
reduced curves G”/Gn=f(w/wo) for these two viscosupplements can be seen in the
graph in Fig. 4b, which proves the varied share of elements shaping the viscous
properties. Orthovisc, in terms of the work of the knee joint, does not show any

similarity in terms of the share of elements shaping the viscous and elastic
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properties to Ostenil and Hyalubrix - because there is no superposition of the
reduced curves G'/Gn=f(w/wo) and G"/Gn=f(w/wo) in this range. Thus, it creates

a completely different type of structure than Ostenil and Hyalubrix.
4. Conclusions

The analysis of the rheological properties of three viscosupplements available
on the pharmaceutical market - Ostenil, Hyalubrix and Orthoviscu - used in knee
osteoarthritis showed that the molecular weight is responsible for these properties.
The higher the molecular weight of the viscosupplement, the greater the power of
the network, viscosity, crosslinking density of network and the number of
entanglements of the viscosupplement. Although the tested viscosupplements had
different characteristic linear dimensions of the network, all of them are
characterized by a network of loosely entanglement chains that can form a similar
or different type of structure. The obtained results may also indicate that in the case
of significant advancement of knee osteoarthritis, Orthovisc turns out to be a more
appropriate viscosupplement, due to the decisive advantage of elastic properties
over viscous ones in the frequency range o, covering the work of the knee joint.
However, if the complaints related to the work of the knee joint are insignificant
but noticeable and the patient wants to eliminate the discomfort, Hyalubrix and
Ostenil seem to be good viscosupplements in the following order, which also ensure

adequate lubrication of the knee joint.
References

[1] Krause W.E., Bellomo E.G., Colby R.H.: Rheology of sodium hyaluronate under
physiological conditions. Biomacromolecules 2, 2001, pp. 65 — 69.

[2] Necas J., Bartosikova L., Brauner P., Kolar J.: Hyaluronic acid (hyaluronan): a
review. Veterinarni Medicina 53, 2008, pp. 397-411.

60



Technologia i Jakos¢ Wyrobow 68, 2023

[3] Prieto J.G., Pulido M.M., Zapico J., Molina A.J., Gimeno M., Coronel P., Alvarez
A.l.: Comparative study of hyaluronic derivatives: rheological behaviour, mechanical
and chemical degradation. Int. J. Biol. Macromol. 35, 2005, pp. 63 — 69.

[4] Milas M., Rinaudo M., Roure I, Al-assaf S., Phillips G.O., Williams P.A..
Comparative rheological behavior of hyaluronan from bacterial and animal sources
with cross-linked hyaluronan (hylan) in agueous solution. Biopolymers 59, 2001, pp.
191 - 204.

[5] Berriaud N., Milas M., Rinaudo M.: Rheological study on mixtures of different
molecular weight hyaluronates. Int. J. Biol. Macromol. 16, 1994, pp. 137-142.

[6] Kawasek B., Bogdat D.: Zastosowanie kwasu hialuronowego w leczeniu choroby
zwyrodnieniowej stawu kolanowego. Technical Transaction-Chemistry 1, 2014, pp.
58 - 68.

[7] Park HO., Hong J.S., Ahn K.H., Lee S.J., Lee S.J.: Influence of preparation on
rheological behavior and microstructure of aqueous mixtures of hyaluronic
acid/poly(vinyl alcohol) Korea-Australia. Rheology Journal 17, 2005, pp. 79 — 85.

[8] Prekasan D., Saju K.K.: Review of the tribological characteristics of synovial fluid.
Procedia Technology 25, 2016, pp. 1170 — 1174.

[9] Jotanovic Z., Mihelic R., Gulan G., Sestan B., Dembic Z.: Osteoarthritis of the hip:
An overview. Periodicum Biologorum 117, 2015, pp. 95-108.

[10] Migliore A., Granata M.: Intra-articular use of hyaluronic acid in the treatment of
osteoarthritis. Clinical Interventions in Aging 3, 2008, pp. 365-369.

[11] Ferry J.: Viscoelastic properties of polymers. Wiley, New York (1980).

[12] Liu Ch., He J., van Ruymbeke E., Keunings R., Bailly Ch.: Evaluation of different
methods for the determination of the plateau modulus and the entanglement molecular
weight. Polymer 47, 2006, pp. 4461-4479.

[13] Lopez-Diaz D., Castillo R.: Microrheology of solutions embedded with thread-like
supramolecular structures. Soft Matter 7, 2011, pp. 5926-5937.

[14] Zou W., Larson R.G.: A mesoscopic simulation method for predicting the rheology of
semi-dilute wormlike micellar solutions. Journal of Rheology 58, 2014, pp. 681-721.

[15] Malkin A.Y., Isayev A.l.: Rheology - concepts, methods and applications. ChemTec
Publishing, Toronto (2006).

61



Technologia i Jakos¢ Wyrobow 68, 2023

Moisture transport in knitted fabrics
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Abstrakt

Dzianiny czesto stosowane sg w odziezy noszonej bezposrednio przy skorze. Dlatego oczekuje sie,
ze beda one charakteryzowaly si¢ bardzo dobrymi wlasciwosciami wpltywajacymi na komfort
fizjologiczny uzytkowania odziezy, zwlaszcza zdolnoscia odprowadzania potu. W ramach pracy
przeprowadzono badania 5 wariantéw dzianin w zakresie zdolno$ci do transportu potu w postaci
pary oraz plynu. Badania wykonano za pomoca przyrzadéw Permetest i Moisture Management
Tester M290. Stwierdzono, ze wszystkie dzianiny charakteryzowaty si¢ bardzo dobra
przepuszczalnoécig pary wodnej. Transport ptynnej wilgoci w dzianinach byt zréznicowany w
zaleznos$ci od sktadu surowcowego dzianin. Najlepsza zdolnoscig transportu ptynnej wilgoci
odznaczata si¢ dzianina wykonana z mieszanki: bawetna 54%/ poliester 46%.

Abstract

Knitted fabrics are often used in clothing worn next to the skin. Therefore, they are expected to be
characterized by excellent properties affecting the physiological comfort of clothing usage,
especially the ability to wick away sweat. As part of the work, tests were carried out on 5 variants
of knitted fabrics in terms of the ability to transport sweat in the form of vapor and liquid. The tests
were performed using Permetest and Moisture Management Tester M290. It was found that all
knitted fabrics were characterized by very good water-vapor permeability. The transport of liquid
moisture in knitted fabrics varied depending on the raw material composition of the knitted fabrics.
The best ability to transport liquid moisture was found in a knitted fabric made of a 54% cotton/46%
polyester blend.

Stowa kluczowe: dzianiny, odziez, komfort, pot, pomiar, przepuszczalno$¢ pary wodnej, transport
ptynu

Keywords: knitted fabrics clothing, comfort, sweat, measurement, water-vapor permeability, liquid
transport
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1. Introduction

Knitted fabrics, especially from natural fibres, are often used in underwear and
clothing worn next to skin. For this reason, they are expected to be characterized by
excellent properties affecting the physiological comfort of using the clothing.
Physiological comfort is one of the four basic types of clothing comfort. In addition
to physiological comfort, there are: psychological, sensory and fitting comfort [1,
2]. Physiological comfort, also known as thermo-physiological comfort, is defined
as the state of satisfaction with the thermal conditions of the environment [3]. The
basis of physiological comfort is thermal comfort. The crucial properties of textile
materials related to the thermo-physiological comfort of clothing usage are the
following [4]:

e thermal resistance,

e water-vapor resistance,
¢ liquid moisture transport,
e air permeability.

Thermal resistance of textile materials determines their thermal insulation. It
influences an ability of clothing to protect the human being against cold or
overheating. The thermal resistance of textile materials can be measured using the
sweating guarded hotplate test called “skin model”, Permetest, Alambeta, Thermo
Labo Il. Two first instruments: the “skin model” and the Alambeta are the most
popular all over the world [2, 5 - 7].

Water-vapor resistance (water-vapor permeability) of fabrics is usually
measured be means of the “skin model” and the Permetest. In practice the Permetest
is a portable “skin model” [2, 8, 9]. To assess an ability of the textile materials to
transport the liquid moisture the wetting and wicking are usually determined [10].
Last decade the new instrument — the Moisture Management Tester was developed
by the SDL Atlas. It makes possible to assess in a complex way an ability of textile

materials to transport the liquid moisture. The instrument measures the dynamic
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liquid transport properties of textiles in three aspects [11-14]:
e moisture absorbing time for inner and outer surfaces of the fabric,
e one-way transport of liquid moisture from the inner surface to outer
surface of fabric,
e speed of liquid moisture spreading on the inner and outer surfaces of
fabric.

The air permeability of textile materials is measured using the Air Permeability
Tester [15]. One of the most important properties from the point of view of
physiological comfort is an ability to wick away sweat secreted by the user's body
[16]. Sweat is released in the form of vapour and should be drained from the
underclothing zone to the outside. However, in certain conditions: at high ambient
temperature, high humidity of the surrounding air, intense physical effort or poor
water-vapor permeability of clothing, some of the sweat vapor remains in the
underclothing zone and condenses on the user's skin, giving unpleasant feeling of
moisture and the effect of clothing sticking to the skin. Considering the above, when
selecting a knitted fabric for underwear or clothing (T-shirts, blouses, dresses) worn
next to the skin, one should take into account — their ability to wick away sweat
both in the form of vapour and in the form of liquid [17]. Both aspects are
equivalent: sweat removal in the form of vapor and sweat removal in the form of
liquid. Presented work aimed to assess the selected variants of knitted fabrics in the
aspect of their ability to sweat release form the underwear zone to the environment.
Five variants of thin knitted fabrics for T-shirts were measured in the range of the
water-vapor resistance and moisture management ability. Measurement was
performed using the Permetest by Sensora (Czech Republic) and Moisture
Management Tester M290 by SDL Atlas Ltd (US).
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2. Material and Methods

The knitted fabrics for underwear and next-to-ski clothing have been the objects
of the investigations. There were knitted fabrics made of cotton and blends of cotton
with other fibres. Generally, five variants of knitted fabrics were measured. The

basic properties of the fabrics being analysed are presented in Table 1.

Tab. 1. The basic properties of the investigated knitted fabrics.

Fabric Raw _ Thickness, Mass per square
. Stitch ,

variant material [mm] [meter, gr/m?

V1 Cco Single jersey 0.47 161.09

V2 CcoO Rib stitch 0.61 138.59

V3 54 CO/ 46 PES Single jersey 1.27 198.44

V4 CO (TransDry) Single jersey 0.96 149.53

51modacrylic,
2 19P . .
V5 6 COIL9PA Single jersey 1.32 205.47
2 antistatic fiber/1

elastane

The V1 — V3 variants are used in standard T-shirts. The V1 and V2 fabrics are
made of cotton, whereas the V3 variant contains a great amount (46 %) of polyester
fibres. The V4 variant is made of cotton especially treated using patented
technology developed by the Cotton Incorporated (US). The TransDry®
technology for cotton is a high-performance moisture management application that
allows fabrics to wick and spread the perspiration. In the technology the cotton
yarns are specially treated to make them water repellent. The repellent yarns are
blended in the knitted fabric together with the standard untreated cotton yarns,
which are sweat absorbing. Such structure (Fig. 1) makes the fabrics moisture
managing [18]. The V5 variant is the knitted fabric for firefighter’s T-shirt. It is
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made of flame retardant / antistatic material. It is a certified flame retardant and

antistatic thermo-active underwear from the PROTECT line [19].

SWEAT

UNTREATED COTTON

TransDRY®
COTTON YARNS

MOISTURE VAPOR IS
RELEASED AWAY FROM
THE BODY AND INTO

THE ATMOSPHERE
FABRICS CAN BE CONSTRUCTED TO MOVES MOISTURE TO THE
MOVE MOISTURE HORIZONTALLY, OUTSIDE OF THE FABRIC

VERTICALLY, OR FROM THE SKIN SIDE
TO THE OUTSIDE OF A FABRIC BETTER
THAN TOP-PERFORMING SYNTHETIC
FABRICS.

Fig. 1. T Trans Dry® technology;

https://www.cottonworks.com/en/topics/fabric-technology/performance-

technologies/transdry-technology/

The knitted fabrics were measured in the range of comfort-related properties

using the Permetest (Fig. 2) and Moisture Management Tester M290 (Fig. 3).
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Fig. 2. The Permetest by Sensora (Czech Republic).

The Permetest is a fast response measuring instrument for the non-destructive
determination of thermal resistance, water-vapor resistance and relative water-
vapor permeability of textile materials [2, 8, 9]. The instrument provides all kinds
of measurements very similar to the 1ISO Standard 11092 [20], and the results are
evaluated by the identical procedure as required in the 1ISO 11092. In the presented
work the Permetest was applied to measure the water-vapor resistance Ret and
relative water-vapor permeability P of the knitted fabrics being analysed. During
the measurement of water-vapour resistance the measuring plate of the device is
wetted by the distilled water containing 0,1 % of pure non-aggressive liquid soap.
The measuring head is maintained at the same temperature than the ambient
temperature. Relative water-vapor permeability P determined by the Permetest is
not a standardized indicator, however, it is a very practical tool for evaluating
textiles from the point of view of their ability to provide physiological comfort. The
value of the parameter is in the range from 0 to 100%. The value of relative water-
vapor permeability P = 100% means total water-vapor permeability. The lower the
value of the P index is, the lower the water vapor permeability, and thus the worse
the physiological comfort of using a given product. For each fabric variant 3
repetitions of measurement were performed and next an arithmetic mean from 3
individual results was calculated as a final result. The Moisture Management Tester
(MMT) is an instrument designed to measure the dynamic liquid transport
properties of textiles in three aspects [11-14, 21, 22]:
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e absorption of liquid moisture of inner and outer surfaces of the fabric,
e one-way transport of liquid moisture from the inner surface to outer
surface of fabric,

e spreading the liquid moisture on the inner and outer surfaces of fabric.

mzag

Fig. 3. The Moisture Management Tester M290 by SDL ATLAS (US).

The device provides the values of the following parameters:
e wetting time of top (WTT) and bottom (WTB) surfaces, in s,

absorption rate of top (TAR) and bottom (BAR) surfaces, in %/s,

e maximum wetted radius for top (MWRT) and bottom (MWRB) surfaces,
in mm,

e spreading speed on top (TSS) and bottom (BSS) surfaces, in mm/s,

e accumulative one-way transport index R, in %,

e Overall Moisture Management Capacity OMMC.
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The device is controlled by PC and the MMT290 SOFTWARE. Measurement is
done for samples cut into 80 mm x 80 mm squares. For each fabric 5 repetitions of
measurement are performed according to the ACCT standard [21] and instrument

manual [22].
3. Results and Discussion

Results of measurements using the Permetest are presented in Table 2.

Tab. 2. The results from the Permetest.

Fabric Ret, P,
variant [m2Pa/W] [%0]
average SD average SD
V1 2.90 0.10 66.20 1.00
V2 3.70 0.17 60.70 1.13
V3 3.83 0.12 60.07 0.93
V4 3.60 0.36 61.43 2.15
V5 3.43 0.15 71.57 0.55

SD - standard deviation

On the basis of the results from the Permetest it was stated that knitted fabrics
being the objects of the investigation differ between each other in the range of their
ability to transfer the water-vapor. The water vapor resistance Ret of the investigated
fabrics is in the range from 2.90 to 3.83 m?Pa/W. The highest water-vapor resistance
(Ret = 3.83 m?Pa/w) was stated for the V3 knitted fabric, whereas the lowest (Ret
=2.90 m?Pa/W) — for the V1 fabric variant. The values od the water-vapor resistance

of the V2 and V4 variants are slightly lower than that for the V3 variant (Fig. 4).
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Fig. 4. Water-vapor resistance and relative water-vapor permeability of the investigated knitted
fabrics.

In the aspect of the relative water-vapor permeability the highest values were
stated for the V5, and next the V1 fabric variants, appropriately: 71.57 and 66.20
%. The lowest relative water-vapor permeability occurred for the V3 fabric variant.
It is 60.07 %. Generally, it should be stated that the relative water-vapor
permeability of all investigated variants of knitted fabrics is high, greater than 60
%. It means that all investigated fabrics transport the water-vapor well. It results
from the structure of the knitted fabrics, especially their porosity. The number and
size of pores between the yarns and fibres in the fabric is a crucial factor influencing
bot air permeability and water-vapor permeability.

The results of liquid moisture transport measurement are presented in tables 4
and 5. The MMT provides the values of 10 parameters characterising the liquid
moisture transport in the fabrics. Eight of them (WTT, WTB, TAR, BAR MWRT
MWRB, SST, SSB) are connected with the sides — top (inner) and bottom (outer)
of the investigated fabrics. They characterize the top and bottom surfaces. Two last

parameters: R and OMMC characterize the whole fabric. They are calculated from
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other parameters provided by the MMT. The R index characterizes the liquid
transport from the inner to outer side of the fabric. A fabric with good accumulative
one-way transport from the inner fabric side to the outer side (high value of the
parameter) offers good sweat management to the wearer. It is due to the fact that
with high accumulative one-way transport index the fabric keeps the skin of the
wearer dry due to the transporting the perspiration towards the outer side of the
fabric which is away from the skin. Positive and high values of the R parameter
show that liquid sweat can be transferred from the skin to the outer surface easily
and quickly.

The OMMC is calculated on the basis of absorption rate for bottom surface -
BAR, spreading speed for bottom surface — BSS and accumulative one-way
transport index — R. The manual of the MMT [22] suggests a classification for
moisture management capability according to the OMMC value, as follows:

0a 0.2 —very poor,

0.2a0.4 —poor,

0.4 a 0.6 — good,

0.6 a 0.8 — very good,

0.8 a 1.0 — excellent.

Tab. 3. The results from the Moisture Management Tester.

Fabric Wetting Time, Absorption Rate, Max Wetted Radius,
variant [s] [%/5] [mm]
Top Bottom Top Bottom Top Bottom

V1 55.5 6.5 245.49 50.85 3 5
V2 53.7 74.5 228.55 29.65 3 2
V3 90.7 8.8 22.68 73.88 2 10
V4 5.0 51 36.33 50.03 26 25
V5 336 97.2 393.73  10.85 4 1
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Tab. 4. The results from the Moisture Management Tester; continuation.

Fabric Spreading Speed R, [%0] OMMC
variant
average SD
V1 0.24 0.80 42431 0.410
V2 0.32 0.32 -59.64 0.271
V3 0.08 2.06 1021.32 0.762
V4 3.02 3.06 -12.62 0.329
V5 0.33 0.17 -551.04 0.125

Based on the presented results it is seen that the investigated knitted fabrics differ
between each other in the range of their ability to transfer the liquid moisture. Thera
are also significant differences between the left (inner, top) and right (outer, bottom)
sides of the fabrics.

The wetting time means the time when the surface of the measured sample start
wetting after starting the test [22]. The shorter wetting time is the better ability of
fabric to manage the liquid moisture. The shortest wetting time was observed for
the V4 variant. It is the knitted fabric made of TransDry® technology. Both sides
of the fabric wet very quickly (Fig. 5). Very short wetting time for the bottom
surface was observed for the V1 and V3 fabrics. It means that the outer side of the
fabrics wets fast. In is positive from the point of view of the physiological comfort.
The transport of liquid to the outer (bottom) surface causes that the liquid can be

quickly and ease evaporated.
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Fig. 5. Wetting time of top and bottom surfaces of the investigated knitted

fabrics.

450
400
350
300
250
200
150
100

* A = =N =l _
V3

V1 V2 V4 V5

%ls

Absorption Rate,

ETAR EBAR

Fig. 6. Absorption Rate of top and bottom surfaces of the investigated knitted fabrics.

The absorption rate is the average speed of liquid absorption for given surface
of fabric during the initial change of water content while testing [21]. The
absorption of liquid by fibrous material limits the movement of liquid caused by the
capillary forces. Due to this fact, the greater absorption rate is the more limited the
liquid spreading on fabric surface. Additionally it should be mentioned, that great
absorption rate of top surface causes that the liquid is trapped inside the fibres of

the top surface. In the same time it is not effectively transferred to the outer surface
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and next, to the environment. This is negative feature from the point of view of the
physiological comfort. The highest absorption rate for the top surface occurred for
the V5 variant next for the V1 and V2 variants (Fig. 6). It means that the mentioned
variants are not good from the point of view of liquid sweat transport from the
human skin to the outer surface of clothing, and next to the environment. The lowest
absorption rate was stated for the V3 and V4 variants. The V3 variant is the
cotton/polyester fabric. Polyester fibres are hydrophobic. They do not absorb water.
The 46 % share of polyester in the V3 fabric structure is a reason of low absorption
rate of the fabric. Similarly, the V4 variant contains a big amount of hydrophobic
fibers (Fig. 1). There are cotton fibers specially treated using the patented
technology. It casus the observed results. The maximum wetted radius expresses
the maximum radius of the sensor on which the liquid has been detected. The
greatest maximum wetted radius is, the better spreading the liquid on the surface,
and in the same time the better condition for liquid evaporation. It concerns mostly

the bottom surface of the fabric which is far from the human skin.

30
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Fig. 7. Maximum wetted radius of top and bottom surfaces of the investigated knitted fabrics

In the case of the investigated knitted fabrics the greatest maximum wetted
radius occurred for the V4 fabric — made in TransDry® technology (Fig. 7). Big
area of liquid on the outer surface of fabric ensures quick evaporation of liquid
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sweat. However, the great maximum wetted radius of the top surface is not
favourable for the physiological comfort. The top (inner) surface of the fabric
adheres to the user's skin. Big wet area on the inner clothing surface causes
unpleasant feeling of clothing user, and additionally the liquid on the inner surface
Is not evaporated effectively. It remains in the underclothing zone. More favourable
situation is observed in the case of the V3 variant. The maximum radius on the
bottom surface is greater than that on the top surface. It causes that the sweat is not
retained on the inner surface but is transferred to the outer surface of clothing and
next evaporated.

Results of spreading speed (Fig. 8) are in agreement with previous results. The
greatest spreading speed was stated for the V4 and next V3 fabric variants. The
lowest spreading speed occurred for the V2 and V5 variants. Favourable situation
occurred for the V3 and V1 variants because in both cases the spreading speed for
the outer surface is significantly greater than that for the inner surface.
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Vi V2 V3 V4 V5
SST mSSB

Fig. 8. Spreading Sped of top and bottom surfaces of the investigated knitted fabrics.

Based on the values of two general indicators: R and OMMC it can be stated that
the best variant from the point of view of the liquid sweat transport is the knitted
fabric made of cotton/polyester blend — the V3 variant. It is characterized by the

highest value of the R parameter (R=1021.32%), significantly higher than the
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values of the R parameter for the rest of the investigated knitted fabrics (Table 3).
According to the OMMC parameter the V3 variant was classified into the Grade 4
—very good (Fig. 9).
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Fig. 9. Overall Moisture Management Capacity of the investigated knitted fabrics.

The lowest quality according to the OMMC value was stated for the V5 fabric
variant. Itis the knitted fabric for firefighter underwear. It is made of flame retardant
/ antistatic fibres. The share of cotton fibres is low — 26 %. Maybe it is a reason of

low ability of the V5 fabric to transfer the liquid moisture.
4. Conclusions

Based on the performed investigations it was stated that the investigated knitted
fabrics designed for T-shirts are characterized by very good relative water-vapor
permeability — more than 60 %. It results from the structure of the fabrics, especially
their porosity. The liquid moisture transport in the investigated fabrics is diversified
and dependent on fibre composition of the fabrics. The best ability to transfer the
liquid moisture was stated for the knitted fabric made of 54 cotton/46 polyester
blend — the V3 variant. The performed investigations did not confirm the moisture

management functionality of the knitted fabric made using TransDry® technology.
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The fabric made of TransDry® technology was characterized by great spreading
the liquid on the outer surface, what is favourable from the point of view of
physiological comfort. Unfortunately, the spreading the liquid on inner surface is
also great. It can cause that the fabric is wet on the inner surface adhering the user’s
skin. It can be a reason of unpleasant feeling causing discomfort. Additionally, the
values of the wetting time and absorption rate suggest that the V4 fabric is able to
ensure the liquid transport because it wets and absorb liquid moisture very fast. The
results for the knitted fabric made using the Trand Dry® technology are
discussable. The investigations of the Trans Dry® technology should be continued.
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Application of Drop Shape Analyzer to measure the wettability of

cotton woven fabrics

Zastosowanie przyrzadu Drop Shape Analyzer w ocenie zwilzalnosci powierzchni

tkanin bawetnianych

Dominika Kaminska %' 2*, Matgorzata Matusiak®, Ivana Corak®, Anita Tarbuk®

! Lodz University of Technology
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Abstrakt

Metoda pomiaru kata zwilzania, stosowana w ocenie hydrofobowos$ci materiatow, jest dobrze znana
i nadaje si¢ do oceny podlozy statych o gladkiej geometrii. Dla tych podtozy ocena danych jest
stosunkowo prosta. W przypadku materiatéow widkienniczych interpretacja wartosci kata zwilzania
jest utrudniona, gléwnie ze wzglgdu na dwie wlasciwosci podtoza — chropowatos¢ oraz zdolnosé
poditoza do zasysania kropli cieczy. W ramach niniejszej pracy badaniom poddano 6 tkanin
bawetnianych o roznych splotach (ptocienny, skosny 3/1 S, skosny 2/2 S, ryps podtuzny 2/2 (2),
ryps poprzeczny 1/1 (0,1,0) oraz panama 2/2 (0,2,0)). Pomiary zostaty przeprowadzone przy uzyciu
przyrzadu Drop Shape Analyzer (DSA).

Abstract

The method of measuring the contact angle, applied in an assessment of material hydrophobicity, is
well known and suitable for evaluating the solid substrates with smooth geometry. For these
substrates data evaluation is quite straightforward. In the case of textile substrates, the interpretation
of the contact angle value is difficult, mainly due to two properties of the substrate - the roughness
and an ability of the substrate to absorb the liquid drops. In the presented work 6 cotton fabrics with
different weaves (plain, twill 3/1 S, twill 2/2 S, rep 2/2 (2), rep 1/1 (0,1,0), hopsack 2/2 (0,2,0)) were
tested. Measurements were performed using the Drop Shape Analyzer (DSA).

Stowa kluczowe: kat zwilzania, tkanina, Drop Shape Analyzer, splot

Keywords: contact angle, woven fabric, Drop Shape Analyzer, weave
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1. Introduction

Textile wettability refers to the ability of textile materials to absorb or repel

liquids, most commonly water. This is an important feature because it affects the

waterproof, breathable and stain-resistant properties of materials. With regard to

humidity, moisture can affect the wearing comfort of a garment and its insulating

properties [1 — 3]. Materials with good wettability properties will effectively wick

away moisture from the body, which is especially important in sports and active

clothing.

Textile moisture refers to the ability of a material to absorb, transfer and release

moisture. It is important for both user comfort and product performance. There are

two main aspects related to textile moisture [4 — 5]:

moisture absorbency — refers to an ability of a material to absorb moisture.
This is an important property that affects the comfort of wearing and using
textiles. Moisture absorption is measured as the amount of water absorbed
by a material relative to its weight or volume. The effect on moisture
absorption depends to a large extent on the type of fiber. Natural materials
such as cotton, linen and wool tend to be more absorbent than synthetic
materials such as polyester and nylon. This means that these natural fibers
can absorb moisture from the environment or from the wearer's body, which
can be beneficial in conditions where the skin tends to perspire. Thus, the
textile materials made of natural fibers have higher initial moisture content
than other materials, e.g. made of the synthetic fibers. However, high
moisture absorption can also have some disadvantages, such as longer
drying times and the possibility of loss of insulation properties for winter
clothing.

wicking — this is an ability of material to transfer moisture from one part of
the fabric to another and to surface of the material from which the liquid can

be evaporated. Materials with good wicking properties allow for quick
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dissipation of moisture, which helps to keep the contact layer between the
body and clothing dry and comfortable.

The study of the contact angle in textiles is important because it helps to
understand how liquids spread over the surface of the fabric. Contact angle
measurement is commonly used to evaluate surface quality. The measurement of
the contact angle is used to determine an ability of the solid substrate to repel or
attract liquids. If the substrate repels the liquid, then we are dealing with the
phenomenon of hydrophobicity. If the substrate absorbs the liquid, then we are
dealing with the phenomenon of hydrophilicity. In the case where water is the test
liquid, substrates with a contact angle higher than 90 ° (CA > 90 °) are considered
as hydrophobic. If the contact angle is lower than 90 ° (CA < 90°) the substrates
are considered as hydrophilic [6 — 7]. In the case of ultra-hydrophobic materials
with so-called lotus effect, the contact angle approaches the theoretical limit of

180°. Contact angle on different materials is presented on Fig. 1.

95° Bad wetting
45° Good wetting
0° Complete wetting

Fig. 1. Contact angle on different materials
Source: [8].

Young found that the contact angle with the surface can be thought of as the

mechanical equilibrium of a drop resting on a flat solid surface under the influence
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of three surface tensions [9]:
e ys (interface of the solid and vapor phase),
e yq (interface of the solid and liquid phases),
ey (interface of the liquid and vapor phases).
Young's equation has the following form:

Ysv — Psl = yvcosl (1)

vy

LG

Fig. 2. Schematic diagram of contact angle
Source: [9].
Legend:
e 0Oc — contact angle of the liquid on the solid (°)
e g (interface of the solid and vapor phase),
e g (interface of the solid and liquid phases),

e 1y (interface of the liquid and vapor phases).

The aim of presented work was to assess the contact angle of cotton woven
fabrics of different weaves. Totally, 6 variants of cotton fabrics have been measured

using the Drop Shape Analyzer by Kriss (Germany).
2. Materials and methods
2.1. Materials

As part of this study, 6 cotton woven fabrics of various weaves were tested. They

were fabrics of the following weaves: plain, twill 3/1 S, twill 2/2'S, rep 2/2 (2), rep
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1/1 (0,1,0), hopsack 2/2 (0,2,0). The repeats of weaves applied in the investigated
fabrics are presented in Fig. 3. All fabric variants were manufactured based on the
same warp — 50 tex CO OE (Open End). The 100 tex CO OE yarn was applied as a

'], =

plain twill 3/1 8 twill 2/2 8

=

rep 2/2(2) rep 1/1(0,1,0) hopsack 2/2 (0,2.0)

weft.

Fig. 3. Weaves applied in the fabric variants being analyzed.

All fabrics have been finished in the same way. The finishing process included:
desizing, washing, rinsing and drying. The basic parameters of the tested fabrics are

shown in Tab. 1.

Tab. 1. Basic structural properties of fabrics investigated.

. Value

Parameter Unit
1 2 3 4 5 6
Weave - plain  twill twill rep2/2 rep 1/1 hopsack 2/2
311S 22Ss (2) (0,1,0) (0,2,0)

Warp - 50 tex
Weft - 100 tex
Warp density cm? 312 317 319 311 317 31.6
Weft density cm? 115 116 116 115 119 11.7
n“f:;zper Square gm? 202 202 287 284 293 287
Warp crimp % 142 79 70 7.3 9.8 6.4
Weft crimp % 2.9 33 27 12 3.9 2.3
Thickness mm 0.67 0.78 0.79 0.83 0.65 0.79
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2.2. Methods

Drop Shape Analyzer (DSA) by Kriss (Germany) for contact angle
measurement is optimized for simplicity in use. It measures interfacial properties
such as contact angle (CA) and surface tension (SFT). During the measurement
using the DSA the sample is first placed on the sample table and its image is show
on the PC screen. A droplet whose volume is controlled by analyzing the shape of
the pendant drop is then created and dropped on the fabric surface. All parameters
are preset for a quick start but they can by modified by the user. As the droplet is
placed on the table the software automatically starts analyzing the contact angle of
the droplet on both sides (left and right) to show the results immediately. Analysis
can be done with multiply analyzing models like the Young — Laplace and other
automatic or manual baseline. The results are automatically saved and can be

compared and presented with ease [8].
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base line
shape line (substrate)

N

Fig. 5. Sessile drop with fitted contour (shown in green)
Source [9].

In the presented work the configuration of the experiment was the following:
e testing liquid: water,
e substrate/probe: woven fabric,

e gas phase: air.
During the test the software records successive steps each 0.1 s.

3. Results

Results from the Drop Shape Analyzer are presented in Tab. 2a— b which present
mean values from measurements and the standard deviation of the results (in

brackets).

86



Technologia i Jakos¢ Wyrobow 68, 2023

Tab. 2a. Results from Drop Shape Analyzer.

Sample Weave CA(m), CA(l), CA(r), Diameter,
[°] [°l [°l [mm]
1 plain 112.13 112.26 112.00 9.41
(2.17) (2.34) (2.08) (0.15)
2 twill 3/1 S 70.91 70.91 70.91 12.11
(16.05) (16.05)  (16.05) (0.63)
3 twill 2/2 S - - - -
4 rep 2/2 (2) 43.39 424 44.38 9.97
(24.88) (23.61)  (26.18) (1.32)
5 rep 1/1 (0,1,0) 52.44 51.00 53.88 12.76
(30.82) (30.98) 30.98 (0.92)
6 hopsack 2/2 52.68 56.64 48.72 12.1
(0,2,0) (20.98) (24.43)  (19.88) (0.36)

Tab. 2b. Results from Drop Shape Analyzer

Sample Weave Volume, Three-phase Three-phase
[pL] point (1), point (r),
[mm] [mm]
1 plain 414.956 24.8 34.2
(6.317) (0.2) (0.2)
2 twill 3/1 S 299.385 20.7 32.8
(74.192) (0.6) (0.2)
3 twill 2/2 S - - -
4 rep 2/2 (2) 95.579 22.8 32.7
(74.129) (0.9) (0.5)
5 rep 1/1 (0,1,0) 220.352 20.1 32.9
(133.719) (0.8) (0.5)
6 hopsack 2/2 (0,2,0) 160.03 20.4 325
(64.277) (0.3) (0.3)
Legend:

CA — contact angle,

CA (m) — mean (mean from right and left side of drop),

CA (I) — contact angle of left side of drop,

CA () — contact angle of right side of drop,

three-phase point — is a common point for the boundary lines of three phases.
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For a sessile drop on a solid surface in air, when measuring the contact angle,
this is the transition point between the liquid/solid, liquid/gas and solid/gas
boundary lines (Fig. 6).

Three-phase point
N Gas

Solid

Fig. 6. Schematic diagram of a three-phase system
Source: [10].

The graph below (Fig. 7) shows the dependence of CA (m) on the step number
for sample 1. Elapsed time between every single step was 0.1 s.

100

&0

g
=
et

i

pai}

[i]

i 10 il 30 40 =0
Siep mmnsbser

Fig. 7. Diagram CA (m) vs step number of plain weave woven fabric.

Legend: blue line: water (Air)-Y1
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In the case of plain weave fabric, a drop of moisture was on the fabric surface of
all the time, and no wetting occurred. This situation is presented in Fig. 8, where
the image of a sitting drop during the measurement is presented. This situation was
observed throughout the measurement. The program recorded 40 steps, the total

measurement time was 1.9 s.

Fig. 8. View of sessile drop from measure of plain weave woven fabric.

Based on the results, it can be concluded that the plain weave woven fabric
is waterproof. However, cotton is a hydrophilic fiber. Perhaps the type of weave
and the large number of interlacing points between the weft and warp yarns caused

that the drop could not penetrate the fabric.

In the case of the 2/2 S twill weave fabric, the drop was absorbed into the woven

fabric right away. The program didn’t manage to record any results.

Fig. 9. View of sessile drop from measurement for twill 2/2 weave woven fabric.
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To compare the results, Fig. 10 and 11 show a graphical interpretation of the
results for a fabric with a rep 2/2 (2) weave. The absorption of drop lasted 0.5
second. The program recorded the test in 6 steps. The CA (m) was 43.39°,
indicating that the fabric is hydrophilic.

/_‘ﬁ ,
L —

step1=0.0s step4=03s step6=05s

Fig. 10. View of sessile drop from measurement of rep 2/2 (2) weave woven fabric for 3 single

steps.

0 1 3 3 'l ] &

Step mumber

Fig. 11. Diagram CA (m) vs step number of rep 2/2 (2) weave woven fabric

Legend: blue line: water (Air)-Y1
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Other fabrics achieved similar results. They have been rated as hydrophilic.
In the case of fabrics, the effect on moisture absorption also depends on the surface

roughness, which is the most often caused by the structure of the weave.
4. Conclusions

Based on the obtained results, it can be concluded that the plain weave woven
fabric being investigated is classified as waterproof. The rest of the woven fabrics
being the objects of the investigation were classified as hydrophilic. The woven
fabric of 2/2 S twill weave was assessed as non-classified to whatever group of
fabrics because it was impossible to record the shape of the drop.

Presented investigations are preliminary. We would like to show the new method
and analyze the results provided by it. To find out what is the real effect of weave
on contact angle, a bigger number of different studies should be undertaken. First
of all, it is necessary to perform the measurements in different places of fabric being

measured. The work will continue in this direction.
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Abstract

The unique characteristic of the electroconductive fabric-based sensor is its ability to generate an
electric signal directly in response to external stimuli. A fabric-based layer can protect objects and
simultaneously monitor changes in resistance. It was found that the electrical resistance of fabric
increases with increased mechanical damage to its surface. As the resistance increases, the fabric
loses its protective properties, which may damage the object. The analysis of static characteristics
enabled the selection of fabrics characterised by the widest range of electrical resistance, which
results in a desirable higher sensitivity factor of the fabric-based sensor.

Abstrakt

Unikalng cechg sensora na bazie tkaniny elektroprzewodzacej jest jego zdolnosé do generowania
sygnalu elektrycznego bezposrednio w odpowiedzi na bodzce zewnetrzne, np. uszkodzenia
mechaniczne. Warstwa tkaniny moze chroni¢ obiekty i1 jednocze$nie monitorowaé zmiany
rezystancji. Stwierdzono, ze rezystancja elektryczna tkaniny wzrasta wraz ze wzrostem uszkodzen
mechanicznych jej powierzchni. Wraz ze wzrostem oporu tkanina traci swoje wtasciwos$ci ochronne,
co moze skutkowa¢ uszkodzeniem obiektu. Analiza charakterystyk statycznych umozliwita wybor
tkanin charakteryzujacych si¢ najszerszym zakresem rezystancji elektrycznej, co skutkuje wicksza
czuloscig sensora.

Keywords: electroconductive fabrics, resistance, sensors, damages, protection

Stowa kluczowe: tkaniny elektroprzewodzagce, rezystancja, sensory, uszkodzenia, ochrona
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1. Introduction

Wearable devices have become an integral part of human life. However, the
products have to meet ever-greater demands and expectations. Wearable
technology is developing, and wearable electronics are evolving along with it [1,2].
Electroconductive fabrics combine the advantages of traditional woven fabrics with
the ability to sense and transmit electrical signals. They are a significant part of
wearable electronics [3-6]. The flat textile materials can be integrated into
composite structures. The thin, flexible textile-based products called wearable
textronics [1] can act as heating elements, electrodes, connectors, signal lines, and
sensors [7-13]. From the point of view of a wide range of applications, textile-based
sensors deserve attention. They are resistive, capacitive, piezo-electric, and
electrochemical sensors [14-17]. The resistive sensor operation relies on the
detection and response in the form of a change in electrical resistance to some input
from the physical environment [15,18]. The electroconductive woven fabrics can
be used as a resistive sensor for damage detection [16,19,20]. Development of
advanced application techniques to obtain electrical conductivity of textile
materials, emphasizing metal-containing coatings, is observed [21-24]. Obtaining a
continuous and uniform coating layer on the non-conductive fabric is essential from
an electroconductive properties point of view. Cracks in the conductive layer
influence its electroconductive properties, resulting from changes in the distribution
of the potential and current density around the defects [25,26]. The increase in
textile material electrical resistance is observed that is caused by defects [26]. The
electroconductive fabric can be embedded within the structure, and any damage or
structural changes can alter its electrical properties, enabling the detection of
defects, cracks, or structural failures. The electrical resistance change technique has
advantages over other methods since it employs the electroconductive properties of
fabric coating as a sensor to measure the changes in the resistance. Therefore, the

detection of damage can be measured directly [19].
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The four-point probe (FPP) method [27] was used to measure the electrical
resistance of samples to observe changes in resistances before and after testing
[19,28]. The carbon fiber composite laminates were taken into consideration to
detect barely visible impact damage [19]. Changes in electrical resistances resulting
from damage were noticed. Moreover, it was observed the magnitude of resistance
changes is dependent on the carbon fiber volume fraction. The higher the fiber
content in the composite, the lower the resistance. The detection of defects in
woven, knitted, and embroidered electrodes as a result of mechanical and chemical
impact was the subject of research [28]. The content of copper and silver on the
electrode surface guaranteed the ability of the products to conduct electric current.
It was found, that the tests of resistance to washing, abrasion, and pilling caused an
increase in the electrical resistance of the electrodes. Tests showed that the copper-
based electrodes suffered the most damage, resulting in the greatest increase in
resistance. An electrical response to damage of carbon fiber-reinforced polymer
composites was also tested based on the multi-probe resistance method [29]. The
change of different electrical potentials was observed for samples. It was stated, that
no external sensors are needed because the technique provides direct information
from the original output signal pointing at the sample damage. Detection of cracks
from boundary measurements, voltages, and current was performed [30,31]. The
Electrical Impedance Tomography (EIT) method was used as a hon-destructive tool
for building a conductivity map of the entire structure to localise cracks.

Electroconductive woven fabrics exhibit an electrical in-plane anisotropy,
meaning that their electrical properties vary depending on the direction of
measurement within the fabric [32-35]. It is observed that when multiple conductive
yarns intersect within the fabric, the electrical resistance tends to be higher
compared to fabrics with fewer intersecting yarns [32,35]. This suggests that the
presence of intersections creates additional barriers to the flow of an electric current.
The metallization process applied to non-conductive textile material significantly

impacts the electrical resistance of electroconductive fabrics [36-38]. The surface
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percentage occupied by the coating is significant from the point of view of forming
percolation channels with metal conductivity begins [39]. The coating of a non-
conductive fabric with a conductive material such as nickel, copper, silver, tin, or
titanium results in a smoother surface. This smoothness leads to a decrease in woven
fabric resistance, as the conductive coating reduces potential barriers or
irregularities on the fabric surface [32]. Considering that electroconductive fabrics
are anisotropic materials, it is essential to use an appropriate measurement method
to evaluate their properties. In this context, the van der Pauw (VDP) method [40]
proves to be a reasonable choice. The VDP method utilizes a specific configuration
of four electrodes for resistance measurement, which enables the determination of
electrical in-plane anisotropy in the fabric [14,32,33]. This method offers
advantages over other methods. The FPP method is commonly used for resistance
measurements but does not provide information on anisotropic behavior [41]. The
EIT method [30,31] is time-consuming, and the multi-probe resistance method
requires multi-variant measurements. In the case under consideration, when the size
of the damage is essential, not its localization, the VDP method is entirely sufficient
for the resistance determination of the electroconductive woven fabric. A
relationship between changes in the resistance of the fabric and the properties being
monitored or controlled needs to be specified for the fabric-based sensor.
Understanding how variations in the fabric's electrical characteristics correspond to
changes in the monitored parameters can be leveraged while designing
electroconductive fabrics for various applications.

The unique characteristic of the fabric-based sensor is its ability to generate an
electric signal directly in response to external stimuli, which is the damage to the
fabric structure. The main aim of the research was to evaluate the electroconductive
woven fabrics as a material intended for the damage sensors. Static characteristics
of the fabric-based resistive sensors were determined. An electrical anisotropy of

fabrics was considered when assessing the suitability of the textile material as a
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protecting layer adjacent to an object flat surface while simultaneously monitoring

changes in electrical resistance.
2. Materials and methods

Electroconductive woven fabric can play a significant role in measuring systems
intended for damage detection. Woven fabric is a thin, non-stretchable, and flexible
textile material that can easily adhere to a protected surface. A general idea of a
measuring system is shown in Fig. 1. The electroconductive woven fabric can act
as a protective layer adjacent to a flat surface of a monitored object, aiming to
safeguard against mechanical damage. In the case under consideration, the location

of the damage is irrelevant, but its size.

Monitored Fabric-based Measuring Damage data

object sensor instruments acquisition system

RN

Fig. 1. Idea of measuring system for damage detection.

Due to the need for the fabric to adhere to the object, the frame can be used to
clamp the fabric and object. The frame should enable leading the wires connecting
four electrodes with the measuring instruments.

Four electroconductive woven fabrics were selected for testing. The parameters

of fabrics are given in Tab. 1, where the variation coefficient is given in paratheses.
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Tab. 1. Parameters of electroconductive woven fabrics.

Thickness Areal Warp/Weft
Fabric Raw material composition [mm ' density, density,
[9/m?] [yarns/cm]
Silver-coated polyamide
plain-weave fabric; 0 0
S1 declared surface resistance 0.106 (5%) 42 (0.1%) 45/a4
below 0.30 Qsg*
Nickel-coated polyester
twill-weave fabric; declared
S2 surface resistance below 0.270 (4%) 152 (0.2%) 46/35
0.40 Qsq
Copper and nickel-coated
polyester plain-weave
53 fabric; declared surface 0.086 (6%) 7(0.1%) 56/47
resistance below 0.05 Qsq*
Silver-coated polyamide
s4 plain-weave fabric; 0.116 (8%) 72 (0.1%) 51/51

declared surface resistance
below 0.03 Qsq?

Square samples with a side of 5 cm were prepared in a variant without any
damage and in variants with circular-shaped damages of different diameters [
located in the central part of the sample. As was confirmed, the maximum and
minimum values of resistances of the textile material are connected directly with
the weft/warp direction [32]. During the preparation of the samples, particular
attention was paid to ensuring that the sides of the squares aligned parallel to either
the warp or weft threads of the fabric. This alignment enabled controlling
measurement results regarding the structural orientation of textile material. The
variants considered in the investigation are presented in Fig. 2. In total, seven

variants of samples from each electroconductive woven fabric were prepared to

evaluate changes in resistance being an effect of sample structure damage.
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undamaged sample ¢=0 mm damaged sample =8 mm  damaged sample ¢=10 mm

A14

damaged sample =14 mm damaged sample =16 mm damaged sample ¢=18 mm

Fig. 2. Variants of woven fabric structure damage.

The van der Pauw method [40] was used for electrical resistance measurements
of woven fabrics. Four cylindrical electrodes with a contact diameter with the
substrate equal to 2 mm were placed in the corners of the sample (Fig. 3). Between
two adjacent electrodes, the direct current | was fed. The remaining two electrodes
were used to measure the voltage drop V. Based on Ohm’s law; two resistances can
be determined depending on how the electrodes are connected: a horizontal
resistance Rn (Fig. 4a) and a vertical resistance Ry (Fig. 4b). In the electrode

configuration, the electric current flows on the woven fabric surface, along the

warp/weft threads.

Mechanical
factors

Fig. 3. Woven fabric as a layer protecting Fig. 4. Resistance measurement:
against mechanical damages. a) horizontal, b) vertical.
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Uncertainty analysis [42] of electrical resistance measurement was carried out.
Assuming the 0.95 confidence level, the expanded uncertainty of output estimate
(resistance) was obtained from the formula:

U= kpuc(R) ()
wherein

OR OR

2 2

w2(R) = (55) [wa() +up? D] + (5) V) +uz?0D] - (@)

where: kp - the coverage factor (kp=2), uc(R) - the combined standard uncertainty of

R, ua(:) - the Type A standard uncertainty, us(-) - the Type B standard uncertainty.

The constant value of electric current 1=0.020 A was assumed. A DC power

supply AX-3003D-3 Agilent E3644A with a resolution of r1=0.001 A was used as
1

an ammeter. Therefore ua(1)=0 A, and ug(I) = 5= 5.8-10~* A. A multimeter

Agilent 34410A with a resolution of r,=0.001 mV was used as a voltmeter.
Therefore ug (V) = % = 5.8-1077 V. Measurements of the voltage drop V were
repeated n=6 times, and the mean value V was calculated, and the Type A standard

uncertainty was determined from the formula:
Yoo, (Vi=7)?
u(V) = [Eler? ©)

The relative expanded uncertainty was calculated using the formula:

Urer = 7 100% @)

Static sensor characteristics were used for the assessment of electroconductive
fabrics as sensory fabrics:
e input range is the maximum and minimum value of the physical variable

that can be measured; damage diameter ¢min and dmax,
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e operating range defines the minimum and maximum values of the
measured quantity within which the sensor can provide accurate and

reliable measurements; electrical resistance range [Rnmin,Rhmax] and

[Rvmin ) Rvmax] y

e sensitivity is a measure of how well a sensor responds to changes in the
measured quantity; it indicates the smallest detectable change in the input
that the sensor can reliably measure; sensitivity factor |dRn/dA| and

|dRv/dA|, where A is fabric surface area.
3. Results and discussion

The voltage drop for the woven fabrics was measured according to the measuring
scheme (Fig. 4). An uncertainty analysis was conducted for all undamaged and
damaged samples. The expanded uncertainty (1) and relative expanded uncertainty

(4) of the horizontal and vertical resistances were determined. Received results are

juxtaposed in Tab. 2-5.
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Tab. 2. Measurement uncertainty results for fabric S1.

Quantity A0 A8 Al10 Al2 Al4 Al6 Al8
Rn, [Q] 0.1359 0.1284 0.1456 0.1636 0.1713 0.1673 0.2033
U, [Q] 0.0083 0.0110 0.0086 0.0112 0.0102 0.0101 0.0136
Urel, [%] 6 9 6 7 6 6 7
Ry, [] 0.0173 0.0181 0.0216 0.0236 0.0268 0.0322 0.0336
U, [Q] 0.0019 0.0015 0.0021 0.0060 0.0027 0.0054 0.0044
Urel, [%] 11 8 10 25 10 17 13
Tab. 3. Measurement uncertainty results for fabric S2.

Quantity A0 A8 Al10 Al2 Al4 Al6 Al8
Rn,[Q] 0.0844 0.1015 0.0867 0.1031 0.1052 0.1167 0.1441
U, [Q] 0.0097 0.0063 0.0091 0.0080 0.0072 0.0075 0.0089
Urel, [0/0] 11 6 10 8 7 6 6
Ry, [] 0.0339 0.0361 0.0468 0.0454 0.0462 0.0604 0.0571
U, [Q] 0.0046 0.0028 0.0040 0.0055 0.0032 0.0039 0.0040
Urel, [%] 14 8 9 12 7 6 7
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Tab. 4. Measurement uncertainty results for fabric S3.

Quantity A0 A8 Al10 Al2 Al4 Al6 Al8
R, [€] 0.0153 0.0183 0.0180 0.0204 0.0214 0.0243 0.0228
U, [Q] 0.0028 0.0020 0.0031 0.0039 0.0022 0.0040 0.0041
Urel, [%] 18 11 17 19 10 16 18
Ry, [Q] 0.0095 0.0119 0.0126 0.0129 0.0132 0.0147 0.0154
U, [Q] 0.0010 0.0020 0.0020 0.0014 0.0020 0.0023 0.0020
Urel, [%] 11 17 16 11 15 16 13
Tab. 5. Measurement uncertainty results for fabric S4.
Quantity A0 A8 Al0 Al2 Al4 Al6 Al8
R, [Q] 0.0083 0.0104 0.0099 0.0118 0.0126 0.0127 0.0139
U, [Q] 0.0018 0.0016 0.0014 0.0016 0.0010 0.0020 0.0015
Urel, [%] 22 15 14 14 8 16 11
Ry, [©] 0.0033 0.0043 0.0040 0.0043 0.0053 0.0055 0.0058
U, [Q] 0.0006 0.0005 0.0006 0.0004 0.0005 0.0014 0.0007
Urel, [%] 18 12 15 9 9 25 12

Planar anisotropy of electroconductive woven fabrics is observed when the value
of electrical resistance depends on the sample's orientation on a plane. Differences
between mean values of vertical and horizontal resistances measured for seven
variants (Tab. 2-5) of each fabric were assessed. The Mann-Whitney U-Test was
used [43]. The test was performed using Statistica®, and the p-value (p) was
calculated. The p-value is compared with the critical value a for rejecting the null
hypothesis. If a<p, the null hypothesis must not be rejected. The critical value of
a=0.05, being a significance level, was assumed. Results of the Mann-Whitney U-
Test obtained for fabrics S1, S2, S3, and S4 are given in Fig. 5.

Based on the statistical analysis, it was found a significant difference between
horizontal and vertical resistances at 0.05 significance level for all tested samples
(e>p). Moreover, it can be concluded that electroconductive fabrics are

characterized by planar electrical anisotropy.

102



Technologia i Jakos¢ Wyrobow 68, 2023

(@) (b)
S1 S2
0.22 0.16
0.20
0.14
0.18
0.16 ° 0.12
0.14 c
G T 4 0.10 °
Q 8 ..
g 012 <
© <
2 o010 2 0.08
& &
0.08
0.06 ——
0.06
0.04 o
: 0.04
—T—
0.02 I:_Zl o Median 002 o Median
. 25%-75%
0.00 - [ 25%-75% horizontal vertical %Min?l\/kaksu
horizontal vertical T Min-Maks
(c) (d)
S3 S4
0.026 0.016
0.024 0.014
0.022
o 0.012 a
0.020
o] G .
g o018 g 0010
s ©
f <
k7] =
2 0.016 7 0.008
2 T £
0.014
0.006
o
0.012
0.004
0.010
i o Median
2 Median 0.002 [ 25%-75%
0.008 25%-75% . 0/ 3%
horizontal vertical %MSn_uM:lGu horizontal vertical T Min-Maks

Fig. 5. Mann-Whitney U-Test: a) p=0.003, b) p=0.002, c) p=0.002, d) p=0.002.

The impact of fabric damage on electrical resistance was investigated. The initial
fabric surface area was equal to 25 cm?. Every damage caused a decrease in the area
of a sample as presented in Tab. 6.

Tab. 6. The surface area of undamaged and damaged samples.

Variant A0 A8 Al10 Al12 Al4 Ale AIl8
Damage diameter ¢, [mm] 0 8 10 12 14 16 18
Surface area A, [cm?] 25.0 245 242 239 235 23.0 225

The dependence of the sample resistance on its surface, and thus the degree of
fabric damage, is shown in Fig. 6 for fabrics S1, S2, S3, and S4.
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Fig. 6. Surface area of sample vs. electrical resistance (horizontal and vertical).

As the area of damage in the fabric increased, the increase in the electrical
resistance exhibited by the sample was observed. This indicates a direct relationship
between the size of the damage and the electrical properties of the fabric. Based on
the results presented in Fig. 6, it was assumed that the dependence of the electrical
resistance R (horizontal or vertical) on the surface area A can be described by a
linear model R(A)=aA+b, where a, b are the model parameters. Statistical tests were
used to assess the significance of the model parameters (Student’s t-Test) and the
model adequacy (Fisher F-Test). A significance level of #=0.05 was assumed.
Results of statistical analysis for models Rn=f(A) and Ry=f(A) are presented in Tab. 7

and 8, respectively. A coefficient of determination (R?) is given additionally.

Tab. 7. Statistical analysis of model Ry=f(A).

Fabric Significance of model parameters, Adequacy of model,
a[Q/lcm?] p-value b [Q] p-value R? p-value
S1 -0.026741 0.002417 0.795437 0.000883 0.8645  0.000000
S2 -0.020779 0.004626 0.600213 0.001990 0.8254  0.000002
S3 -0.003273 0.002039 0.097955 0.000719 0.8732  0.000000
S4 -0.002082 0.000564 0.060881 0.000213 0.9235  0.000000
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Tab. 8. Statistical analysis of model R,=f(A).

Fabric Significance of model parameters, Adequacy of model,
a[Q/cm? p-value b [Q] p-value R? p-value
S1 -0.007193 0.000060 0.195853 0.000031 0.9685  0.000000
S2 -0.010200 0.003375 0.289189 0.001556 0.8456  0.000002
S3 -0.002093 0.000503 0.062666 0.000169 0.9269  0.000000
S4 -0.000981 0.000541 0.027971 0.000230 0.9248  0.000000

It was found that the model parameters are significant, and the models are
adequate at the significance level of =0.05. Fabric-based sensors are linear sensors.
They produce an output proportional to the input quantity. The input range being
the range of damaged surface area [0.5,2.5] cm? is assumed for all sensory fabrics.
It means that the minimum damage diameter equals ¢min=8 mm. Chosen sensor

parameters were determined based on obtained linear characteristics (Tab. 9).

Tab. 9. Fabrics-based sensor static characteristics.

Operating range [Q] Sensitivity factor [Q/cm?]

Fabric [Rhmin,Rhmax] [Rvmin,Rvmax] IdRh/dAI |de/dA|
S1 [0.127,0.195] [0.016,0.034] 0.027 0.007
S2 [0.081,0.134] [0.034,0.060] 0.021 0.010
S3 [0.016,0.024] [0.010,0.016] 0.003 0.002
S4 [0.009,0.014] [0.003,0.006] 0.002 0.001

Statistical analysis allows us to conclude that there are significant differences
between horizontal and vertical resistances for all electroconductive woven fabrics.
The horizontal resistance is higher than the vertical one, so that is why the
horizontal resistance should be measured in the system for damage detection. The
sensitivity factors are also higher in this case. From the point of view of the sensory,
fabrics S1 and S2 have an advantage over others (S3, and S4). The highest values
of sensitivity factors are observed for S1 and S2 fabrics. The operating range is also

the widest.
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4. Conclusions

Fabric-based sensors can be used as a protective layer of objects and, due to their
ability to generate an electric signal, can directly monitor changes in electrical
resistance. It was found that the electrical resistance increases with increased
mechanical damage to the fabric surface; the dependence is linear for all fabrics. As
the resistance increases, the fabric loses its protective properties, which may
damage the object. The minimum area of damage that can be detected using the
fabric-based sensors is 0.5 cm?, while the maximum is 2.5 cm?. The permissible
area of fabric damage should be determined individually depending on the
protecting object. The attention was drawn to the fact that fabrics exhibit an
electrical in-plane anisotropy. Significant differences exist between horizontal and
vertical resistances for all electroconductive woven fabrics. From the sensory point
of view, fabrics S1 and S2 are the best due to their highest values of sensitivity

factors and widest operating ranges.
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Abstract

Transport of fresh or powdered chicken eggs uses conveyors with elements made of steel or plastics,
and surfaces often coated by Teflon. Various forms of eggs contact with said surfaces and are subject
to friction processes between them. The frictional resistances cause a load on the devices driving the
conveyors and a local and temporary increase in temperature in the contact zones and allow the
abrasive wear of both the surfaces of the conveyors, packages and the eggshells themselves. This
study aimed to determine such the coefficient of friction and wear intensity at various contacts. The
friction and wear tests were conducted on two tribotesters and the results are shown in the article.

Abstrakt

Transport $wiezych lub sproszkowanych jaj kurzych wykorzystuje przenosniki z elementami
wykonanymi ze stali lub tworzyw sztucznych, a powierzchnie czgsto pokryte teflonem. Rozne formy
jaj stykaja si¢ ze wspomnianymi powierzchniami i podlegajg procesom tarcia miedzy nimi. Opory
tarcia powoduja obcigzenie urzadzen napedzajacych przenosniki oraz lokalny i tymczasowy wzrost
temperatury w strefach styku i pozwala na zuzycie $cierne powierzchni przeno$nikow, pakietow i
samych skorupek jaj. Badanie to mialo na celu okreslenie takiego wspolczynnika tarcia i
intensywnosci zuzycia W rdznych stykach. Testy tarcia i zuzycia przeprowadzono na dwoch
tribotesterach, a wyniki pokazano w artykule.

Stowa kluczowe: skorupka i proszek jaj ptasich, wspotczynnik tarcia, zuzycie, chropowatos¢,
tribotester
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1. Introduction

Fresh or powdered eggs, mainly of chicken, are used and processed in the
production processes of the food industry. They are transported either by gravity on
inclined chute surfaces of fixed structures used during a specific production
process, or by means of various conveyors, the elements of which are made of
various materials, such as stainless steel or some plastics. The surfaces of these
elements can be covered with protective coatings, such as Teflon. During transport
between different devices of the production process, the different forms of eggs
come into contact with said surfaces and are subject to friction processes between
them. Such friction occurs with relatively small loads and displacements of various
nature and size. These can be both small vibration movements, such as when
transporting fresh eggs in packages, and large movements, when transporting
powdered egg or shells on conveyors. The existing frictional resistance causes the
load on the devices driving the conveyors and the local and transient increase in
temperature in the contact zones, and allows the surface of the conveyors,
packaging and the eggshells to be worn. The proper flow of egg production,
processing and packaging is strongly affected by physical features of eggs and their
resistance to damage via a mechanical shock. The size of an egg depends on age,
breed and weight of the chicken. Eggs can belong to various strict size categories
according to weight (more specifically to minimum net weight expressed in 0z per
dozen), including peewee (35-42 g), small (42-49 g), medium (49-56 g), large (56—
65 g), extra large (6570 g) and jumbo (70 g). The most commonly available are
medium, large and extra large ones [1, 2]. Egg size and the eggshell thickness are
highly correlated. The size of an egg mainly depends on the age, breed and weight
of the hen. As the hen ages, her eggs increase in size. Pullets with significant
underweight at sexual maturity produce small eggs. The egg weight is weakened
by heat, stress, overcrowding and poor nutrition. Chicken eggs are commonly

treated as packaged food. During transportation, a crucial role of the packaged egg
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material plays the mechanical strength of the eggshell. Eggshell quality is affected
by egg size and weight. Egg shape index and eggshell thickness decide to the
number of damaged eggs over handling and transport [3].

Cahya and Marfuah [4] found that eggshells of domestic chicken, chicken
broiler, duck and quail had almost the same initial structure with CaCOs
rhombohedra crystals. According to Athanasiadou et al. [5] eggshells create a hard,
protective biomineralized chamber for embryonic growth. In the calcitic chicken
eggshell, the mineral and organic phases organize hierarchically across various
length scales. Variation in nanostructure across the shell thickness influences its
hardness, elastic modulus, and dissolution features. The nanostructure varies during
egg incubation, weakening the shell for chick hatching. The above mentioned
powdered eggs are often used in the production of food products such as cakes or
ice cream in order to reduce the penetration of Salmonella bacteria, sometimes
present in raw eggs, into the processed raw material. Belyavin [6] stated that, there
are four major headings of dried egg products available: dried egg white, dried plain
whole egg and yolk, dried blends of whole egg and yolk with carbohydrates, and
special types of dried egg products. A weakening of the moisture content in egg
powder from around 74% to 2-4% by weight decreases weight and volume and a
concentration of food value. The physical properties important for dried egg
products are bulk density, dispersibility, solubility, and reconstituted viscosity

In Ref. [7] was explained that the microwave generated by the microwave drying
machine of egg powder and yolk powder can penetrate the inside and outside of the
object and heat it simultaneously. The friction between molecules generates heat
itself to achieve the effect of rapid drying. According to [8] values of temperature
above 43 °C are not recommended for the storage of egg powder.

The study aimed to determine the coefficient of friction at various contacts of
eggshells and egg powder with samples made of stainless steel with and without
Teflon coating, often used in various production processes. Additionally, the wear

intensity in contacts between eggshells was determined.
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2. Properties of egg, eggshells, egg powders and products containing eggshells

The physic-chemical properties of fresh and processed eggs and egg-related
products are very important, particularly as they affect the safe conditions of storage
and transport of such products and therefore have been extensively studied at

various centres.

2.1. The physic-chemical properties of fresh and processed eggs and egg

products

The eggshell strength is the important parameter of the egg quality [9-17].
Eggshell strength is affected by the thickness of eggshell, shell stiffness and rupture
force and energy [18-20]. The highest correlation existed between the physical and
the mechanical features of chicken eggs [21, 22]. Several studies were carried out
on the properties of chicken and Japanese quail eggs under various compression
loads [18, 22-24]. The eggshell strength was strongly affected by the compression
speed [18, 19]. There were significant correlations between egg palisade length and
breaking strength, shell thickness and stiffness [25]. Kumbar et al. [26] determined
weight, weight loss, shape index, yolk height, albumen height, yolk index, albumen
index, and Haugh units of the geese eggs. They also studied the rheological
behavior of liquid egg products (egg yolk, albumen, and whole liquid egg) using a
concentric cylinder viscometer. Flow curves of all liquid egg products exhibited
non-Newtonian shear thinning behavior well described by the Herschel-Bulkley
model or the Ostwald-de Waele model. The storage duration affected the
rheological behavior of various liquid egg products in a different manner. Except
the very low shear rates, the viscosity of the egg yolk as well as of the whole liquid
egg weakened with storage time. At lower shear rates the albumen viscosity
enhanced with storage duration. The ultimate tensile strength, fracture strain, and
fracture toughness of the eggshell membrane enhanced with the loading rate but

decreased during the egg storage.
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Mahmoodi et al. [27] found that the exposition of egg samples to the magnetic
field enhanced the shell's resistance to failure. Additionally, samples immersed in
sunflower oil had a lower failure force than those not immersed in such an oil.
Eggshells are more and more utilized in the form of nano powders, particularly in
medicine [28] and biomedicine [29-33]. There are various experimental techniques
used for the eggshell strength measurement [34-48], both destructive and non-
destructive. The shell strength of a chicken egg is usually determined by the quasi-
static, non-destructive compression of an egg betwixt two parallel steel plates [21].

Interestingly, Severa et al. [44] discussed the suitability and applicability of a
Berkovich indentation for determination of mechanical properties of hen's eggshell
tested in the area surrounding equator line. Nanoindentation was found as a suitable
tool for determining local variations of mechanical properties of eggshells. The very
important problem for the food industry is the occurrence of various contaminations
in eggs and their shells [45-48] such as Salmonella, antibiotics, dioxins and others.

The presented literature reports show that the physical and the mechanical
properties of eggs, particularly of chicken ones are strongly corelated. A number of
parameters characterizing the properties of eggs have been distinguished, such as
I.e., weight of eggs and shells, protein content, crude fat, crude fiber, ash content,
total and essential amino acids. The eggshell strength and its possible brittle
cracking strongly affect the wear of a whole egg. Various methods allowing
measuring eggshell strength can be useful for determining the model parameters of
the egg mechanical wear, however, no model even partially described wear of the
whole egg has been found in the literature so far. Additionally, no model describing
the effect of contamination in egg and in eggshell on the wear of the whole egg or
on the friction between eggshell and other eggshell or other surfaces has been found

in the literature so far.
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2.2. The properties of egg powders

According to [49], the powdered eggs have an advantage over the fresh ones that
their contamination from the breakage of shells is impossible. Daramola [50]
reported that whole egg powders produced by spray, freeze or dehydrator methods
are generally accepted and serve as good alternatives to fresh eggs in addition to
their use in the confectionery industry not compromising the final product quality.
Huda et al. [51] compared the physicochemical characteristics of egg white powder
from eggs of various types of bird (local kampung chicken, local fighting chicken,
local serama chicken, leghorn chicken, turkey, and guineafowl). The mentioned
characteristics of egg white powder varied noticeably among eggs from various
types of bird. Kog et al. [52] studied the effect of moisture on the glass transition
temperature (Tg), flow properties, color, and morphology of spray-dried powdered
egg. They found that the glass transition temperature of powdered egg weakened
with an enhancement of water activity. At low water activity values, the powder
exhibited poor flowability and high cohesiveness. Kog et al. [53] studied physical
properties and oxidative stability of egg powder microencapsulated by spray drying.
They reported that the use gelatin as wall material highly enhanced the moisture
content and water activity of egg powder over storage and it increases flowability.
Egg powders comprising pullulan as wall material had a fibrous structure and the
lowest bulk density. Insertion of lactose as wall material improved the oxidative
stability. Lai [54] studied water sorption and flow characteristics of whole egg
powder with and without flow conditioners. Flow conditioner silica and sodium
silico-aluminate enhanced the egg powder's flowability due to particle surface
modification. Insertion of the conditioners eliminated the hysteresis loop and
increased the moisture uptake by powders. Ndife et al. [55] reported that egg yolk
powder exhibited higher emulsification capacity and stability in comparison to
whole egg and egg white powder. The egg white powder exhibited higher foam
stability and capacity compared to whole egg and egg yolk powders. The highest
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coagulation temperature was for egg yolk, followed by whole egg and egg white.
The highest solubility occurred in egg white, followed by whole egg and egg yolk
powders, while the inverted tendency occurred for the water and oil absorption
properties. The total solids were high in all powders studied. Kudre et al. [56]
studied physicochemical and functional features of freeze-dried egg powders from
Japanese quail and white Leghorn chicken. The B-sheet showed to be the major
secondary structure of all egg powders. The quail egg powders exhibited higher
protein solubility than corresponding chicken egg powders at all pH tested. Quail
egg powders exhibited higher emulsion activity index and emulsion stability index
with higher foam expansion and stability than the corresponding chicken egg
powders. Asghar and Abbas [57] studied the effect of utilization of whole egg
powder with the replacement of fresh eggs in the bakery products. Chemical
analysis of whole egg powdered cake at different doses showed the mean values of
29% moisture content, 1.5% ash, 8% fat, 5.8% protein, 2% fiber and 1.4% water
activity. The sensory evaluation of cakes having 100% substitution showed the high
results' significance.

Using the conductivity technique [58] studied emulsifying properties of oil in
water emulsions using quail egg white protein as an emulsifying agent. They
investigated the effect of various salt concentrations (NaCl) when mixed with
carious egg white concentrations for corn and soybean vegetable oils. They found
that emulsifying activity and emulsion stability enhanced with the increase of salt
concentration. The increase of the egg white concentration weakly influenced
emulsifying activity, increasing only the emulsion stability. It is clearly visible that
the egg powder is a moisture of different egg components and varying amount of
water, which can strongly affect the friction inside such a moisture or between the
moisture and various surfaces. No model describing the effect of composition of
egg powder and particularly a water amount therein on the friction inside egg
powder or between egg powder and the other surfaces has been found in the

literature so far.
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2.3. Friction behavior of egg and egg-related product

Some authors investigated friction between egg and different surfaces. Altuntas
and Sekeroglu [24] studied the effect of chicken egg weight on static coefficient of
friction on various surfaces. The static coefficients of friction on glass, plywood,
galvanized metal, rubber and chipboard, enhanced proportionally to an increase of
egg weight tested. The rubber surface exhibited the maximum friction followed by
plywood, chipboard, galvanized metal and glass. Polat et al. [23] reported that for
Japanese quail eggs the values of the friction coefficient for quail eggs on the
surfaces of plywood, glass, galvanized steel and fibreglass were equal to 0.301,
0.282, 0.274 and 0.266, respectively. Salawu et al. [59] studied the effect of
pulverized organic carbon (Palm kernel shell and eggshell) on the mechanical
properties of grey cast iron material with a chemical composition (wt.%) of 2.68C,
1.42 Si, 0.63 Mn, 0.13 S, 0.28 P. A mixture of 70 (wt.%) of pulverized palm kernel
shell and 30 (wt.%) of pulverized egg shell was used for carburization of grey cast
iron samples conducted at 900 [1C for 60 minutes. There occurred the variation of
force with time during sliding wear test carried out. The frictional force exhibited
values of 0.0000796, 0.0000438 and later increased to a 0.086 and 0.10. The low
friction observed at the initial stage of sliding was due to presence of oxide films
and moisture at the interface of the material tested. The low friction was traceable
to the high hardness value obtained from the mixture used during carburization. No
information has been found about values of friction inside egg powder or eggshell
powder and between eggshell and the other eggshell and also between egg powder

or eggshell powder and other surfaces so far.
2.4. Wear of eggs end egg-related products

Some authors investigated wear properties of various egg-related products.
Oladele et al. [60] studied the effects of calcined and uncalcined eggshell particles
(ESP) and sisal fiber (SF) on the mechanical and wear characteristics of eggshell
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particles/sisal fiber reinforced epoxy composites. They found that calcination
decreased the content of Ca and enhanced that of O in eggshells. The strong CaCO3
occurred in uncalcined eggshell while Fe and CazFe7O11 in calcined one. Flexural
features, tensile modulus and hardness increased for uncalcined eggshell particle-
based composites while impact and wear resistance enhanced for the calcined
eggshell particles based one. Using a pin-on-disk operating under nominally non-
abrasive conditions of samples investigated, Venkatesh et al. [61] studied the wear
and friction of implants coated by naturally derived powders like Seashell powder,
Eggshell powder and Aluminium Oxide (Al20s). Such coating materials were used
to protect the surface of the implant material and interface with biological system.
The polymers namely Nylon and Teflon were used as substrate and coated with
above powder by using thermal spray method. Wear test was carried out to
determine the wear resistance of the coated specimen, to assure the wear properties
which is essential requirements of implants. They found that plasma spray
deposition provided proper coating thickness and phase purity of powder samples
after deposition. The powders derived from natural sources like Aluminium oxide,
eggshells and sea shell were naturally bio-active and biocompatible. Eggshell
coated Teflon and Al.Os coated Nylon exhibited the better wear properties
compared to other specimens. Dwiwedi et al. [62] carried out wear test on
Al6061/eggshell composites under controlled load, reinforcement and sliding
distance. They found that reinforcement of eggshell particles increased the wear
resistance of matrix noticeably. Parivendan and Ramesh [63] studied the
mechanical, tribological and thermal characteristics of hemp fibre reinforced
eggshell epoxy polymer composites. Particularly, they investigated the effect of
fiber and filler amounts on the mentioned characteristics of epoxy-based polymer
composites. They conducted mechanical test on hardness, tensile, impact and
flexural strength. They also studied abrasive wear of the specimen using pin-on-
disc machine. The thermal stability was evaluated using a thermo gravimetric

analyzer. The effect of hemp fibre and filler were studied under various mechanical
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and thermal conditions. They found that the insertion of fibre enhanced the load
bearing ability of epoxy resin. Whereas insertion of eggshell filler enhanced thermal
stability of composite. No information about values of wear of whole egg or
eggshell and egg powder and no methods for their determination have been found

in literature so far.

3. Properties of egg, eggshells, egg powders and products containing eggshells
3.1. The physic-chemical properties of fresh and processed eggs and egg
products
3.1.1. The bulk density of the egg powder.

During the research, the bulk density was determined by weighing the samples
on a digital balance and measuring their bulk volumes using a 250 cm3 glass
measuring cylinder.

Bulk density values were calculated from equation (1):

__ Meptc—Mc
pegg—powder - Ve (1)

where:
Mep+c - Mass of the sample together with the measuring cylinder,
m, - mass of the measuring cylinder,
7. - volume of granules in the measuring cylinder.

It is necessary to differ between the loose volume and the compacted one of
granulate.

The loose volume of granulate is obtained by gravity filling the measuring
cylinder with the granulate to the nominal value of its volume.

The compacted volume of granulate is obtained by placing the cylinder with the
granulate on a laboratory shaker, subjecting it to vibrations and adding granules by
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gravity until the maximum organoleptically observed compacting of the granulate

mass in the cylinder at the nominal value of its volume.
3.1.2. Natural repose angle

The angle g of natural repose is calculated from equation (2):

B = cot™! (%h) @)

where:
h - height of a cone of a granulate heaped on shedding plate,
D - diameter of the shedding plate.

The device for measuring the natural angle of repose of loose granulate is shown
in Figure 1. It comprises a container (1), from which the granulate is poured, a
shedding plate (2), on which a material cone forms, and a measuring plate (3),
which is used to measure the height of the heap, and before emptying the container,
it closes the discharge opening. These elements are attached to the frame (4)
ensuring their proper position. The container is ended with a flange for mounting
with the screws (6) of the discharge funnel (5). Due to the mounting on the support
(7), the sheathed plate is tilting. The support leg is attached to the frame with wing
bolts (8). The measuring plate with the slider (9) is lifted by the screw (10) fixed in
the slide bearings (11) cooperating with it. The rotation of the screw is carried out
by the knob (12). The entire device is leveled by means of four height-adjustable
feet (13). There is a drawer (14) under the shedding plate, in which loose granulate
is collected that is not stuck on the plate. The height of the poured cone is read on
the scale (15).
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Fig. 1. A device for measuring the angle of repose (description in the text) designed in the
Department of Process Apparatus of the Lodz University of Technology; a) scheme of the tester,

b) view of the tester.

3.1.3. The coefficient of friction between the egg powder and the metal

surface

To measure the friction angle between the egg powder and the surface of the
apparatus plate, a test stand was used (Fig. 2). It comprised the measuring tabletop
(1), measuring plate (2) made of the same material as the granulator disc and
mounted on a hinge to the tabletop, on which the layer of the tested granulate (3)
was placed, screw jack (4), which enables smooth lifting or lowering of the
measuring plate, protractor (5) which measures the friction angle. The sample of
the granulate was poured on the measuring plate in a designated place. Then, using
a screw jack, the plate was lifted, and the behavior of the tested material was
observed. The lifted plate was stopped as the material moved over the plate. In this
state, the angle of the plate inclination relative to the horizontal was measured.
Three measurements were made for each sample, and their average value was
registered as the value of the angle vy of friction between the granulate and the plate
surface. The value of the coefficient of friction p was equal to tangent of the friction

angley.
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Fig. 2. The tester for measuring the friction angle between the granulate and the granulator disc
built for this purpose at the Department of Process Apparatus of the Lodz University of

Technology.
3.2.  Measurement of eggshell roughness

Using the VHX Keyence digital microscope, the roughness parameters in 4
points chosen on the eggshell was measured before and after boiling of egg tested
presented in Fig. 3.

Point of the measurement
(the centre of the circle
marked)

a)

Fig. 3. Measurement of roughness in the 4 points chosen on the surface of eggshell before and
after boiling. a) boiling of the egg studied, b) measurement of roughness via the digital microscope
VHX KEYENCE.
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3.3. Measurement of the friction coefficient between eggshell and surfaces of

various base materials.

3.3.1. Preparation of the shell layer for the measurement of the friction
coefficient in the shell contacts - metal surface and shells - Teflon coated
surface.

The shredded eggshells of a defined medium size distribution were glued to the
bottom surface of the paper box by means of starch. The average size of the shells
was checked with a fine screen first and then a thin screen to fall within the range
of 3mm to 6mm. The gluing process was as follows: a measured dose of crushed
shells, sufficient to cover the area of 20 cm?, was initially sprinkled on the metal
surface of the auxiliary plate. The shredded shells had their outer side facing that
surface of the plate. It was checked whether all the scattered shell particles met this
condition, possibly using tweezers to correct the position of individual shells. The
bottom part of the paper box, 53 mm x 35 mm in size, was covered with a thin layer
of starch about 0.5 mm thick and at a temperature of about 40 ° C, local irregularities
in the layer were smoothed out with a plastic tooth comb with dense distribution.
After 5 minutes, the box was placed on a layer of shells and loaded with a metal
cuboid weighing 200 g in order to exert a normal force forcing the shells to settle
well in the starch layer. After the load was removed, the box was rotated to a
position ensuring that the lightened shell layer was placed on its top surface. The
resulting combination of the box surface, the starch layer and the shell surface were
left for 1 hour for the starch to set. Excess dried starch particles protruding above
the height of the lightened shell layer and possibly overlapping the shell surfaces

were carefully removed with a razor blade.

3.3.2. Tribotester for determining the friction coefficient between eggshell
and surfaces of various base materials.

The simple tribotester used for determining the friction coefficient between
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eggshell and surfaces of various base materials studied is presented in Figure 4.
Such base material can be made of uncoated stainless steel or of the same steel
coated by various protective layer such as the Teflon one. The tribotester comprises
the fixed part 1 and the tilting part 2 of the tribotester inclined plane connected by
two hinges 4. In the pocket of the tilting part 2, replaceable thin cuboidal insole 3
made of the tested material is placed. The angle of inclination o of the tilting part 2
with respect to the fixed part 1 is measured with a protractor 5. The fixed part and
the tilting one 2 cooperate with the leader 6 during measurement. The fixed part 1
and the tilting one 2, with a hinge 4, a leader 6, a swivel yoke 7 and a slider 8 form
together the kinematic mechanism of the tribotester. A leader 6 is rigidly connected
to the swivel yoke 7, which is rotationally connected with the fixed part 1 via its
pin loosely seated therein. During small rotations of the tilting part 2 around the
axis of hinges 4, the slider 8 with an eyelet with enlarged hole moves along the
leader 6. Such a slider 8 is fixed to the tilting part 2. The motion of the slider 8 can
be blocked by the thumbscrew retainer 9 in the needed position relative to the leader
6.

Fig. 4. Tribotester for determining the friction coefficient between eggshell and surfaces of
various base materials. general view, b) initial position of paper box with eggshells glued to its
bottom plane, c) the model of its contact with the replaceable insert loaded during tests on the
tribotester. 1 — the fixed part of the tribotester inclined plane, 2 — the tilting part of the tribotester
inclined plane, 3 - replaceable insole made of tested material, 4 — hinge, 5 — protractor, 6 — leader,
7 - swivel yoke, 8 - fixed slider with an eyelet with enlarged hole, 9 — thumbscrew retainer, 10 -
paper box with eggshells glued to its bottom plane, 11 — loading metal box, 12- shredded
eggshells, 13 — starch.
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In the initial state the tilting part 2 with an insole 3 is situated parallel to the fixed
part 1 of the tribotester. Then, the paper box 10 with the layer of shredded eggshells
12 glued via starch 13 to the bottom wall of the paper box 10 is placed on the top
surface of the insole 3 near the movable end of the tilting part 2. Next, the paper
box 10 is loaded by the weight of the metal cuboid 11 to create a contact pressure
in the contact zone between shredded eggshells 12 and the surface of the insole 3.
The weight of metal cuboid 11 can vary but is fixed during a single measurement.
The movable end of the tilting part 4 is raised until the paper box 10 starts moving
relative to the surfaces of an insole 3. Next, the thumbscrew retainer 9 is tightened
in the threaded hole of the slider 8 until the contact pressure is generated on the
retainer’s front surface in the area of its contact with the leader 6 and, due to the
frictional force resulted, the slider is immobilized against the guide. This allows
reading a value of the measured angle o on the protractor 5 and estimating of the
friction coefficient p between eggshell and the surface of an insole 3 from equation
3).

ulpc) =~ tana ©)
where:
p. — average contact pressure between eggshell and the surface of an insole,
v — average sliding speed of paper box 10 relative to the surface of an insole 3.

The average contact pressure p, is estimated from equation (4).

(mpp+mmc)-g-cosa
c kab (4)

where:

my,, —Mmass of paper box with a layer of mixture of shredded eggshells 12 and starch
13,

m,,. — mass of metal cuboid 11,

g= 9.81 m/s? — gravitational acceleration,
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a= 53 mm, b= 35 mm — dimensions of rectangular bottom wall of the paper box 10,
k - the factor of filling the surface of the bottom wall of the box by projections of
the projecting surfaces of shells. It can be estimated using one of the methods
described:
- moisten the surfaces of the eggshells with a colored liquid, e.g., ink, and imprint
them on graph paper, and then count the number of colored unit areas (1 mm?),
- place a transparent glass plate with a mesh scale applied to an inverted box with a
group of shells glued to it and count the number of unit areas that overlap with the
translucent areas of the shells - this method may, however, give much lower
accuracy,
- take a photo of the surface of an inverted box with a group of eggshells glued on
it, perpendicularly to this surface, scan the photo, apply a grid scale to the scanned
photo and count the number of unit areas overlapping with the areas covered by the
protruding eggshell surfaces,
- place the paper box 10 with the layer of shredded eggshells 12 glued, on the
Surface Contact Pressure Sensitive Paper [64] placed on the top surface of the insole
3; than determine the area of contact between eggshell and insole surface from the
measured values according to the standardized scale that exceeds the assumed
minimum level of 5 Pa. It is the most exact method but also the most expensive.
During the present study the method utilizing moisten the surfaces of the
eggshells with a colored liquid of the surface of an inverted box with a group of
eggshells glued on it has been applied. However, this surface was photographed and

placed on graph paper allowing the counting of colored unit areas (1 mm?).
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3.4. The friction torque between the rotating egg and the stationary eggs

3.4.1. Tribotester for determining the friction torque between the rotating

egg and the stationary eggs

The friction torque between the rotating egg and the stationary eggs was
estimated using the home-made 5-eggs tribotester presented in Figure 5. The
measurement principle similar to that utilized in the popular four-ball tribotester
was applied in the present tribotester. The four eggs 6 were placed in the recesses
made in the plastic bottom holder 5 fixed to the basis 1 and axial-symmetrically
arranged about the axis of the rotating screw joint 9. One egg was glued with
carpentry glue to the recess in replaceable wooden holder 8 connected with the steel
screw joint 9. The shaft integrated with the screw joint 9 is supported in radial plain
bearing with the Teflon shell, placed in the bracket fixed to the middle holder 2.
The upper end of that shaft was integrated with the rotating disc 10. The disc was
also fixed with a vertical mandrel. On the upper surface of the disc 10 was placed
the spring stop pin 12 mating with the one arm of the torsional spring 11. This spring
was guided on the mentioned vertical mandrel. The second arm of the torsional
spring 11 mated with the drive lever pin 13 fixed to the drive lever 14. Such lever
was fixed to the rotating shaft integrated also with the pointed arrow 16 and the
knob 17. The mentioned shaft with the knob 17 was supported in a radial plain
bearing with the Teflon shell relative to the vertical mandrel and to the bracket fixed
to the top holder 3. The pointed arrow 16 mates with the measuring scale 15 fixed
to the top holder 3. The basis 1, the middle holder 2 and the top one 3 are connected
to the vertical support 4. Rotation the knob 17 by hand allowed exerting a twisting
torque in the torsional spring 11 able to overcome the sum of the resistance torque
in the Teflon bearings and the frictional torque between the shells of the tested eggs
6 and 7. As the resistance torque in Teflon bearings was much lower than the

friction torque between the shells of the tested eggs, it was neglected during the
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measurement. The 5-eggs tester was calibrated with the screw joint 9 immobilized,
applying a known torque to the knob 17 and reading the twist angle « of the spring
11 on the scale. The dependency M( ) of the torsional torque M as a function of the
torsion angle « of the spring 11 were obtained. After attaching the rotated egg 7 to
the holder 8, and this in turn to the screw joint 9 and releasing the screw joint 9,
first the torque of the internal resistance Mint was measured, resulting, inter alia,
from the bearing resistance of the screw joint 9. After reaching the contact between
the rotating egg 7 and the stationary eggs 6, the total torque Mt was measured
which is the sum of the torque of internal resistance Mint and the friction torque Mt
between the eggs. Subtracting from the torque Mt the torque Mint, the estimated
value of the torque Mt was obtained. The load between the eggs resulted practically
only from the weight of the egg 7 rotated, due to the structurally introduced axial
clearance between the tip of screw joint 9 with the glued egg 7 and the part
connected to the rotating disc 10. Based on the value of the R reaction between the
eggs obtained from the model and knowing the radius r from this model on which
the friction force between the eggs acted the friction coefficient between them was

determined from the formula (5).
pr = Mz /(R 1) 5)

Fig. 5. The 5-eggs tribotester for determining of the friction torque between rotating egg and
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the stationary eggs. 1 — basis, 2 — the middle holder, 3 — the top holder, 4 — support, 5 — fixed
holder for stationary egg, 6 — stationary eggs, 7 — rotated egg, 8 — replaceable holder glued to the
rotated egg, 9 supported via bearing the screw joint of the replaceable holder, 10 — rotating disc
connected with the screw joint, 11 — torsion spring, 12 - spring stop pin, 13 - drive lever pin, 14 —

drive lever, 15 - measuring scale, 16 - pointer arrow, 17 — knob

3.4.2. The model of 5-eggs tribotester

The normal force and contact pressure in contacts between eggs were obtained
using the model of the 5-eggs tribotester elaborated using the Finite Element
Method (FEM) and presented in Fig. 6. The material for 5 modelled eggs was
assumed to be concrete. The bottom holder was assumed to be made of
Polybutylene Terephthalate (PBT). During analysis the friction forces between
eggshells were omitted as the relatively small ones. The grid of the tetrahedral finite
elements was shown in Figure 7. Four options of average element size were utilized
to conduct convergence evaluation in term of the effect of the average element size
on the maximum values of calculated von-Mises stresses. The modelled eggs were
connected each to other by contact elements with the option of 3D planar triangles
and the option of their sliding/no separation while eggs with bottom holed were
connected by the analogous contact element but with option of their bond behavior.

The boundary conditions in the model were shown in Figure 8.

Fig. 6. The model of 5-eggs tribotester comprising a holder with 4 tested bottom eggs and 1
egg fixed to the loading head
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Fig. 7. The grid of tetrahedral finite elements for the model of 5-eggs tribotester. Average
Element Size (as a fraction of bounding box length): (a) 0.1 — 61987 elements, 123043 nodes; (b)
0.05 — 218773 elements, 437969 nodes; (c) 0.02 — 1790257 elements, 3243643 nodes.

Fig. 8. The boundary conditions in the model of 5-eggs tribotester; F — loading force equal to

the weight of the top egg, a — fixed bottom plain of holder with 4 tested bottom eggs.

3.5. Abrasive wear in the contact zones between the rotating egg and the

stationary eggs

The abrasive wear in the contact zones between the rotating egg and the

stationary eggs was determined using the other home-made 5-eggs tribotester
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presented in Figure 9. The vertical force F (Fig. 9) loading rotating egg 1 was
determined by initial measurement of force between screw joint 3 (without egg
glued) connected to the head 6 and piezoelectric weight positioned on the bench
drill table while the drill feed lever was loaded by successively increasing the
predetermined values of the weight suspended from the arm with the fixed value
and thus producing a known driving torque. It allowed introducing the driving
torque relating to the vertical force F equal to 2 + 0.5 N. The rotational speed n
(Fig. 9) of the bench drill head 6 was equal to 500 rpm. The time t of the abrasive
wear process was equal to 5 s.

The volumetric abrasive wear of rotating egg was determined from equation (6):

Vabrasion =T *d * S * Rgyer (6)

where:
d= 33 mm — average diameter of the trace of abrasion, s= 1.5 mm — average width
of the trace of abrasion,
hgver= 0.02 mm — average depth of the trace of abrasion, obtained from
measurements via the digital microscope VHX KEYENCE

To obtain values of the wear coefficient K the Archard model (7) [65] was

utilized.

K = H-Vabrasion (7)
S'Fegg-egg

where:

H [MPa] — Hardness of eggshell. It was estimated that the average value a such a
hardness was equal to the average value of Brinell hardness of various limestones
presented in [66], which varied in range (13.9-36.2) MPa. Therefore, the average
value of Brinner hardness of eggshell was equal to 25 MPa.
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F,g9-egg [N]—normal force in contact zone between eggs obtained from the model
of the 5-eggs tribotester described in the subchapter 3.4.2. It was determined from

equation (8).

Fogg-egg = LePaver(€) “Ac(e) =p-A=p -1 1}
(8)

where:

1, — radius of area A comprising loaded contact elements e,

p — average value of contact pressure in contact zone between eggs,
Paver (€) — average contact pressure for the finite element e,

A,(e) —area of 3D triangle contact element e ,

S [mm] - the distance of the abrasive wear process was obtained from equation (9).

S=—- =t 9)

Fig. 9. The home-made device for studies of abrasion wear between rotating egg 1 driven by

133



Technologia i Jakosé Wyrobow 68, 2023

the head 6 and contacted with four stationary eggs 2 fixed by glue to the support 5; a) general view
of device, b) detailed view of rotating egg 1 mating with stationary eggs 2 fixed to the bottom
support 5, c¢) detail view of rotating egg 1 connected to the screw joint 3 via a layer 4 of two-

composite glue.

4. Results and Discussion

4.1.  Physical properties of egg powder

The values of the density of egg powder in the loose and the compact state are
presented in Table 1. Such density in the latter state is greater by 34 % than in the
former one. The density of loose egg powder is higher by 42% compared to that

reported in [67].

Tab. 1. Measured density of egg powder in the loose and the compact state.

State of egg powder Density pegg—powder »
[g/dm?]

Loose 320

Compact 430

The measured angle g of natural repose (maximum) for egg powder is given by

eq. (10):

= 56° (10)

It was higher by 24.4% compared to that for chalk (of the chemical composition
close to eggshell powder) and for malt or wheat flour [68]. It was also higher by 27
% compared to that of spray-dried skim milk powder [69].

The values of parameters characterising the friction between egg powder and
stainless-steel plate with and without Teflon coating are shown in Table 2. These

values of static coefficient of friction were eight-fold higher than in case of contact
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zone between UHMWPE polymer and stainless steel under egg albumen lubrication
conditions and two order higher loading [70]. The wall friction angle for the whey
protein powder on the stainless steel can vary in range 17°-22° [71]. As the
coefficient of wall friction is the tangent of the wall friction angle [72] the wall
friction coefficient in contact whey protein powder on the stainless-steel varies in
range 0.3-04 which can be twice lower than static coefficient of friction in contact
between egg-powder and stainless steel.

Tab. 2. The measured friction angle y and calculated coefficient of friction in contact between egg

powder and stainless-steel plate with and without Teflon coating

Contact type Friction angle y, Static coefficient of
[deg] friction p, [-]

Egg powder - pure stainless steel 39°+7° 0.81£0.12

Egg powder - stainless steel 35°+6° 0.70 £ 0.11

coated by Teflon

4.2.  Friction between eggshell and pure stainless steel and between eggshell

and stainless steel covered by Teflon

The values of the static coefficient of friction between eggshell and pure stainless
steel and between eggshell and stainless steel covered by Teflon under various loads
were presented in Table 3. The calculated values of coefficient of friction was by
an order higher than that obtained for contact between whole egg and galvanized
metal surface [18]. The tendency to increase the friction coefficient with increase
of loading the contact zone between eggshell and stainless-steel bot uncoated and
coated by Teflon was in an agreement with the one to linear increase of the friction
coefficient in contact between whole egg and galvanized metal surface with respect

to egg weight [18].
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Tab. 3. Static coefficient of friction p between eggshell and stainless steel and between eggshell

and stainless steel covered by Teflon under various loads determined using the tribotester based on
the inclined plane.

Loading of Loaded by box made of AZ63 Loaded by box made of Al alloy 2014
contact zone (47 g) (69 g)
. . Calculated
Measured tilt Measured tilt g s

Contact zone angle a coceaf:‘?(t:lifrficci)f angle a coefficient of friction
type fricti 5 8

[deg] riction p, [-] [deg] [
Eggshell-
Stainless steel 27°+11° 0.510+0.194 38°47° 0.781+0.123
without coating
Eggshell-
Stainless steel 0no od10
coated by 13°+9 0.231+0.158 21°411 0.384+0.194
Teflon

The example view of contact areas of eggshell glued to the bottom wall of paper

box loaded by metal box with mass of 47 g was presented in Figure 10.

o o i
[

4 o i B i L 1 1 b B 3 T
I Nl : i

ENELEEE

Fig. 10. The example view of contact areas of eggshell glued to the bottom wall of paper box
loaded by metal box made of AZ63 with a mass of 47 g. The red lines — lines of measuring grid;
black areas — eggshells covered with ink (being in contact with the core; beige areas — eggshell
without coating by ink (not in contact with the core); grey areas — bottom wall of paper box

covered by glue.
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The values of parameter k in equation (4), calculated as the ratio of the number
of black unit areas (1 mm?) and the total number of the unit areas equal to 1855
(Fig. 11) for two mases loading the paper box with pieces of eggshells glued to its
bottom wall were presented in Table 4. Also the calculated values of average
contact pressure p between eggshells and the core were included. Such values were
below 0.62 kPa for the case of the loading box made of AZ63 (47 g) and below 0.79
kPa for the case of the loading box made of Al alloy 2014 (69 g). The obtained
values average contact pressure were by three orders lower than these caused

formation of microcracks at the inner surface of the eggshell [73, 74].

Tab. 4. The values of parameter k being the ratio of the number of black unit areas (1 mm?) and the
total number of the unit areas equal to 1855 (Fig. 10) for two mases loading the paper box with

pieces of eggshells glued to its bottom wall.

Loading of contact zone K, Average contact pressure p, ,
[-] [kPa]

by box made of AZ63 (47 g) 0.52+0.11 0.51+0.11

by box made of Al alloy 2014 (69 g) 0.63+0.16 0.63+0.16

4.3. Roughness of eggshell before boiling of the egg tested

The measured roughness parameters in the 4 point chosen on the egg shell for
the egg before boiling were shown in Figure 11 and in Figure 12 after boiling. In
the latter case they are rather lower. The values of obtained roughness parameters

Sa and Sq were by an order higher than these of roughness parameter Rq varying

in range 0.1-0.5 um [75].
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[Obiektyw: E500:X5000 0um o . (Obiektyw: E500:X50000 0

Fig. 11. The measured roughness parameter in the 4 point chosen on the eggshell before

boiling.

[Obiektyw: E500:X5000 Oum . . (Obiektyw: ES00:X500)0) Oum

Fig. 12. The measured roughness parameter in the 4 point chosen on the eggshell after boiling.
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4.4. Abrasive wear of eggshell

The shapes of abrasive wear of eggshells are shown in Figure 13.

A trace of abrasion Marks of abrasion on
on the rotating egg the stationary eggs

\

b)

Fig. 13. Abrasive wear of eggshell obtained on the 5-eggs wear device; a) for rotating egg, b)

for stationary eggs.

The average values of geometrical parameters characterizing the volumetric
abrasive wear of the rotating egg was presented in Table 5. The average measured
values of the diameter d, the width s and the depth h,,,, of the trace of abrasion
were equal to 33 mm, 1.5 mm and to 0.02 mm, respectively. Based of these values

the calculated value of the volumetric abrasive wear V,,4sion Was equal to 3.1 mm?3,

Tab. 5. The average values of geometrical parameters characterizing the volumetric abrasive wear

of the rotating egg.

Measured Measured width Measured depth The calculated
diameter of the trace of the trace of of the trace of volumetric abrasive
of abrasion d, abrasion s, abrasion hye; wear V  prasion:
[mm] [mm] [mm] [mm3]
33 15 0.02 3.1
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The value of the distance S was equal to 4 318 mm. For the value of the force F
equal to 2.5 N the estimated value of the force F,;,_.4, Was equal to 1.4 N. The
obtained value of the wear coefficient K between eggs was equal to 0.007. The wear
studies conducted using rotary shear apparatus for the contact zone between Dover
limestones was reported in [76]. During such studies for the slip velocity in range
0.1-0.15 m/s, normal stress 0.5 MPa, slip distance 1 m, the average wear rate was
equal to 20 um/m. Assuming that the hardness of Dover limestone was equal to 25
MPa, the estimated value of wear coefficient K utilized in the Archard model (7)

was equal to 0.001, which was the seven-fold lower than that of the contact between

eggs.
4.5.  Stresses and contact pressure in the model of the 5-eggs tribotester

The obtained values of the von-Mises stresses a,..4 in the model of 5-eggs
tribotester were shown in Figure 14. They were below 0.56 MPa. The values of the
contact pressure were presented in Figure 15. They did not exceed 0.32 MPa. The
obtained values of the average contact pressure were eight-fold lower than these
caused formation of microcracks at the inner surface of the eggshell [73, 74].

The effect of the average element size on the maximum value of von Mises

stresses g,..4 Was shown in Table 6.

Tab. 6. The effect of the average element size on the maximum value of von Mises stresses.

Average Element Size (as a fraction of bounding box length), von Mises stresses 6.4 ,

[%0] [MPa]
10 0.51
5 0.55
2 0.56

It was assumed that the case with Average Element Size as a 2% fraction of
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bounding box length was the optimal choose for the comparative analysis under the
small costs of computation time and involvement of the computer RAM.

Type: Von Mises Stress

Unit: MPa

15.05.2021, 14:5%:19
0,5115 Max

Type: Von Mises Stress

Urit: MPa

15.05.2021, 14:43:21
0,5514 Max

0,4002 0,411
0,206 0,3308
0,2046 0,2206

0,1023 0,1103

0 Min

a) 0 Min

Type: Von Mies Stress

Urit: MPa

17.05.2021, 21:22:05
0,5641 Max

0,4513
0,3384
0,225

0,1128

C) 0 Min

Fig. 14. The von-Mises stresses a,.4 in the model of 5-eggs tribotester with the hidden egg fixed

to the measuring head. Average Element Size (as a fraction of bounding box length): (a) 0.1; (b);
(c) 0.02.

Type: Contact Pressure

Unit: MPa

17.05.2021, 21:22:37
0,3165

(2] 02532
0,1899
0,1266
0,0633

0 Min

Fig. 15. The contact pressure p, in the model of 5-eggs tribotester with the hidden egg fixed to

the measuring head.
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4.6.  Friction between eggshells

The values of the measured friction torque and the calculated coefficient of
friction between eggshells under various loads were presented in Table 7. It was
clearly visible that for heavier egg the friction coefficient was higher. The obtained
values of coefficient of friction between eggshells were close to lower ones from
the range 0.15-0.55 obtained in contact between limestones sliding at the average
speed equal to 0.25 mm/s under loading of 0.75 MPa [77].

Tab. 7. The friction torque and the coefficient of friction between eggshells under various loads
determined using the 5-egg tribotester.

Loading of

contact Loaded Mediumegg 52.0+15¢g Loaded by Jumbo egg 71.5+2.5¢

zone

Contact Measured Calculated Measured Calculated

zone tvpe friction torque coefficient of friction torque coefficient of

P My Nmm]  frictionp[] My [Nmm] friction [

Eggshell-

Eggshell 2.01+0.08 0.1+0.004 2.67+0.08 0.12+0.003
5. Conclusions

In this study the following quantities were determined: density and natural
repose angle of egg powder, the coefficient of friction for the contact zones between
egg powder and stainless steel with and without Teflon coating, between eggshell
and stainless steel with and without Teflon coatings, and between eggshells. What
is more, the wear coefficient utilized in the Archard model applied for the contact
between eggs was also estimated. The measured density of egg powder in the
compact state exceeds by 34 % that in the loose one. The coefficient of friction in
contact between egg powder and stainless-steel plate with Teflon coating is lower
by 16 % than in case of lack of such a coating. When transporting egg powder, the
conveyor belts should be inclined at an angle of less than 32° for stainless steel belts

and less than 29° for Teflon-coated stainless steel belts to avoid self-falling off of
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the powder. When moving egg powder with chutes, they should be tilted more than
46° for stainless steel surfaces and more than 41° for Teflon-coated stainless steel
surfaces to avoid unnecessary accumulation of powder deposits on the chutes.

The static coefficient of friction between eggshell and pure stainless steel is
above twice higher, compared to that between eggshell and stainless steel covered
by Teflon. In all cases studied, for about 30 % higher load the friction coefficient
was also about 30% higher. When transporting eggshells, the conveyor belts should
be inclined at an angle of less than 16° for stainless steel belts and less than 4° for
Teflon-coated stainless steel belts to avoid self-falling off of the eggshells. When
moving eggshells with chutes, they should be tilted more than 45° for stainless steel
surfaces and more than 32° for Teflon-coated stainless steel surfaces to avoid
unnecessary accumulation of eggshell deposits on the chutes. Boiling of an egg can
result in a decrease in roughness parameters on the eggshell surface compared to
these for the fresh egg. The home-made 5-eggs tester allowed determining value of
the eggshell volumetric abrasive wear equal to 3.1 mm?3. The values of the von-
Mises stresses in the model of the 5-eggs tribotester were below 0.56 MPa. The
relating values of the contact pressure did not exceed 0.32 MPa and was eight-fold
lower than these caused formation of microcracks at the inner surface of the
eggshell. The obtained value of the abrasive wear coefficient K in contact zone
between eggshells was equal to 0.007, being seven fold higher than one between
limestones. The coefficient of friction between eggshells in the contact assembly
applied in the 5-eggs tester for the case of the Jumbo eggs was higher by 20% than
the one for the case of the Medium eggs. The further studies will be focused on the
effect of temperature, humidity and slip velocity on the friction coefficient and wear
coefficient in contact zones between eggshells and eggshell and various metallic

surfaces with and without various coatings.
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Opracowanie systemu wykrywajgcego zapetnienie moczem pieluchomajtek
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Abstrakt

Praca badawcza swoim zakresie obejmuje opracowanie i wykonanie systemu tekstronicznego wykrywajacego
zapelnienie moczem pieluchomajtek wielokrotnego uzytku. Celem jest zastapienie dotychczasowych
rozwigzan na wyrdb gotowy wielokrotnego uzytku wraz z mobilnym system defektujacym wypetienie
moczem. Taka propozycja minimalizowataby nadmierne zuzycie pieluch jednokrotnego uzytku oraz narazenie
na wszelkiego rodzaju podraznienia, zakazenia i gtéwnie zapobiegataby powstawaniu pieluszkowego zapalenia
skory. W celu przygotowania prototypu zbadano materialty wchodzace w sktad wyrobu gotowego budujace
roézne jego warstwy w celu analizy ich wilasciwosci uzytkowych. Wykonano trzy wzory haftéw nicig
elektroprzewodzaca — jeden jednowarstwowy oraz dwa dwuwarstwowe. Przeprowadzono badania uzytkowe
materialow oraz haftow, ktore obejmowaty czynniki obecne w codziennym uzytkowaniu wyrobu gotowego.
Po analizie uzyskanych wynikéw wykonano prototyp pieluchomajtki oraz zbadano jego prace podczas
symulacji. Wyniki wykazaty poprawng prace stworzonego prototypu.

Abstract

The scope of the research work includes the development and implementation of a textronic system that detects
the filling of reusable diapers with urine. The goal is to replace the existing solutions with a reusable ready-
made product with a mobile urine filling defect system. Such a proposal would minimize the excessive use of
disposable diapers and exposure to all kinds of irritation, infections and mainly prevent the formation of diaper
dermatitis. To prepare the prototype, the materials included in the finished product, building its various layers,
were examined to analyze their functional properties. Three designs of electroconductive thread embroidery
were made - one single-layer and two double-layer. Usage tests of materials and embroidery were carried out,
which included factors present in everyday use of the finished product. After analyzing the obtained results, a
prototype of the diaper pant was made, and its operation was tested during the simulation. The results showed
the correct operation of the created prototype.
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1. Introduction

In recent years, monitoring vital signs and activity has become very fashionable
and available at one's fingertips [1-3]. Technology is developing to make life easier
and easier access to information about medical data or the number of steps taken
during the day. In addition to available devices, combinations of textiles and
electrical systems are appearing on the market. Textronics combines knowledge
from several leading fields of knowledge - electronics, textiles, and computer
science, using concepts and tools in the field of automation and metrology [4]. The
development of textronic systems means that solutions can have many skills. In
addition to the necessary functions of measuring life processes and analyzing
external factors, they may have alarm or data transmission functions [5]. The first
need for such solutions appeared in high-risk professions. The firefighter's
profession, due to its specific nature, was the first to need such solutions the most.
The design of the intelligent firefighter suit included not only monitoring the user's
heartbeat or breathing, but also having many additional functions, such as a body
temperature sensor, ambient temperature sensor, hazardous gas sensors and a
locator [6].

Textronic solutions have begun to enter the market dealing with the production
of diapers and nappy pants. The main purpose of this procedure was to help not the
users themselves, but the people taking care of them. It has become a support for
nurses and carers of the elderly and disabled, and for children in hospitals and
nursing homes [7]. This allowed the personnel to be informed about an overfilled
diaper in a timely manner and to replace it efficiently without exposing the patient
to infection or irritation. This problem also applies to the smallest patients. Nursing
care in the first hours of a child's life, or later care by a parent at home can be
improved and become more controlled through textronic solutions in diapers and
nappy pants. In children, and especially often in infants aged 6 to 12 months, diaper

wearing is accompanied by frequent inflammatory reactions in response to external
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or internal factors. These may be the presence of moisture, infections, mechanical
friction, or insufficient hygiene. Risk factors for infection or irritation may include
mainly humidity and skin contact with urine and feces, the increased enzymatic
activity of which, because of the conversion of urea into ammonia, causes a change
in the skin's pH. The cause of excessive skin moisture may be a large amount of
urine. It is estimated that a baby up to six months can urinate up to 20 times a day.
When conditions are favorable for the appearance of diaper rash, the skin becomes
irritated, becomes red and inflamed, and loses its protective barrier function [8].

Panty diapers are a product that is very similar to a disposable diaper. They are
supposed to provide comfort of use, be very absorbent and provide a feeling of
dryness. The main difference between diaper pants and diapers is the way they are
put on, because in the case of the former we will not find velcro to fasten them. The
method of putting on is the same as in the case of the lower part of the underwear -
just slip them on the buttocks. The lack of velcro has an additional advantage,
namely children cannot take them off by themselves. When removing them,
disposable diapers can be torn off at the sides, and reusable ones can be slipped off.
The most important difference between the two products is the way they are
maintained and disposed of. While at the very end they end up in the same place,
the life of reusable diapers is much longer [9].

From an ecological point of view, already in 2016, the population living in the
United States noticed the problem of the price paid by the environment in exchange
for the convenience of using disposable diapers. At that time, approximately 20
billion pieces of this product were used each year, generating 3.5 million tons of
waste. One diaper takes at least 500 years to decompose, and during this process it
produces methane and other toxic gases. Their production uses volatile chemicals
that also pollute the ecosystem. According to the report of the US Environmental
Protection Agency, there are consequences of the penetration of pathogens into the
environment [10]. Scientists agree that most of them end up in water, which results

in contamination of drinking water. Another disadvantage is the annual
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consumption of approximately 200,000 trees just to produce disposable diapers
[11,12].

The subject of the research work is the development of a textronic system that
detects the fullness of urine in reusable diapers. The motivation to undertake
research on this subject is several very important aspects of present life on earth.
The first is the increasingly popular topic of ecology [10]. Segregation and, more
importantly, minimization of waste produced is a salvation for the planet we live
on. Secondly, considering ecological considerations, it is necessary to consider the
convenience of use for children, their parents and mainly medical staff who have
more than one small patient under their care. Reusable diapers will be machine
washable, and their main advantage will be the detection of the diaper's filling with
urine.

Currently, there are several projects and products using the idea of smart diapers.
American Patent US 20015 /0080819 A1 describes a solution using an RFID radio
tag. The article aims to provide a diaper structure which includes a body part formed
by a fabric layer, a leak-proof layer, and an absorbent material layer successively
from the inside to the outside, a communication chip, a metal antenna attached to
the outer surface of the leak-proof layer, which are connected to each other to create
an RFID tag. When the absorbent material absorbs urine passing through the fabric
layer and the inner surface of the anti-leakage layer contacts the urine on the surface
of the absorbent material layer, a change in the relative permittivity of the leakage
layer causes a change in the impedance value of the metal antenna and,
consequently, a change in the electromagnetic wave signal transmitted by the RFID
tag. This enables quick detection of a wet diaper [13].

Patent No. 5,557,263 discloses an apparatus mounted in a diaper for detecting
the presence of electrically conductive fluids, including urine and other body fluids
such as wound exudate. It contains spaced apart electrodes covered with an
absorbent material along with a housing containing a signaling device that produces

a perceptible vibration, sound, light, or radio signal when a fluid in the absorbent

155



Technologia i Jakos¢ Wyrobow 68, 2023

material provides a conductive path between the electrodes. Spring contacts on the
housing provide connections to the electrodes and serve to secure the signaling
device housing to a structure supporting the absorbent material. The encoded
signals from many of these sensors can be identified and recorded so that they can
be reproduced by machine along with other patients' data and analyzed statistically
by a computer. Body fluid detection devices are particularly in demand for
preventing diaper rash, for potty training infants, and for treating children with
enuresis. The above equipment is intended for repeated use [14].

To sum up the introductory part, which introduced two problems related to
changing diapers too or too rarely, and the ecological problem of avoiding and
trying to stop these processes, this work presents a product that solves the problems
mentioned above. By introducing an information system into reusable diaper pants,
the product will provide information when the diaper is full and thus indicate when
it should be replaced. This will prevent the child from being exposed to long-term

skin contact with feces and from excessive monitoring.
2. Materials and methods

Method of developing the textronic system for detecting filling with urine
consisted of three steps. In the first step the materials, type of metal thread, sizes of

embroidery, arrangement method and densities of embroidery were selected.
2.1.  Materials

Diapers must meet many requirements regardless of whether they are used for
children or adults. The materials from which they are made must provide a feeling
of comfort through a complete sense of cleanliness, must not cause skin allergies or
any type of irritation, must absorb and distribute moisture evenly as quickly as
possible and eliminate the feeling of dampness, and must have elastic elements to

ensure the highest degree of fit to the body. For this purpose, widely known and
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used products are used, such as polyethylene and polypropylene, polyester,
polyacrylate polymers, synthetic rubber, and cellulose. Diaper pants often contain
balm, which usually contains fatty substances, e.g., vaseline and/or liquid paraffin,
plant extracts, mainly aloe, or may contain fragrances. In addition to carefully
sewing all the elements together, adhesives made of thermoplastic polymers are
used to keep individual layers of material in the right place [15].

Commonly used textiles to produce multi-layer systems such as diapers and
diaper pants were selected. These materials have different raw material
compositions and thus also different properties depending on the layer they are to
be in the system. Absorbent, moisture-retaining and decorative properties can be
mentioned, as in the case of the outer layer. Materials used in both single- and
reusable products were tested to check their functional properties and possible
predispositions for use in reusable products. The materials selected for the tests was:
cellulose pad - skin layer, bamboo non-woven fabric - skin layer, viscose nonwoven
- inner layer with embroidery, cellulose non-woven fabric with wood pulp - skin
layer, microfiber - inner absorbent layer, laminate - internal layer that retains
moisture, cotton knit - outer layer. Moisture-sensitive sensors was made of
polyamide yarn, which includes silver. Noble yarn with the trade name X-STATIC
was used. It is a yarn that has properties such as anti-static and thermoregulation. It
also has high mechanical properties that ensure resistance to tearing. In addition,
the product is characterized by the ability to absorb static and electrical discharges.
The yarn is made of polyamide silk (85%) coated with a layer of pure silver in the
amount of 15%. Sensors made of polyamide thread with the addition of silver were
made in three different patterns on a viscose non-woven fabric. One of them
includes only one piece of fabric with embroidery, the other two consist of two
separate parts with a different element of the embroidery pattern. The purpose of
such a procedure is to test which of the mentioned options for embroideries
placement would have the best detection parameters. They consist of sensitivity to

moisture and the right moment to inform about the need to replace the entire multi-
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layer system with a new one. Two-element sensor systems will be separated by
layers of absorbent materials, and thus they will inform about the filling when the
electrical conductivity between the upper and lower part appears. The designs were
created based on European and American patents. Figure 1 shows the embroidered

Sensors.

Fig. 1. A) First two-layer system - upper layer, B) First two-layer system - lower layer, C) Second

two-layer system - upper layer, D) Second two-layer system - lower layer, E) Single-layer system.
2.2. Methods

The second stage was to perform functional tests of previously selected fabrics
and embroidered sensors. The measurements were carried out on samples
acclimatized for 24 hours in standard climatic conditions specified in the PN-EN
ISO 139 standard, which currently specifies that the humidity should be 65+4%
and the temperature 20+2C.

e The test of determining the surface mass is carried out according to the PN-EN
12127: 2000 standard "Textiles - fabrics - determination of mass per unit area
using small samples" [16].

e An attempt to determine the thickness of the tested samples was made in
accordance with the PN-EN ISO 5084:1999 standard "Textiles - Determination
of the thickness of textile products” [17].

e The air permeability test was carried out in accordance with the PN-EN 1SO

9237 standard "Textiles - determination of air permeability of fabrics” [18].
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e The grating resistance was determined in accordance with the PN-EN ISO
12945-2:2021-04 standard " Textiles - Determination of the surface tendency of
a flat article to peel, pill and curl - Part 2: Modified Martindale method" [19].

e Determination of water vapor transmission through the products was carried out
in accordance with EN 13726 - 2 "Test methods for direct wound dressings -
Part 2: Transmission of moisture vapor through dressings with semi-permeable
foil" [20].

e Determination of resistance to urine is a test of the resistance of the tested
material to any staining. This test was carried out based on the PN ISO 105-
C06: 1996 standard "Textiles - colour fastness test - colour fastness to
household washing and communal.” The urine produced in the laboratory
includes urea weighing 3.75 g, salt weighing 4 g, a drop of tea [21].

e The study of changes in surface resistance was carried out based on the
guidelines of the PN-EN 1149-1 standard "Protective clothing - Electrostatic
properties™ [22].

2.3. Arduino Uno

Arduino is an open-source hardware and software company [23]. It is a type of
software in which the copyright holder grants users the rights to research, change,
and distribute the software under a free software license [24]. Arduino is a design
and user community that designs and produces single-board microcontrollers and
microcontroller kits for building digital devices. Arduino boards are available
commercially on the official website or from authorized distributors. Board designs
use a variety of microprocessors and controllers. Arduino boards come with sets of
digital and analog input and output pins that can be connected to various expansion
boards or breadboards and other circuits. Microcontrollers can be programmed
using C and C++ using an API, also known as the Arduino language, inspired by

the Processing language with a modified version of the Processing IDE [23].
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3. Results

Materials and embroidered sensors were subjected to functional tests to confirm
the materials and learn about their parameters in the manufactured sensors. All the
results among the materials confirmed their intended use in the finished product.
The rest of this subchapter will present the results of the embroidery use tests and

explain how the prototype was created.
3.1.  Determination of surface mass

Table 1 shows the results for embroidery. The lowest values are for the
embroideries with the smallest surface areas. These are the embroideries of a single
layer system and the bottom layer of the second double layer system. For them,
55.720 g/m? and 56.120 g/m? were achieved. The remaining embroideries had very
similar surface areas, therefore the results of determining the surface weight for
them are also very similar. For the upper layer of the first two-layer system, the
value of the tested parameter is 59.780 g/m?, for the lower layer of this system
60.200 g/m? and for the upper layer of the second two-layer system 60.060 g/m?.

Tab. 1. Test results determination of surface weight for all tested embroideries.

Viscose honwoven fabric with embroidery Surface mass Standard Deviation
[g/m’] [g/m’]

Single-layer system 55.720 0.577

The first two-layer system — the upper layer 59.780 0.583

The first two-layer system — the lower layer 60.200 0.863

The second two-layer system - the upper layer 60.060 1.001

The second two-layer system — the bottom layer 56.120 0.876

3.2. Determining thickness

The thickest embroidery turned out to be the upper layer of the first two-layer
system, and the thinnest was the lower layer of the same system. All the results

obtained for embroidery are very similar. The smallest value of this parameter for
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the first two-layer system - the lower layer is only 0.4 mm away from the highest
value for the same system but the upper layer. Please remember that the value for a
single-layer system remains unchanged when incorporated into the finished
product, but for two-layer systems, the results of both layers should be added up.
According to the calculations, the first layer system together has a value for a
thickness of 2.82 mm and the second two-layer system has a value of 3 mm. Figure
2 below shows very similar values for the thickness determination test for individual

embroideries. Ten measurements were taken on the entire embroidery surface.

Thickness
1,80
1,60
1,40
1,20
€ 1,00
£,0,80
0,60
0,40
0,20
0,00
1 2,1 2,2 31 3,2
Embroidery

Fig. 2. Graphical presentation of the results of determining changes in thickness. Where: 1) single-
layer system, 2.1) upper layer of the first two-layer system, 2.2) lower layer of the first two-layer
system, 3.1) upper layer of the second two-layer system, 3.2) lower layer of the second two-layer

system.
3.3.  Determination of air permeability

Table 2 presents the results of the test for determining the air permeability of
embroidery. As mentioned in Chapter 4, the embroidery was made on viscose non-
woven fabric. The air permeability value for pure nonwoven fabric was 3232 mm/s.
The results obtained for this embroidery study are very promising as the values are
very close to the unembroidered fabric. The largest decreases are observed for the
two top layers of the two-ply systems. Their results are 2868 mm/s and 2589 mml/s.
It should be emphasized that these values are higher than all other results for
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unembroidered samples. The result closest to the pure nonwoven fabric is the
bottom layer of the first two-layer system and is 3167 mm/s. The remaining results
for the single-layer system and the lower layer of the second two-layer system also
remain at a very high level, they are very similar to each other, within a small range
of 24 mm/s and amount to 3157 mm/s and 3133 mm/s, respectively. Ten

measurements were taken on the entire embroidery surface.

Tab. 2. Test results determining air permeability for all tested embroideries.

Air Standard

Viscose nonwoven fabric with embroidery Permeability Deviation
[mm/s] [mm/s]

Single-layer system 3157 71
The first two-layer system — the upper layer 2868 137
The first two-layer system — the lower layer 3167 59
The second two-layer system - the upper layer 2589 38
The second two-layer system — the bottom layer 3133 112

3.4. Determination of friction resistance

On a comparative scale from 1 to 5, the lowest number means the greatest
noticeable changes in the structure of the tested material, the so-called pilling, while
the highest one would indicate no changes in the structure. All tested embroideries
obtained the same result for determining friction resistance, which was 1.5. It is
worth emphasizing that they were made of viscose fibre, which obtained a value of

2 in the same test.
3.5. Determination of urine resistance

The study was conducted in the context of the occurrence of discoloration, and
the embroidery items subjected to the study were compared with those that were
not. For all embroideries on a scale from 1 to 5, the result was 5. Two tests were

performed for each material and one for embroidery.
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3.6. Determination of surface resistance

Below are the results of the tests for the embroidered sensors that determine
which design was used in the diaper pant. The initial resistance test was carried out,
followed by the test of determining the resistance to friction and the test of
determining the resistance to urine. Figure 3 shows graphical representation of the

obtained results. Resistance data was collected for 60 seconds.

Surface resistance

16
14 l
12 I I I I Initial resistance
10
a 8 I I L0 R & Resistance after
B I determination of friction
4 resistance
5 Resistance after
determination of resistance
1 2,1 2,2 3,1 3,2 to urine
Samples

Fig. 3. Graphical presentation of the results of determining changes in surface resistance after
utility tests for all tested embroideries. Where: 1) single-layer system, 2.1) upper layer of the first
two-layer system, 2.2) lower layer of the first two-layer system, 3.1) upper layer of the second
two-layer system, 3.2) lower layer of the second two-layer system.

The greatest changes in the resistance value were observed for a single-layer
system. The results for this embroidery pattern range from 7 to 14 Q. Other systems
behaved more stable and changes in resistance values did not exceed 2 Q. The lower
layer of the first two-layer system and the upper layer of the second two-layer
system deserve special mention. In these two cases the change was the least
noticeable - within 1 Q. Summing up the observations, the obtained results of the
surface resistance are very even and remain at a similar level before and after the
utility tests. Simulations of the sensitivity of the embroidery to the presence of
moisture were made using an Arduino board with a previously prepared ohmmeter

program. Simulations were performed for about 50 seconds, starting with a dry
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material, and then imitating the process of urination by the user, water was
sprinkled. The results were collected until the system stabilized after the two
embroidery paths related to moisture.

Moisture sensitivity

2,5
> 2 !
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£15 2.1
e
> 22
8 1
3 3.1
T 05

— 32

0 //
0 5 10 15 20 25 30 35 40 45 50

Time [s]

Fig. 4. Moisture detection simulation for tested embroideries. Where: 1) single-layer system, 2.1)
upper layer of the first two-layer system, 2.2) lower layer of the first two-layer system, 3.1) upper
layer of the second two-layer system, 3.2) lower layer of the second two-layer system.

The Figure 4 shows the difference during the simulation for embroidered
detectors. For single-layer system after connecting the two paths of electrically
conductive yarn with water, the electric voltage increased rapidly from 0 to 2.27 V
and slowly decreased during the process. The electric voltage values collected for
this system are twice as high as for the other tested embroideries. The first two-
layer system achieves the value of the examined parameter slightly above 1 V. It is
worth noting that the course of the simulation is very similar for both layers. The
lowest values can be seen for the second two-layer system. The first layer recorded
its highest value of electric voltage at the level of 0.7 V, while the second layer did
not exceed 0.5 V. During the analysis of the obtained results, a dependence was
noticed that the further apart the conductive embroidery paths are from each other,
the lower the electric voltage arises between them when tested with the same

volume of water.
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The prototype of the diaper pant was made based on the products of diaper pants
and disposable diapers already available on the market. A proven method of sewing
a multi-layer product together was used. The materials tested in the previous
chapters of the work were used - bamboo non-woven fabric and cellulose non-
woven fabric with wood pulp as skin materials, viscose non-woven fabric on which
embroidery was made, microfiber as an internal absorbent insert, laminate as a
moisture-repellent membrane and cotton knitted fabric as an external material that
holds the whole and decorative product, on which various types of patterns can be
applied. The materials tested in the previous chapters of the work were used -
bamboo non-woven fabric and cellulose non-woven fabric with wood pulp as skin
materials, viscose non-woven fabric on which embroidery was made (two two-
layers systems), microfiber as an internal absorbent insert, laminate as a moisture-
repellent membrane and cotton knitted fabric as an external material that holds the
whole and decorative product, on which various types of patterns can be applied.
In addition, on the outer layer, the product has press studs, thanks to which it is
possible to easily install the detachable electronic system. The electronic system
itself based on the Arduino board is hidden and at the same time protected in the
case. 3D printing technology was used to produce the case. Figure 5 shows the
prototype made.

Fig. 5. A prototype of a reusable diaper pant with a pattern for boys.

To read the data coming from the inside of the diaper-pants, it was necessary to

build an electronic system and write a program that supports it. The system includes
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the Arduino UNO Rev3 board, two LEDs in red and yellow, four resistors (two 220
Q and two 270 Q), a set of connecting cables, breadboard, battery adapter and 9V
alkaline battery. To check the correct operation of the prototype and the correlation
of the finished product with the electronic system, simulations were carried out. The
measuring station consisted of two computers recording changes in electric voltage
and changes in heat, a thermal imaging camera, a syringe and hot water, and was
presented in Figure 6. The electronic system based on the Arduino board was placed

in a housing made by 3D printing from polyacrylonitrile.

Fig. 6. Measuring station to simulate prototypes.

The electronic system has two detection elements that allow to check the current
flow at two points. For the first two-layer system, the wires were connected to the
two extreme paths on each layer, for the second two-layer system, the wires were
connected to the paths responsible for belly-back and side-side detection. It is worth
noting that the paths do not connect with each other and there is no current flow
between them. If an electric voltage greater than 0.1 V was detected between the
tested embroidery paths, one of the diodes lit up, informing about the presence of
conductivity at the expected point. Three floods of warm water with a volume of
20 ml per center of the panty diaper were made. The results of the simulation from
the point of view of the thermal imaging camera are presented in Figure 7 below.
The photos were taken dry and each time after pouring 20 ml of warm water.
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Fig. 7. Pictures taken with a thermal imaging camera in the following order: upper left corner -
before the first flooding, upper right corner - after the first flooding, lower left corner - after the

second flooding, lower right corner - after the third flooding.

4. Conclusions

The aim of this research was the development of a textronic system for urine
leakage detection in reusable nappies. Tests allowed for the selection of the base
material with the appropriate properties and size of the embroidery. The constructed
prototype proved its correct operation during simulation of its operation. The key
findings of this research are that the size, shape, and number of layers of the
embroidered sensors has a significant impact on the functional properties of final
products and affects its conductive properties, tests of the conductive properties of
embroidered materials confirm the possibility of making textronic sensors that
respond to the moisture. Additionally we confirmed that the functional properties
of each material have a significant impact on the role it can play in clothing, the
distribution of paths in one- or two-layer embroidery has a significant impact on the
detection of the diaper's fullness with urine, the embroideries made after utility tests
show signs of wear through changes in the values of the tested parameters in a
minimal way, chemical solutions imitating urine do not affect the appearance of the

tested materials, conducted tests of the conductive properties of embroidered
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materials confirm the possibility of making textronic sensors reacting to moisture
and the materials selected for the tests meet the requirements of materials used in
the production of diapers and diapers.

Further development of the finished product can certainly take place in the
modernization of the electronic system. Now, it is also small, but as the technology
develops, electric cells will be created that will minimize the dimensions of the
electronic system.
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Abstrakt

W artykule opisano modelowanie technologia DEM uszkodzen boréwki wysokiej, podczas
transportu na podajniku z napedem posuwisto-zwrotnym. Okre$lono modelowe wartosci sit
normalnych oraz stycznych w punktach kontaktu boréwki. Przeprowadzono symulacje
uwzgledniajace wplyw zmiany wydatku masowego transportowanych owocow na wartosci sit
normalnych i stycznych. Wykazano, ze zmiana wydatku masowego boréwki nie powoduje
przekroczenia dopuszczalnych sit stycznych i normalnych, oddziatujagcych pomiedzy owocami.

Abstract

This article describes the modeling by DEM technology of damage to highbush blueberries, during
transport on a reciprocating feeder. The modeled values of normal and tangential forces at the
blueberry contact points were determined, and the effect of changing the mass output of the
transported fruit on the values of normal and tangential forces was studied. It has been shown that
the change in the mass output of blueberries does not exceed the permissible tangential and normal
forces, interacting between the fruits.
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1. Introduction

The main purpose of the article is to familiarize the the reader with a description
of the computational method for the movement of fragile fruit on a trough conveyor
with reciprocating drive, so as to minimize the the number of damages to the
transported raw material.

Soft fruits damages during transport is one of the most important problems to be
solved in the food industry. Damage mechanisms are complex and interrelated. A
significant part of technological operations requires the transportation of raw
material using vibrating conveyors. Dynamic interactions of transport equipment
and the interaction of fruits with each other cause deterioration of the physical and
chemical properties of the raw material. During the transportation of food raw
materials (fruits), unfavorable phenomena occur that reduce the quality of the raw
material, leading to the loss of weight of the raw material, which can be subjected
to further technological processes. It is assumed that transporting food is a mobile
variety of storage, therefore, the transformations occurring in transported products
are affected by the same factors that interact during its storage. The rate of these
transformations depends on temperature, ambient humidity and oxygen and carbon
dioxide content [1].

Soft fruits tend to behave like viscoelastic materials when subjected to stresses
and strains [2-5]. The resulting mechanical behavior of an assembly of viscoelastic
particles (fruits), is a complex, integrated effect defined by the geometry of the
particles, their shape and roughness of the surface bounding the structure, and the
number and strength of the objects' interaction points (contact points). They are a
consequence of the shape, size, roughness and strength of the fruit, as well as any
other external forces. The movement of stressed particles causes shear stresses that
lead to a break in the continuity of the fruit surface. Experimental studies of the
effect of external forces occurring during fruit transport have not led to reliable

results on the behavior of individual particles/fruit in the studied crop [6-7].
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Promising results are provided by the use of the DEM modeling method. During
numerous simulations, it has been shown to be a numerical method suitable for
modeling the behavior of discontinuous media with different physical properties.
Therefore, it should be considered that DEM is a suitable tool in modeling bulk
systems of soft and deformable particles.

The dynamic behavior of granular materials such as rocks, powders and
agglomerates has been studied using DEM. However, its application to agricultural
and food particles has been more limited [8].

The most common geometric shapes that have been used to represent particles
in DEM modeling are circular disks or spheres [9]. This is because most available
point-of-contact theories assume this shape, leading to a reduction in the initial
model parameters and making calculations very simple. Other non-circular and
non-spherical primitive shapes, as well as irregularly shaped particles, have been
used to approximate more like real particles, which are usually irregularly shaped
[10]. In DE modeling, during loading, the deformation of the particles is usually
treated as a "virtual" deformation, meaning that the particles can overlap rather than
deform due to the contact force. The particles then separate under the assumption
that the original shape of each particle has been preserved. The advantages of
preserving the shape of the particles are related to the method of calculating contact
forces and the subsequent translation and rotation of the particles. Virtual
boundaries are left in the DEM modeling, hence a particle that has moved beyond
the boundary of the computational area on one side is returned to the system to
preserve the total number of particles in the system [11].

The deformation of particles and their potential damage are important to the
quality of the final product. In addition, the behavior of most soft, deformable
particles is far from purely elastic, which is the most common assumption about
particle behavior in DE simulations. In contrast, most agricultural and food
materials exhibit viscoelastic behavior. Therefore, the feature of standard DE

models that assumes "hard" particles tends to underestimate bulk density when
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applied to systems of "soft" particles (viscoelastic), which deform significantly and
thus reduce pore volume before failure [12].

In most DEM simulations, the behavior of many thousands of particles is
modeled. However, these are always 4 to 8 orders of magnitude smaller than the
actual values. Computational simplicity often results in the selection of larger
particles with visible grain boundaries compared to the real system, in order to
maintain acceptable computational analysis execution time within the assumed
system boundaries and facilitate subsequent image analysis. The scaling effect, in
which the number of particles represents only a very small, perhaps even
insignificant, portion of the total spatial domain, is another problem to be addressed
in DEM simulation [13-17].

Therefore, the purpose of this article is to present an innovative computational-
simulation method using Rocky DEM software to describe the behavior of particles
during their movement on the feeder. The adoption in the model of the
deformability and viscoelasticity of spherical particles, corresponding to the shapes
of highbush blueberries (Vaccinium corymbosum), makes it possible to overcome
the limitations that have previously existed when using DEM.

To understand the causes and mechanisms of fruit interactions and impact
damage, it is necessary to study the practical aspects of these interactions [18,19].
Impact analysis should take into account the individual interactions between fruits
and the interactions of fruits on the feeder walls. In addition, the strength
characteristics of the feeder and the fruit being transported should be taken into
account. The mathematical description should take into account the damping
properties of the raw material leading to load relaxation, friction between the fruit
and between the fruit and the feeder trough. Finally, the computational model must
take into account the susceptibility of the fruit to damage, determined as a function
of its maturity, the temperature at which transport occurs, etc. [20]
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2. Materials and Methodology
2.1. Computational model

Simulation calculations, using RockyDEM software, were carried out defining
the following research objectives, which included:

1) multi-criteria simulation of the movement on a conveyor of highbush
blueberries (Vaccinium corymbosum), commonly known as American blueberries,

2) calculation of normal forces and tangential interactions between the blueberry
fruit and the walls of the conveying device,

3) calculation of energy restitution coefficients taking into account the physical
and chemical properties of blueberry fruit.

The mathematical model used to analyze the interaction of tender fruit during
transport involved determining the forces acting on individual particles due to their
mass, and calculating interactions with walls and other particles. The highbush

blueberry model shown in Figure 1 was used for the simulations.

Fig. 1. Graphic model of the blueberry fruit

For the correctness of the simulation, the material constants (Table 1) of the

transported raw material were assumed and the process conditions for which the
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simulation was carried out were determined. A constant mass flow of blueberry
fruit equal to 0.1 kg/s was assumed. The following diameter distribution was
assumed for the analysis: 80% of blueberries with a characteristic diameter of 12
mm and 20% with a diameter of 15 mm.

Tab. 1. Summary of selected physical properties of blueberry fruits used in the model.

Variable Value
Blueberry-wall static friction coefficient 0.6
Coefficient of dynamic friction blueberry-walls 0.6
Static friction coefficient between blueberries 0.7
Blueberry-blueberry dynamic friction coefficient 0.7
Bulk density of blueberry fruit, kg/m3 640
Young's modulus, MPa 0.6092

A coefficient of restitution of 0.7 was assumed for initial calculations, while in
further calculation steps a parametric analysis was carried out to study the effect of
the coefficient on the values of forces acting on the fruit.

The analysis was conducted for a shaking conveyor, for which there is product
movement in a plane parallel to the plane of the trough. In addition, the transported
material slides in the trough under the influence of inertia forces. Figure 2. shows

the CAD model of the conveyor.

Fig. 2. CAD model of the conveyor
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A linear spring hysteresis model was used to determine the normal forces [21].
This model describes elastic collision with energy dispersion due to the deformation
of the particle. The model used is described by equation (1). Analyses were
conducted in a non-stationary (time-varying) mode this equation was made time-
dependent. The normal force at a given time step Fn' is, according to the DEM
Technical Manual [21]:

1)

gt - min (K sh, B2 + Ky Asy) if As, = 0
max(EfA + Ky Asp, AKyst) if As, < 0
where:

Ef and Ef~2t normal forces at design step t and t-At,

A s, isthe change in the distance of the particles in the normal direction (Fig.10),
the value is positive when the particles approach and negative when the particles
separate. K,,; and K,,,, are the stiffness values of the particle in the normal direction
with increasing and decreasing load.

The values of the particle stiffn K,,; i K,, are dependent on the particle
parameters, namely the particle's Young's modulus E, the coefficient of restitution
e and the particle size L. The material data associated with the particle are entered
by the user. For contact between two particles or a particle and a wall, the stiffnesse
K, 1 K,,, are described by equations (2) and (3):

1 1
i _ Knl,pl Knl,pz (2)
Kni 1 1
Knl,p Knl,b
Kni
K, =—= 3

£2
Where the subscr p1 oraz p2 efer to particle 1 and particle 2, respectively. The
individual values of the stiffness of the particle K, and the wall K, are

calculated according to the following formulas:
Knip = EplL 4
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Knip = EpL (5)

where:
e E, is the value of Young's modulus or elasticity of the particle material, which the

user enters in the Rocky DEM editing panel,
e [E, is the Young's modulus or elasticity value of the wall material, which the user

enters in the Rocky DEM editing panel,

e L isthe size of the particle.

The tangential forces resulting from contact between the borings were
determined using an elastic Coulomb model. In this case, the collision is treated
completely elastically. In the ideal case (excluding frictional forces), it could be

described by equation (6):

Ele = E™% = KAs, 6)

where:

E!=2t is the value of the tangential force at time t-At,

As; S is the change in particle distance in the tangential direction,

K is the value of the stiffness of the particle in the tangential direction defined
as the fraction of the normal stiffness K,,; from equation (1).

Equation (6) describes the ideal case. However, in the simulation cases analyzed,
it was necessary to additionally take into account the force limit as well, by
determining the Coulomb limit:

t
FT,e

) i ()

Frt = min(lFrfe

Where p is the coefficient of friction defined for a given contact pair. If the force
determined from equation (5) exceeds the limit value described by the upFE!
component, the force takes the value of this component and the sign determined for
equation (5).

Simulation of blueberry transport was carried out on a trough conveyor, which
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was designed in CAD. The digital model of the structure was then imported in STL
format for simulation calculations. A reciprocating motion implemented along the
feeder trough with deflections of 6 mm was assigned for the conveyor geometry.
The return movement of the trough was faster than the forward movement and the

time for each was 0.01 s and 0.03 s, respectively.
3. Results of simulation
3.1. Simulation of normal forces

Figure 3 provides a screen view of the Rocky DEM during the transport of
blueberries on a smooth trough. The figure includes the distribution of normal

forces acting on the blueberries in the conveyor trough.

A

i
Normal Force, N -%
ey

101

Rt

Fig. 3. Summary of normal forces acting on the blueberry
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Fig. 4. Average forces in time acting on blueberry fruit in the normal direction

For a better interpretation of the results, Figure 4 shows the values of the average
forces acting on the fruit in the direction normal to its surface. And Figure 5 shows
the values of the standard deviation of the average force acting on the fruit in the

direction normal to its contact surface.
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Fig. 5. Mean standard deviation (SD) of normal forces acting on blueberry fruit
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3.2. Simulation of tangential forces

During the simulation, collision statistics of tangential forces acting on
blueberries between fruits, as well as due to collisions with conveyor walls, were
collected. Tangential forces, like normal forces, are an indicator of the quality of
the transport as they are responsible for the damage caused on their surface, which
indirectly affects the internal structure of the fruit. The results presented here are
for the last 10 seconds of fruit movement on the feeder, while the simulation time
was 20 seconds. This allowed the steady state operation of the feeders to be obtained
and the simulation model to provide average values for a sufficiently long period
of operation of the equipment. Figure 6 shows the results of the simulations
obtained for tangential forces, while Figure 7 shows the changes in the standard

deviation of the average force acting on the fruit in the tangential direction.

0.015 5
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Fig. 6. Average forces acting in time on fruit in the tangential direction
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Fig. 7. Standard deviation (SD) of the mean force acting on the fruit in the tangential direction

3.3. Simulation of normal and tangential forces dependent on mass

expenditure

In addition to simulating the normal and tangential forces acting on the
blueberries, the interactions of the fruit and the transport chute were simulated,

making the results dependent on the mass output of the transported fruit on the

feeder.
0,040 300
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Bulk height
T - 20,0 £
0,025 3
z £
] (=)
8 0,020 | 1508
? <
. [«5)
0,015 g
- 10,0 4
0,010
- 50
0,005
0,000 Bulk output, kg/s 00
0105 O,l 0,15 0’2 0,25 0’3

Fig. 8. Average normal and tangential forces acting on the fruit as a function of mass

disbursement and layer height
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In addition, complementary calculations of changes in the value of the energy
restitution coefficient on the values of normal and tangential forces acting on the
fruit were carried out. Figure 9 shows the calculated values of normal and tangential

forces resulting from the change in the energy restitution coefficient.

0,014

0,012

Restitution rate, -

0,0 0,2 0,4 0,6 0,8 1,0
Fig. 9. Average values of forces acting on fruit in the normal and tangential directions

depending on the value of the restitution factor; @ - normal forces, H- tangential forces
4. Discussion and conclusions

Based on the simulation results in Figures 3 to 7, it is noticeable that the normal and
tangential forces acting on the blueberry fruit are almost unchanged. The normal forces for
the tested fruits are about 0.013 N with an SD value of =0.0028. Also, the calculated value
of tangential forces during the movement of blueberries along the gutter does not show
much change and was ~0.0038 N with SD =0.0028. Such small values of forces occurring
at the fruit contact points ensure the absence of mechanical damage during the movement
of fruits on the conveyor transport gutter.

At the same time, a positive correlation was observed between normal and tangential
forces during the variation of the mass output of blueberries transported on the conveyor
trough. For the smallest simulated mass disbursement of 0.05 kg/s, the normal and
tangential forces acting on the blueberry fruit were 0.0218 N and 0.09 N, respectively, with

a stabilized blueberry layer height of 11 mm (Fig. 8.). For the highest mass output of 0.3
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kg/s, the values of normal and tangential forces were 0.0365 N and 0.014 N, respectively,
at a stabilized layer height of 30 mm. At the same time, there was no significant effect of
the restitution factor on the value of tangential and normal forces (Fig. 9).

Conducting process simulations clearly indicated the advantages in using a conveyor
with reciprocating motion for transporting blueberries and other soft fruits. The very
limited number of fruits that can be damaged, during transport, applies to fresh (unfrozen)
and frozen fruits. Conducting simulations using RockyDEM software made it possible to
determine the forces acting on the transported material along the entire length of the trough
conveyor. At the same time, the behavior of the deposit on the conveyor trough was
described.
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Abstrakt

W artykule zbadano wptyw dolisthego nawozenia biostymulatoréw biatkowych na poziom
chlorofilu i karotenoidow w pszenicy ozimej. Otrzymane wyniki wskazujg na znaczacy wzrost
barwnikéw fotosyntetycznych dla probek II 1 III, ktére stanowily rosliny traktowane
biostymulatorami zawierajacymi hydrolizat kolagenu i salicylan sodu oraz hydrolizat kolagenu i
keratyny w potaczeniu z askorbinianem tytanu (odpowiednio Bio-2 i Bio-3). W pracy potwierdzono
réwniez, ze efektywnos$¢ ekstrakcji chlorofilu i karotenoidow zalezy od rodzaju rozpuszczalnika.
Uzyskane wyniki pozwalaja sformutowaé wniosek, iz najkorzystniejszym rozpuszczalnikiem do
ekstrakcji barwnikoéw fotosyntetycznych z li§ci pszenicy jest etanol.

Abstract

This paper investigates the effect of foliar fertilisation with protein biostimulators on chlorophyll
and carotenoid levels in winter wheat. The results obtained show a significant increase in
photosynthetic pigments for samples Il and I1l, which were plants treated with biostimulants
containing collagen hydrolysate and sodium salicylate and collagen and keratin hydrolysate in
combination with titanium ascorbate (Bio-2 and Bio-3, respectively). The study also confirmed that
the extraction efficiency of chlorophyll and carotenoids depends on the type of solvent. The results
obtained allow the conclusion to be drawn that the most favourable solvent for the extraction of
photosynthetic pigments from wheat leaves is ethanol.
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1. Introduction

In recent years, the growth and productivity of crop plants have been
significantly affected by abiotic stresses. Regions with significant crop production,
such as central Europe, south-central Asia, south-eastern South America and the
south-eastern United States, are facing increasingly frequent occurrences of high
temperatures and drought [1]. Biostimulants are essential for sustainable crop
production in the face of climate change. Natural products such as seaweed extracts,
humic substances, hydrolysate proteins and products containing amino acids or
microorganisms contain bioactive substances that can improve nutrient efficiency,
abiotic stress tolerance and/or crop quality traits, irrespective of their nutrient
content [2,3]. Biostimulants also contribute to improved seed germination and
induce plant biological activity [4]. One type of biostimulant is amino acids, which
are produced by chemical synthesis or by hydrolysis of plant and animal proteins.
Amino acids play a key role in construction, metabolism and transport. Tryptophan
is known to be a precursor of the hormones responsible for stem and root elongation
[5]. Glycine and glutamic acid are essential substrates for tissue formation and
chlorophyll synthesis [5]. Proline, however, affects pollen fertility, thereby
contributing to an increased yield [5]. Amino acids allow plants to make better use
of their natural production potential, which is often suppressed by various stresses
(e.g. drought, hail, frost). Supplying the plant with amino acids in the form of ready-
to-use preparations during or before a biotic or abiotic stress factors ensures that the
plant develops evenly and efficiently despite adverse conditions [6].

Chlorophylls are a widespread group of photosynthetic pigments found in
higher plants, algae and cyanobacteria [7]. Chlorophyll molecules are esters of a
dicarboxylic acid (chlorophyllins) and four five-membered pyrrole rings linked by
methyl groups (-CH=) (protoporfirin ring) [8]. Chlorophyll is an essential pigment
that plays a key role in the normal course of photosynthesis, in which the conversion
of light energy into chemical bond energy is enabled by the absorption of light
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quanta in redox reactions [7, 9]. Numerous genetic, morphological, physiological
and abiotic factors affect its content in plant leaves [8]. Therefore, a change in
chlorophyll content is one of the most obvious symptoms of plant stress [10]. The
absorption properties of pigments allow their qualitative and quantitative analysis
[8]. Both chlorophyll and carotenoids are lipid soluble compounds. Therefore, they
can be extracted from living plant tissue containing water using organic solvents
such as acetone, alcohols, ethers [11]. To accurately and precisely determine the
content of chlorophylls and carotenoids, they must first be extracted from a fresh
sample of plant tissue. The most common method for the determination of
photosynthetic pigments in plant material is their extraction with solvents followed
by spectrophotometric analysis. This method is reliable but time-consuming and
requires high precision [8]. Many factors can affect the activity of a solvent,
including the time needed for extraction, the amount of plant material or the
percentage of moisture in the plant material form [12]. The efficiency of plant dye
extraction depends on the type of solvent, which should selectively absorb the
chemical compound of interest and not (or only slightly) absorb the other
compounds present in the sample. The choice of solvent is therefore crucial [13].
The solvent extraction methods using polar aprotic solvents like acetone, dimethyl
sulfoxide (DMSO), and N, N-dimethylformamide (DMF) and polar protic solvents
like ethanol and methanol have been utilized widely [14].

The aim of the study was to investigate the effect of foliar application of protein
biostimulants on the chlorophyll and carotenoids contents in winter wheat
seedlings. In addition, the study tested several common organic solvents used for
the determination of photosynthetic pigments in order to select the most effective

one for wheat.
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2. Materials and methods
2.1. Plant material

The study material consisted of 30-days winter wheat seedlings (Triticum
aestivum L.) grown under controlled conditions in a Royal Room growbox
(200x200x100cm). The trial was carried out in the Lukasiewicz Research Network
— Lodz Institute of Technology in Lodz, Poland. The winter wheat seed was
obtained from Plant Breeding Strzelce (Poland). The wheat was grown in
58x40.5x7cm plastic trays (approximately 180 seeds per tray) in horticultural soil
(pH: 5.5-6.5, EC<1.5 mS/m, organic matter: 2%). Plant growth conditions during
the experiment included 6 hours of artificial lighting (Lumatek Attis 200W LED
FULL SPECTRUM ATS200W), day/night temperature 21/19°C respectively and
relative humidity around 50%. At the 3-4 leaf emergence stage (about 14 days after
sowing), foliar application of biostimulants prepared by the Lukasiewicz-Lodz
Institute of Technology (Lukasiewicz-LIT) from Poland was carried out. The
physical and chemical properties of three biostimulant formulations (Bio-1, Bio-2,
Bio-3) are presented in Table 1. During the experimentation, solutions of
biostimulants including protein hydrolysates obtained through scientific
collaboration with the Leather and Footwear Research Institute Division (INCDTP,
Romania), titanium ascorbate synthesized in the Fukasiewicz-LIT, and
commercially available sodium salicylate obtained from Pol-Aura Sp. z o.0.
(Poland) were used. The antifungal preparation Afrodyta was applied together with
the biostimulant (in the dose recommended by the manufacturer). The nitrogen
content of the samples was determined using the Kjeldahl method. The plants were
collected 30 days after sowing and the chlorophyll and carotenoids of the shoots
were determined spectrophotometrically. Samples: SI, SII and Sl are treated with
Bio-1, Bio-2 and Bio-3 biostimulants, respectively. The control sample of the
experiment were untreated plants (C).
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Tab. 1. Composition of applied biostimulants

No. Protein Hydrolysate Active Substance Total N Code
1 Collagen (0.50%) Sodium salicylate (0.03%) 1.35% Bio-1
2 Collagen (0.50%) Titanium ascorbate (0.01%) 1.00% Bio-2

i 0,
3 Keratin (0.50%), Collagen Sodium salicylate (0.03%) 1.20% Bio-3

(0.50%)

2.2.  Photosynthetic pigment contents determination

Photosynthetic pigment contents determinations were conducted by selecting
fully developed wheat leaves at random from each wheat variety cultivated during
the experiment. For the measurement of chlorophyll and carotenoids, 0.5 g of fresh
leaves were used. The leaves were crushed in a mortar with 3 ml of solvent, and a
small amount of sand and CaCOs. The solution was quantitatively transferred to
centrifuge tubes by rinsing the mortar and pestle with 2 ml of solvent. The
homogenized sample mixture was centrifuged at 10 000 rpm for 10 minutes at room
temperature. Then 0.5 ml of the supernatant was removed and 4.5 ml of solvent was
added. Chlorophyll content was determined using UV-9200 by RayLeigh
spectrophotometer at wavelengths appropriate to the solvent used. All chemicals
and solvent were of analytical grade. The contents of chlorophyll a, chlorophyll b
and carotenoids were calculated according to formulae available in the literature

[15-17]. These formulae are shown in Table 2.

Tab. 2. Formulas for determining the contents of photosynthetic pigment

Type of solvents Equation/Formula
Cha:12.25A663 — 2.79A645
Acetone Chy=21.5A645-5.1A665

Cyrc= (1000A470—1.82C4—85.02C)/198
Ch,=13.36Aes3—5.19A645
Ethanol Chb =27.43A645—8. 12A663
Cx+c= (1000A470—2.13C:—97.63Ch)/209
Cha=10.05A663—0.97A645
Chb:16.36A545—2.43A563
Cx+c= (1000A470—1.43C,—35.87C;)/205

Diethyl-ether
(DEE)
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3. Results and discussion

The experiments investigated the effect of foliar application of biostimulants
developed at Lukasiewicz-LIT (biostimulant composition in Table 1) on
photosynthetic pigment contents in wheat leaves. The contents of chlorophyll a,
chlorophyll b and carotenoids was determined in each of the samples tested (S, Sl,
SlII and C) in the spectrophotometric analyses. In addition, in order to select the
optimum solvent for the extraction of these pigments from wheat leaves, the study
compared the effectiveness of three commonly used solvents, e.i. acetone, ethanol
and diethyl ether (DEE). The results of the spectrophotometric analyses are
summarized in Table 3. The concentration of photosynthetic pigments was
determined from the absorbances measured, according to the formulae in Table 2.

Tab. 3. Spectrophotometric determination of absorbance for chlorophyll a, chlorophyll b,
carotenoids with various extracting solvents.

Type of solvents

Sampl Acetone Ethanol Diethyl-ether

e AB63  A645  A470 A663  A645  A470 A663  AB45  A470
Sl 0.31£0.01 0.10+0.01 0.26+0.01 0.59+0.01 0.20£0.01 0.56+0.01 0.58+0.05 0.19+0.05 0.37+0.02
Sl 0.57+0.02 0.1940.01 0.47+0.01 0.82+0.02 0.28+0.01 0.75+0.03 1.46+0.20 0.51+0.02 0.99+0.05
Sl 0.59+0.02 0.20+0.01 0.50+0.02 0.68+0.02 0.23+0.01 0.66+0.02 1.51+0.25 0.53+0.05 0.99+0.04
C 0.27+0.01 0.10+0.01 0.24+0.01 0.42+0.01 0.15+0.01 0.41+0.01 0.32+0.01 0.12+0.01 0.23+0.02

Figure 1 compares the content of chlorophyll a in all the samples tested after
application of the biostimulants, depending on the solvent used. The main
conclusion from this experiment is that the highest contents of chlorophyll a values
were obtained for SIl and SlII. The obtained results most probably result from the
biostimulating properties of the applied substances. SII were treated with a Bio-2
containing collagen and titanium ascorbate. Literature data indicate that collagen
hydrolysate is primarily a source of nitrogen for plants. Furthermore, the
composition comprises amino acids such as glycine, serine, and proline, which
exhibit heightened accumulation in response to environmental stresses within plants

[18]. Collagen is a fibrous protein with amphiphilic properties and the ability to
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buffer pH fluctuations, chelate micronutrient ions, adhere to leaves, and act as a
reservoir of organic nitrogen and amino acids. In addition, titanium ascorbate was
used as an active ingredient in Bio-2. The literature acknowledges the positive
impacts of titanium ascorbate on plants, leading to increased iron ion activity,
enhanced pollen grain vigour and a higher nutrient uptake rate [19]. The effects of
foliar-applied organic titanium salts on plants are documented extensively in review
publication [20].
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On the other hand, SII1 were treated with Bio-3, which contained collagen, keratin
and sodium salicylate. The hydrolysate proteins used provide a rich source of
nitrogen in the formula. Keratin is rich in cysteine (a sulphur-containing amino
acid), which distinguishes it from other biopolymers. The cysteine and cystine
content of the amino acid sequence is 7-12%. Keratin preparations exhibit a
substantial concentration of amino acids, namely, glycine, alanine, serine, and
valine. Meanwhile, their composition of methionine, lysine and tryptophan is
relatively low [21]. An additional active ingredient utilized in the formulation Bio-

3 is salicylic acid, an endogenous plant growth regulator with the capacity to

193



Technologia i Jakos¢ Wyrobow 68, 2023

stimulate the systemic acquired resistance (SAR). This substance regulates
processes including seed germination, growth of roots and leaves, synthesis of
proteins and chlorophyll, flowering of plants, resistance to pathogens, as well as the
transport of metabolites, particularly divalent metal cations [22]. Salicylic acid
stabilizes cell membrane structure and permeability, facilitating increased nutrient
uptake by increasing nitrate concentration in the plant. Research indicates that
salicylic acid and its derivatives have a beneficial effect in reducing the impact of
abiotic stressors on the growth, development and yield of plants [23]. Another
important observation was that there are considerable differences in chlorophyll a
concentration depending on the solvent used. Similar observations have been made
in several reports [24,25,26]. In most cases, the highest extraction of selected
pigments is observed with the DEE solvents, especially in SII and SllII. In other
cases, the results obtained for DEE and ethanol are at a similar level and were 5.59
pg/ml (DEE) and 6.84 ug/ml (ethanol) for sample I and 3.06 pg/ml (DEE) and 4.89
pg/ml (ethanol) for the control sample. This observation is supported by the polar
nature of the chlorophyll molecule, which allows greater solubility in DEE, which
is characterized by a large dipole moment [25]. Similar observations were made for
chlorophyll b for each sample.

In turn, Figure 2 showed the content of carotenoids in all the samples tested after
application with the biostimulants, depending on the used solvent. The results
collected in this graph show a similar relationship as in Figure 2. The highest values
of photosynthetic pigment were obtained for SII and SlII, confirming the positive
effect of the biostimulants. Much lower carotenoids contents were obtained in the

C and Sl samples.
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Fig. 2. Comparison of carotenoids content in the tested sample after application of biostimulants

depending on the solvent used

The next part of the research was to compare commonly used organic solvents
in order to select the most appropriate extractant for the determination of
photosynthetic pigment contents in wheat leaves. Standardization of chlorophyli
extraction is very difficult due to the variable chlorophyll content in leaves and
between different plants. In addition, extraction efficiency is influenced by solvent
polarity, solution pH, light, temperature. Studies Saito [27] showed the dependence
of the absorption coefficients of pure chlorophyll a and chlorophyll b on the used
solvent . In addition, trends in solvent usability vary according to the plant species
studied. When choosing a solvent, a compromise must be made between selecting
a solvent for efficient quantitative extraction of chlorophyll and using a solvent best
suited for spectrophotometric assays. For example, acetone is an ideal solvent for
chlorophyll determination as it gives very sharp chlorophyll absorption peaks [24,
28]. However, this compound is a poor extractant of chlorophyll for some plants.
Furthermore, acetone is volatile and highly flammable. In addition, acetone reacts
with polystyrene and polymethylacrylate making latex or plastic gloves and plastic

cuvettes unsuitable [25]. Solvents such as methanol and ethanol are often more
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effective extractants than acetone [10,24]. The toxicity of methanol unfortunately
rules out this solvent in terms of safety for the test worker. A much safer solvent
for chlorophyll determination is ethanol [25]. Although flammable, it is not highly
toxic and is suitable for use in the laboratory [24]. A fourth common solvent used
for green dye assays is diethyl ether (DEE) [25]. It is not the solvent of first choice
for laboratory work because it is volatile, flammable, explosive and narcotic.
Furthermore, it should be noted that plastic cuvettes and the majority of plastic
laboratory equipment lack resistance to diethyl ether [25]. Other solvents used for
the determination of chlorophylls in leaves can be found in the literature, such as
chloroform, dimethyl sulphoxide (DMSQO) and dimethyl formamide (DMF), but are
not routinely used [29].

Acetone, ethanol and diethyl ether were used to extract photosynthetic dyes. In
all samples tested, the contents of chlorophyll a were higher than those of other
photosynthetic pigments (Fig. 3). For the control sample and for S, the highest
content of chlorophyll a during extraction with ethanol was observed, respectively
4.89 pg/ml and 6.84 pg/ml. However, for SII and SllI, the highest chlorophyll a
content was determined using DEE. The most effective extractant chlorophyll b was
found to be DEE. The contents of chlorophyll b varied from 1.13 pg/ml. for the
control sample to 4.99 ng/ml for SIII. The effectiveness of the organic solvents used
in this case presents itself in the following order: DEE>acetone>ethanol. In
contrast, the highest carotenoid concentrations were determined during extraction
of DEE (3.89 pg/ml SII and 3.87 pg/ml SIII). In contrast, for SI and the control
sample, ethanol proved to be the most effective carotenoids extender. The solubility
of photosynthetic dyes depends on the structure of the compound. Chlorophyll a
and chlorophyll b molecules are non-polar. The long hydrocarbon (phytol) tail
attached the porphyrin ring makes chlorophyll fat-soluble and insoluble in water.
Chlorophyl b is more polar than Chlorophyll a due to the difference in their
structure. The solubility also differs for both the pigments. Chlorophyll a is less

soluble in polar solvents. According to the results (Fig. 3) obtained in the
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experiment and taking into account the physico-chemical properties of the solvents,
the most favourable pigment for the extraction of photosynthetic pigments is
ethanol.
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Fig. 3. The average concentrations (pg/ml) of chlorophyll a, b and carotenoids in winter wheat

(Samples: C, SI, SlI, SHII).
4. Conclusions

In sustainable crop production, biostimulants play an important role in
improving plant growth and crop quality. Assimilation area and chlorophyll content
are important parameters to assess plant growth. The chlorophyll content of leaves
is a key factor in determining the rate of leaf photosynthesis. Since the nitrogen
content of a leaf is made up of photosynthetic and non-photosynthetic nitrogen
components, determining the chlorophyll content is a better characterisation of the
photosynthetic capacity of the plant than testing the nitrogen content of the leaf. In
this work, the effect of foliar application of protein biostimulants on the amount of

photosynthetic pigments in wheat leaves was investigated. The highest levels of
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chlorophyll and carotenoids were found in SII and SlIlI, plants treated with Bio-2
(containing collagen and titanium ascorbate) and Bio-3 (containing collagen,
keratin and sodium salicylate). The results of the study thus confirmed the
beneficial effect of protein biostimulants in increasing the efficiency of biochemical
processes occurring in the leaves of the plant under study. The work also confirmed
that the extraction efficiency of plant pigments depends on the type of solvent used.
In most cases, the highest extraction of selected pigments is observed with DEE
solvent, followed by ethanol and acetone. However, as the properties of ether
(volatile, flammable, explosive) cause some inconveniences when working with
this solvent, ethanol was chosen for the determination. Studies have shown that
ethanol can be successfully used as a solvent for the determination of photosynthetic

pigments.

The research work was carried out within the project: ,, Multifunctional foliar
preparations for protect and stimulate plant growth” financed by the National
Centre for Research and Development (EUREKA/DUO_PLANT _Protect/5/2021)
and 00/BCS/01/00/1/3/0175.
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Abstrakt

W pracy oceniono proces granulacji odpadéw grabarskich (struzyn garbarskich) potaczonych z
cementem 1 sulfogipsem. Do zwilzania surowych materiatbw w procesie granulacji
wykorzystywano wodny roztwér szkta wodnego w stezeniu 20% i 40% oraz wode. Zmiennymi
parametrami zastosowanymi na wej$ciu byly: rodzaj i masa cieczy oraz rozny stosunek surowcow
sypkich. Ocen¢ jakoSciowa uzyskanych granulek przeprowadzono w oparciu o sklad
granulometryczny, gesto$¢ nasypowa, kat naturalny zsypu, wspolczynnik ksztattu aglomeratow oraz
ich wytrzymatosci na $ciskanie.

Abstract

In this paper, the process of disc granulation of tannery industry waste (tannery shavings), with the
addition of cement and sulfogypsum, was studied. An aqueous solution of 20% and 40% water glass
and water were used to moisten the raw materials. The variable parameters were the type and weight
of the binding liquid and the proportions of the bulk materials added. Qualitative evaluation of
granules was carried out based on the determined granulometric composition, bulk density, angle of
natural repose, shape factor of agglomerates and their compressive strength.

Stowa kluczowe: struzyny, odpady, proces granulacji, granulacja talerzowa
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1. Introduction

Waste from the tanning industry and its disposal

Tanning is an industry whose impact is particularly hazardous to the environment.

INPUT OUTPUT
Chemicals o | Leather
~ 500 kg 200 -250 kg
Untanned  Trimmings ~120kg
Fleshings ~70-350 kg
Water )
15 - 50m* D Tanned Splits, ~225kg
Solid Shavings,
waste Trimmings
Rawhide
by ~450-730k
1M 2 | Dyed/ Dust: ~2kg
Finished
Trimmings  ~30kg
Sludge from (~40%dry ~500kg
matter )
Wastewater
15-50 m’
Energy | Chemicals and
N organic matter
93-42GJ |9 490 530 kg
| Air
~40 kg
(Solvents)

Fig. 1. Mass balance of the leather tanning process [1].

The process of leather tanning is extremely time-consuming and consists of many
complex steps involving the use of a large number of chemicals, such as tannins,
chromium (I11) salts, aldehydes, and the generation of a huge amount of waste. It is
estimated that only 20 — 25% of the weight of raw hides is converted into the final
product [2]. The exact mass balance of the tanning process is shown in Figure 1.
The remainder of the initial raw material is waste, which consists of biologically
unstable waste (e.g., unneeded tissue that is separated from the dermis) and non-
biodegradable waste (e.qg., flashings, splits, shavings, cuttings). Waste from tanneries
can be divided into by-products, hazardous waste and non-hazardous waste. A
detailed list of wastes and their characteristics has been created by the European
Commission, as shown in Table 1 and Table 2.
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Tab. 1. List of tanning wastes according to Commission Decision of 3 May 2000 establishing a list
of wastes [2000/532/EC].

Code number in the waste Types of waste

catalog

0401 Wastes from the leather and fur industry

040101 fleshings and lime split wastes

04 0102 liming waste

04 0103 degreasing wastes containing solvents without a liquid phase

040104 tanning liquor containing chromium

04 0105 tanning liquor free of chromium

04 0106 sludges, in particular from on-site effluent treatment

containing chromium
04 01 07 sludges, in particular from on-site effluent treatment free of
chromium

040108 waste tanned leather (blue sheetings, shavings, cuttings,
buffing dust) containing chromium

04 01 09 wastes from dressing and finishing

040199 wastes not otherwise specified

Tab. 2. Characteristics of tannery waste [3].

No. Types of Amount Total Moisture Ash Calorific
waste of waste organic content content value
kg/1 Mg content kJ/kg
of raw
material
shavings 150 87.5 53.6 7.8 6 663
2 sediment approx. 65.5 54.7 24.3 716
100
3 buffing 0.1-0.2 87.4 14.3 6.2 16 953
dust
4 cuttings 9 87.7 10.2 4.7 19772
(product)
5 cuttings 260 86.9 59.9 4.7 7753
(raw
material)
6 fleshings 300 91.4 59.5 4.6 8 952

Some of the tannery waste, is processed into gelatin, fertilizer or feed ingredients.
Tannery waste can also serve as a raw material for biofuels, such as biodiesel and
biogas [4] and can also be subjected to dehydration, melting and composting.
Several method proposals have also been developed to dispose of tannery waste

through incineration. Pilot plants have been established using tunnel kilns. These
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furnaces allow the wet waste to be dried first, which is then degassed and burned.
However, this process needs to be more carefully optimized so that complete
combustion occurs and the amount of gaseous pollutants is inert to the environment

[5]. In practice, disposal mainly consists of landfilling, usually in on-site landfills.
Tanning shavings — waste management possibilities

One of the types of waste mentioned is tanning shavings, otherwise known as
tanning shavings. They are created as a result of planning leather. This is a process
that allows the thickness of the entire leather to become uniform.

Tanning shavings can be processed to produce secondary leather, which is used
to make shoe soles, upholstery material, and bookbinding. Another option is to
process shavings into protein hydrolysates, and fertilizers. They can also be
composted, heat treated and stored. Unfortunately, tanning shavings are
characterized by a number of unfavorable features from the point of view of reuse.
They take the form of flocculent fragments that clump together into larger
agglomerates (Fig. 2). They have a very low bulk density and are subject to dusting.
The above-mentioned characteristics result in difficult transport, storage, as well as
batching, or dumping of shavings [6].

In order to solve these problems, it is necessary to give the shavings a different,
more usable form. This is possible by using a pressure-free granulation process.
During granulation, the shavings are mixed with a suitable binding liquid and other
additives (e.g., minerals), resulting in a free-flowing deposit in the form of granules
that can be easily handled (transported, dosed, stored or used as an intermediate for
other processes) [7].
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Fig. 2. Tannery structures under magnification [8].

Lawinska and co-authors [9] investigated the possibility of minimizing the
environmental impact of shavings storage and transportation by granulating the
waste with dolomite and sulfogypsum, which is a waste material generated in the
flue gas desulfurization process. A 50% and 75% aqueous glass solution was used
as a wetting liquid. Granulation was carried out in a disc granulator. Pre-granulation
of the shavings themselves proved problematic. Very large granules were formed
next to the non-granulated material. It was therefore necessary to add mineral
material (dolomite and sulfogypsum). The result was granules with good
mechanical strength, a bulk density five times greater than the starting shavings,
and easy to transport and store. The product so produced could have applications in
the manufacture of composite materials based on collagen fibers.

In 2020, Lawinska and co-authors [10] proposed a new method for granulating
tanning shavings. Instead of the traditional method of disc granulation, where a
wetting liquid is added to the dry bulk material while granulation is carried out, a
wet pulp containing shavings and other minerals (dolomite and gypsum) was first
prepared. The binding liquid was water glass. The wet bed prepared in this way was

subjected to granulation on a disc granulator without additional wetting liquid. The
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effect of shavings particle size on granule quality was also investigated. For this
purpose, tests were carried out to granulate shavings with sizes smaller than 2 mm
(selected by previous sieve analysis) and shavings that had not undergone previous
selection. The quality of the obtained granules was examined. Their granulometric
composition and mechanical strength were determined. The results showed that the
prior wetting of the material has a beneficial effect on the granulation process, and
also the pre-screening of the shavings contributed to the formation of granules of
the best quality. The product proved to be durable and mechanically stable.

In 2021, Lawinska [11] presented methods of tannery waste management in the
form of composite material production, encapsulation and granulate production.
The composite was produced based on shavings, mineral filler (dolomite, kaolin,
bentonite) and four types of adhesive agent: aqueous solution of polyvinyl acetate,
gelatin glue, latex glue, epoxy resin. The mixtures were solidified by using a
hydraulic press, dried, and then subjected to tensile tests. Some tests were examined
for water absorption. Tensile strength results showed that the resulting composite
could be classified in the same group as polymers and elastomers. On the other
hand, the granulation of shavings was carried out in a disc granulator with the
addition of dolomite or gypsum. The process was realized by two methods. The
first was to moisten the dry shavings and mineral material in the plate granulator
with an aqueous glass solution (concentration of 50% or 75%), and in the second
method the shavings were first soaked in the glass solution and then granulated with
the dry mineral material. This made it possible to obtain particles of good quality
(appropriate size, shape, physical and chemical properties), which translates into
easy transportation and storage. Waste collagen substances were used to envelope
the seeds to increase their drought resistance. Disc granulation was also used in this
process. Seeds were first coated with collagen hydrolysate or molasses, and then
coated with a mineral additive in the granulation process. Closed, spherical and

durable seed coatings were obtained.
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2. Materials and method

Purpose of the work
The purpose of the study was to develop a method for granulating tannery waste

— tannery shavings using cement or sulfogypsum as a mineral component.
Test materials and parameters of the tests conducted

Since preliminary tests showed the impossibility of granulating the bulk
material, which consisted only of tannery shavings, it was decided to subject a
mixture of this waste and mineral material to the process The base waste material
subjected to the granulation process was therefore a mixture containing
contaminated tannery shavings sieved on a 3.15mm sieve (Fig. 3) and cement or
sulfogypsum. In each sample, the weight of the shavings used was 200 g. The exact
composition of the contaminated shavings is shown in Table 3. The bulk density of
this waste was about 178 kg/m?, and the angle of natural repose was about 53°.
Tannery shavings were mixed with various weights of cement (from 200g to
1000g). An additional waste material used in the study was sulfogypsum, an end
product formed in the flue gas desulfurization process. Water or an aqueous solution
of sodium water glass of 20% and 40% concentration was used as a binding liquid.
Soda water glass is a viscous liquid, with a density between 1260 kg/m? and 1710
kg/m®,

Fig. 3. Tanning shavings used in granulation (source: own research data)
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Tab. 3. Composition of contaminated shavings used for granulation (source: own research data).

Dry mixture composition

Sludge Shaving Trim Charcoal
30% 30% 30% 10%

Mixture moisture content

Sludge Shaving Trim Charcoal
70% 50% 10% 2%

Composition of the mineral fraction of the mixture

Element Sludge Shaving  Trim Charcoal
C 26.19 42.32 69.3 82.4
H 2.38 5.74 3.96 2.8
N 0.99 10.09 7.4 0.9

The parameters characterizing each sample are shown in Table 4 below.

Tab. 4. Weight of materials used and parameters in each sample (source: own research data).

No. Material, Wetting liquid, Wetting  Granulation Mass of
[0] [o] time time wetting
liquid,
[g]

1 Shavings 200 + cement 300 Water glass 2 min 30 6 min 376
+ cement powdering 100 40% 376 sec

2 Shavings 200 + cement 300 Water glass 3 min 6 min 482
+ cement powdering 100 40% 482

3 Shavings 200 + cement 400 Water glass 2 min 30 6 min 448
+ cement powdering 100 40% 448 sec

4 Shavings 200 + cement 400 Water glass 2 min 6 min 486
+ cement powdering 100 40% 486

5  Shavings 200 + cement 400 Water glass 3 min 6 min 558
+ cement powdering 100 409% 558

6  Shavings 200 + cement 500 Water glass 2 min 30 6 min 606
+ cement powdering 100 40% 606 sec

7  Shavings 200 + cement 300 Water glass 2 min 30 6 min 290
+ cement powdering 100 20% 290 sec

8  Shavings 200 + cement 400 Water glass 2 min 45 6 min 327
+ cement powdering 100 20% 327 sec

9  Shavings 200 + cement 500 Water glass 3 min 6 min 401
+ cement powdering 100 20% 401
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10 Shavings 200 + cement 200 Water 207 2 min 20 6 min 207
+ cement powdering 100 sec

11  Shavings 200 + cement 300 Water 210 3 min 6 min 210
+ cement powdering 100

12 Shavings 200 + cement 400 Water 243 3 min 6 min 243
+ cement powdering 100

13  Shavings 200 + cement 500 Water 278 2 min 30 6 min 278
+ cement powdering 100 sec

14  Shavings 200 + cement 600 Water 280 2 min 30 6 min 280
+ cement powdering 100 sec

15 Shavings 200 + cement 800 Water 404 3 min 6 min 404
+ cement powdering 100

16  Shavings 200 + cement 1000 Water 492 3 min 6 min 492
+ cement powdering 100

17  Shavings 200 + cement 500 Water 371 3 min 6 min 371

+ sulfogypsum 500 +
sulfogypsum powdering 100

Test apparatus and measurement methodology

Disc granulation

The granulation process was implemented in a disc granulator with a disc
diameter of 500 mm. The schematic of the measuring station is shown in Fig. 4.
The basic components are: geared motor (1), inverter (2), granulator disc (3),
pressure sprayer (4), scraper (5), frame (6). A gearmotor drives the granulator disc.
Thanks to the inverter, the speed of the granulator disc was controlled. The
rotational speed was set at 24 rpm. The frame includes a movable support plate,
which allows the angle of tilt of the disc to be adjusted. This angle for each sample
was 45°. Each time, the granulation process was started by pouring the weighed
amounts of shavings, cement and sulfogypsum onto the plate and mixing them. The
granulator was then started and hydration was initiated using a pressure nozzle. At
the end of the process, powdering was carried out for each sample using 100 g of
the appropriate material. Powdering was performed to prevent the granules from
sticking together. Efforts were made to maintain similar wetting time (which was 3
min) and granulation time (which was 6 min) for all samples. After granulation was

completed, the resulting deposit was weighed and subjected to a drying process at
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80°C for 48 h. After this time, the properties of the granules were determined for

each sample.

Fig. 4. Schematic of disc granulation station (source: own research data)
Components: geared motor (1), inverter (2), granulator disc (3), pressure sprayer (4), scraper (5),
frame (6).

A set of sieves with mesh sizes was used to determine the granulometric
composition: 12.5 mm, 10 mm, 8 mm, 6.3 mm, 5 mm, 4 mm, 3 mm, 2 mm and 1
mm. The test was performed by manually sifting the entire obtained material for
each sample through successive sieves. Each fraction obtained was weighed on a
digital scale. Bulk density and angle of natural repose were also tested for each

obtained pellet.
Compressive strength test

Testing of the compressive strength of granules was carried out in an Instron
3345 Analyzer (Fig. 5). The basic components of the analyzer are a load frame (1),
a stationary lower jaw (2), a movable upper jaw (3), and a base with a control panel
(4) with which the position of the movable jaw can be adjusted. Carrying out the
measurement began each time by placing a pellet on the stationary jaw and started
the measurement. The upper jaw moves in the direction of the granule, at the
moment of contact with the granule the jaw continues to move downward, which
consequently leads to the destruction of the granule. The course of changes in the

value of the compressive force during the measurement was recorded continuously
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until the granule broke. For strength measurements, granules from the 4 — 5 mm,
5-6.3 mm and 6.3 —8 mm fractions were randomly selected for each test. The

speed of moving the moving jaw for all samples was 2 mm/min.

Fig. 5. Compressive strength test stand (source: own research data)
Components: load frame (1), stationary lower jaw (2), movable upper jaw (3), base with a control
panel (4).

Determination of shape factor

The aspect ratio was determined using a Kamika Instruments AWK 3D analyzer.
The measurement process is automatically controlled after entering the appropriate
parameters on the computer. Tests were performed for 256 measurement classes
and a maximum grain size of 31.5 mm. The measurement duration each time was
1000 s. The hopper was filled with the test material, after which the transfer of
granules to the trough was stopped. During the duration of the measurement, the
rate of granule spillage was controlled by adjusting the frequency of vibration of
the trough so that as single a granule as possible flew through the measurement

Sensor.
3. Research results

The granulation process was carried out successfully for each sample. Photos of

the obtained granules after drying are shown in Figure 6.
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Granulometric composition

Analysis of the granulometric compositions of the individual samples shows that
the use of water glass with a concentration of 40% as a binding liquid results in
granules with a uniform grain size. As shown in Figure 7, the mass proportions of
the individual fractions are generally not very different. It can be seen that a higher
mass of added cement reduces the amount of ungranulated material. For the
addition of 300 g and 400 g of cement, the mass share of the 0-1 mm fraction was
twice as high as for the addition of 500 g of cement. The higher mass of added
cement also allows for a higher mass of granules with large sizes.

In sample 6 (addition of 500 g of cement), the highest mass shares were
obtained for fractions larger than 8 mm.

Fig. 6. Granules obtained using (a) shavings, cement, water glass with a concentration of 40%, (b)
shavings, cement, water, (c) shavings, cement, water glass with a concentration of 20%, (d)
shavings, cement, sulfogypsum, water.
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Fig. 7. Comparison of mass proportions of individual fractions using 40% water glass as a wetting
liquid.

For granules with the addition of water glass, the effect of the weight of the
applied binding liquid on the grain size of the resulting deposit was further
analyzed. Fig. 8 shows that for the smallest mass of the applied water-glass solution
with a concentration of 40%, the share of the non-granular fraction (0 - 1 mm) was
23%. The addition of a larger mass of liquid reduced the mass share of this fraction.
In sample 5, the share of this fraction was three times lower than for sample 3. The
mass of the binding agent used had little effect on the change in uniformity of grain
size. However, it was noted that the result of more intensive wetting of the raw

material during granulation was the production of a larger mass of granules with a
size of more than10 mm.
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Fig. 8. Comparison of mass proportions of individual fractions using different amounts of water

glass at 40% concentration.

Figure 9 illustrates how the weight of the cement used impacts the granulometric

composition of samples with water added.
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m Sample 10 (200 g cement) = Sample 11 (300 g cement)
= Sample 12 (400 g cement) = Sample 13 (500 g cement)

Fig. 9. Comparison of mass proportions of individual fractions when using water as a wetting liquid.
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This graph shows that the lower mass of cement used during granulation results in
a higher proportion of the ungranulated fraction (more than 10%). For these
samples, there was also a small proportion of fractions with grain sizes larger than
10 mm. The samples where at least 500 g of cement was used had a significantly
higher proportion of fractions with grain sizes larger than 10 mm, and at the same
time the amount of material that was not granulated was reduced. This may also be
the result of the greater mass of water added during granulation. For samples 15
and 16, 400 g to 500 g of water was used, increasing the mass proportion of the

fraction larger than 12.5 mm to a value of at least 30%.
35
30
25

20

15

Mass fraction share, [%]

1

o

[8)]

0-1 1-2 23 34 45 563 6,3-8 8-10 10-12,5 >125

Grain size fraction [mm]

o

m Sample 16 (1000 g cement)  ®mSample 17 (500 g cement + 500 g sulfogypsum)

Fig. 10. Comparison of mass proportions of individual fractions using a mixture of cement with

sulfogypsum and cement alone.

The study also analyzed the effect of the addition of waste sulfogypsum on
the granulometric composition of the obtained product. It was found that a mixture

of 500 g of cement and 500 g of sulfogypsum yielded a three times higher
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proportion of the non-granular fraction than when 1000 g of cement alone was used

(Fig. 10).
‘||I |.‘I|||| |‘

4-5 5-6,3 6,3-8 8-10 10-12,5 >12)5
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m Sample 3 (water glass 40%) ® Sample 8 (water glass 20%) = Sample 12 (water)

Fig. 11. Effect of the type of wetting liquid on the mass proportions of individual fractions for the
addition of 400 g of cement.

It should be noted, however, that more than 100 g less water was added for
sample 17 with the addition of sulfogypsum than for sample 16. Therefore, it is
impossible to conclude unequivocally that the addition of sulfogypsum negatively
affects the degree of granulation of the test material. It would be necessary to carry
out an additional test, in which the addition of water would be similar to that for
sample 16. The effect of the type of binding liquid used on the granulometric
composition was also compared (Fig. 11). For the samples with the addition of 400
g of cement, it was noted that the lower content of water glass in the wetting liquid
resulted in a lower proportion of the non-granular fraction. In addition, it was noted
that the use of water glass at a concentration of 20% resulted in the smallest mass
shares for fractions in the range of 1 - 6.3 mm.
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Bulk density

Analyzing the determined values of bulk density (Table 5), it can be concluded
that through the granulation process it was possible to increase them. The lowest
value of 430 kg/m® was obtained for sample 10 (200g of shavings, 200 g of cement,
207 g of water, 100 g of powder cement), while the highest value of 654 kg/m?® was
obtained for sample 17 with the addition of sulfogypsum. In comparison, the bulk
density of the shavings alone was 178 kg/m?.

Considering the results obtained for the samples in which a 40% aqueous glass
solution was used as a binding liquid (samples 1, 3, 6), it was noted that the value
of bulk density increased with increasing mass of added cement. Samples 2, 4, and
5 were carried out to check the effect of the weight of the added wetting liquid on
the bulk density. Comparing the obtained granular beds 1 and 2 (addition of 300 g
of cement), a decrease in the value of bulk density was noted with a higher mass of
added wetting liquid. Also for samples 3, 4, 5, it was observed that the highest bulk
density occurred with the lowest mass of water glass solution (sample 3).
Noteworthy is the fact that it was possible to obtain a similar bulk density for sample
1, using a smaller mass of cement and water glass, and for sample 5 (582 kg/m?),
to which 100 g more cement and nearly 200 g more water glass were added.

In the case of using a water glass solution with a concentration of 20% (samples
7, 8,9), it can be seen that the use of the smallest mass of cement (300 g) proved to
be the most advantageous. This made it possible to obtain a product with the highest
bulk density among the three samples.

For the use of water as a binding liquid (samples 10 — 16), there was an initial
increase in bulk density values with the increase in the added cement mass. The
highest density value (604 kg/m?®) corresponded to the addition of 500 g of cement
(sample 13). Larger masses of added cement resulted in a gradual decrease in bulk
density.
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However, the addition of 500 g of cement and 500 g of sulfogypsum appears to
be the most optimal (sample 17). It was shown that in this case the highest bulk
density was obtained, which is advantageous in terms of granular storage. It is also
much less costly, since water can be used as a binding liquid. In addition, another
waste material is also used, which is sulfogypsum.

The effect of the type of binder liquid used on the bulk density depends on the
amount of cement used. Based on the analysis of samples 6, 9, 13 (addition of 500
g of cement) and samples 3, 8, 12 (addition of 400 g of cement), it can be concluded
that the highest density values can be obtained by using water glass with a
concentration of 40%. However, for samples 1, 2, 7, 11 (addition of 300 g of
cement) it was found that the most favorable is the use of water glass with a

concentration of 20%.
Angle of natural repose

The determined values of the angle of natural repose for all samples are shown
in Table 5. The lowest angle (19°) was obtained for sample 12, while the highest
value (42°) was obtained for sample 2. For non-granulated shavings, the angle was
53°. Granules formed from shavings, cement and water glass with a concentration
of 40% (samples 1, 3, 6) were characterized by a decrease in the value of the angle
of repose (greater flowability of the material) when increasing the mass of added
cement. A similar relationship was observed for samples 7, 8, 9 formed from

shavings, cement and water glass with a concentration of 20%.

Tab. 5. Determined bulk densities for the tests carried out.

Sample Material Amount of Type of Angle of Bulk
material, liquid natural density,
[0] wetting repose, [kg/m ]
[°]
1 Shavings + 200 sh +300c + Water glass 38 581
cement 100 cp 40%
2 Shavings + 200sh +300c + Water glass 42 507
cement 100 cp 40%
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3 Shavings + 200sh+400c + Water glass 28 602
cement 100 cp 40%

4 Shavings + 200sh +400c + Water glass 28 570
cement 100 cp 40%

5 Shavings + 200sh +400c + Water glass 29 582
cement 100 cp 40%

6 Shavings + 200 sh +500 ¢ + Water glass 32 641
cement 100 cp 40%

7 Shavings + 200sh+300c + Water glass 35 636
cement 100 cp 20%

8 Shavings + 200sh +400c + Water glass 35 546
cement 100 cp 20%

9 Shavings + 200 sh +500 ¢ + Water glass 28 566
cement 100 cp 20%

10 Shavings + 200sh+200c + Water 30 430
cement 100 cp

11 Shavings + 200sh+300c + Water 27 508
cement 100 cp

12 Shavings + 200 sh+400c + Water 19 526
cement 100 cp

13 Shavings + 200sh +500c + Water 30 604
cement 100 cp

14 Shavings + 200 sh + 600 c + Water 31 597
cement 100 cp

15 Shavings + 200sh +800c + Water 32 581
cement 100 cp

16 Shavings + 200 sh + 1000 ¢ + Water 34 530
cement 100 cp

17 Shavings + 200 sh +500c + Water 34 654

cement+ 500 sg + 100 sgp
sulfogypsum

Legends:
sh - shavings, ¢ - cement, cp - cement used for powdering, sg - sulfogypsum, sgp - sulfogypsum

used for powdering

Using water as a binding agent (samples 10 — 16), it was noted that initially
increasing the amount of cement added resulted in a decrease in the value of the
angle of natural repose, until the lowest value of 19° was obtained for the addition
of 400 g of cement. Further increases in the amount of cement used resulted in an
increase in the angle of repose. The effect of the weight of the added wetting liquid
on the studied property was also analyzed. With the addition of 300 g of cement

(samples 1, 2), an increase in the value of the angle of repose was noted with
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increasing weight of the binding agent used. The same was true for the addition of
400 g of cement (samples 3, 4, 5), but the increase in the value of the parameter
under study was less significant. Comparing the sample with the addition of 1000
g of cement (sample 16) and the sample with the addition of 500 g of cement and
500 g of sulfogypsum (sample 17), it was noted that the obtained granules had the
same value of repose angle equal to 34°.

Taking into account that the granules obtained could potentially be subjected to
further industrial operations (e.g., batching), the use of water as a binding agent and
the use of an initial mass of 400 g of cement and 200 g of shavings prove to be the
most advantageous (sample 12). Granules with the lowest angle of natural repose
were obtained under these conditions. This significantly increases the flowability

of the material.
Compressive strength testing of granules

Tests carried out on the Instron apparatus made it possible to determine the
compressive force that destroyed the granules. An example graph of the change in
the force acting on the granule as a function of the displacement of the measuring
head is shown in Figure 12. The values of the destructive forces were identified as
negative according to the agreement that tensile stresses are positive, while
compressive stresses are negative. The extreme destructive force of the granule is,
in the graph shown, the one followed by the relaxation of the test material (the
characteristic peak) as a result of sample fracture.\

As was to be expected, the tested granules containing more cement were much
harder to destroy. In the case of such granules, it was possible to observe on the
graph of recorded destructive forces the characteristic rapid increase and immediate

decrease in the destructive force after the granule broke.
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Fig. 12. The course of destructive forces for the 5 - 6.3 mm fraction for Sample 3.

From the results obtained, the averaged granule failure forces and compressive

strength were determined — presented in Table 6 below.

Tab. 6. Determined granule failure forces and compressive strength for the tests performed.

Sample Faction Average granule Average compressive
destructive force, strength,
[N] [MPa]

1 4-5mm 35 0.22
5-6.3mm 3 0.12
6.3-8mm 25 0.62

2 4-5mm 375 2.36

3 5-6.3mm 55.5 221
6.3-8mm 42 1.05

4 4-5mm 21 1.32
5-6.3mm 10 0.40
6.3-8mm 30 0.75

5 4-5mm 40.5 2.55
5-6.3mm 65 2.59
6.3-8mm 40 1.00

6 4-5mm 97.3 6.12

7 4-5mm 5 0.31

8 4-5mm 135 0.85
5-6.3mm 20.5 0.82
6.3-8mm 25 0.62
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9 4-5mm 15.3 0.96
10 5-6.3mm 1 0.04
6.3-8mm 12 0.30
11 4-5mm 94 5.91
12 4-5mm 52.3 3.29
5-6.3mm 1 0.04
6.3-8mm 15 0.04
13 4-5mm 81.7 5.14
14 4-5mm 17 1.07
5-6.3mm 6.5 0.26
6.3-8mm 125 0.31
15 4-5mm 25 157
5-6.3mm 335 1.34
6.3-8mm 19 0.47
16 4-5mm 70 4.40
5-6.3mm 24 0.96
6.3-8mm 46.75 1.16
17 4-5mm 7.5 0.47

For the granules formed with the addition of water glass at a concentration of
40% (samples 1 — 6), an increase in compressive strength can be observed with the
increase in the amount of cement added. The highest strength was obtained in
sample 6, where 500 g of cement was used. On the other hand, no significant effect
of the amount of added binder liquid on the tested property was noticed (samples 3,
4, 5). In the case of samples with the addition of water glass with a concentration
of 40%, it was difficult to select granules with a shape similar to a sphere. These
granules were largely flattened in shape, which made it difficult to register the
moment of their destruction. Under the pressure of the analyzer's moving jaw, there
was no characteristic splitting of the granules, but further crushing. For these
samples, the granulation process was very fast, so that the shavings were not
thoroughly combined into larger agglomerates. It was also noted that some of the
shavings and cement were granulated separately. The granules, which consisted
mainly of shavings, despite the presence of water glass, were quite plastic, and were
easily crushed by hand. For this type of specimen, there was no characteristic point
on the recorded graph of the course of forces destroying the granule (no peak).
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When considering the effect of the type of binder liquid used on compressive
strength, no significant relationship was found. All the tested granules were
characterized by average mechanical strength. This, in turn, would result in the

destruction of the granules during transport or further processing.

Form factor

The Zingg classification generated by the software running the AWK 3D

analyzer was used to evaluate grain shape.

0:35-4D Klasyfikacja Zingga (32 x 32 ) - Udzial ilosciowy

Nosé czastek [ % |

0425 025 0375 05 0625 075 0875 19 Caasthic/a <033: 1982 %
cib Dn=27419, 15707, 12608

Fig. 13. Zingg classification as a quantitative share for sample 3.

The quantitative and volumetric (mass) proportion of each shape was determined.
Analysis of the results obtained allows us to conclude that the type of binder liquid
used and the mass of cement added affect the shape of the granules obtained. The
use of water as a wetting liquid favors the formation of larger granules with a
spherical shape. An example of the quantitative contribution in the form of a
graphical Zingg classification is shown in Fig. 13, while the volume contribution is
shown in Fig. 14. For the samples with the addition of water (samples 10 - 16), it
was noted that the size of the spherical particles increases with the increase in the

mass of added cement. This is evidenced by the increasing volume share of
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spherical particles with the volume share remaining virtually constant for these
samples. The largest spherical granules were obtained for sample 15 with 800 g of
cement added. For this sample, the largest mass proportion of fractions with a size

larger than 10 mm was observed on the determined granulometric composition.

0.03-10 Klasyfikacja Zingga (32 x 32 ) - Udzial objetosciowy
0:08-09

0:04-05
0. 03-048

0:01-02
0:00-0}

Objgtosé [% |
&

£ 7 - .
] 0125 025 0315 05 0625 075 0875 10 Objetobe oy <0,33:10.15 %
Dn=27419, 15707; 12608

Fig. 14. Zingg classification as volume share for sample 3.

The results obtained are summarized in Table 7 below.

Tab. 7. Determined quantitative and volumetric shares of each shape

Sample Sphere Disc Cylinder Wedge
Quant. Vol. Quant. Vol. Quant. Vol. Quant. Vol.
share, share, share, share, share, share,  Share, share,

[%0] [%0] [%0] [%0] [%6] [%0] [%0] [%0]

1 32.48 55.3 8.95 6.84 51.09 34.48 7.48 3.39

2 40.62 54.45 12.67 7.57 40.43 35.05 6.29 2.92

3 36.78 45.42 9.63 7.3 47.43 42.43 6.15 4.85

4 38.14 59.96 9.54 5.69 46.99 31.7 5.33 2.66

5 40.6 55.13 10.32 6.41 43.23 35.47 5.85 2.99

6 37.95 52.07 9.64 5.8 46.95 38.92 5.46 3.21

7 34.23 68.86 9.61 5.09 50.01 23.8 6.14 2.25
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8 3753 6121 1045 3.95 4557  32.67 6.54 2.17
9 37.38  65.06 10.87 4.04 44.81 29.44 6.94 1.46
10 3198 5094 10.44 6.93 4943  37.94 8.15 4.19
11 37.34 4704 11.23 6.6 4462  41.92 6.8 4.44
12 3599 5323 11.16 6.93 4559  35.33 7.26 451
13 371 6535 2295 38 43.02 28.65 7.93 2.2
14 3497 63.68  9.26 3.89 49.25  30.35 6.53 2.07
15 355 7149 943 2.07 48.16 25.29 6.9 1.15
16 378  69.67 129 3.67 41.3 24.69 8 1.97
17 2929 6932 9.8 4.96 52.81 23.41 8.72 2.3

4. Conclusions

1. Disc granulation of waste tannery shavings is a process that changes the
properties of this material and allows it to form a loose bed of agglomerates
that can be easily dosed stored and transported.

2. Granulation of tanning shavings with the addition of cement makes it possible
to obtain a durable product with both water and aqueous glass solutions.

3. Disc granulation can be successfully used to increase the resulting product's
bulk density, which positively affects transportability and storage.

4. Based on the analysis of the determined granulometric compositions, it can be
concluded that adding larger masses of cement and wetting liquid increases the
material's susceptibility to granulation, allowing to obtain larger granule sizes.

5. Obtaining positive results from the granulation of shavings using cement offers
the possibility of using the agglomerates so obtained in the construction
industry.

6. Using cement and water glass gives a high probability for "encapsulation™ of

the obtained granules and potential "encapsulation” of possible harmful
substances present in the processed waste. Verification of this phenomenon

requires additional research.
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This work has been completed while the second author was the Doctoral
Candidate in the Interdisciplinary Doctoral School at the Lodz University of
Technology, preparing his PhD thesis within the framework of the
Implementation Doctorate 2022 project, funded by the Ministry of Education

and Science.

Ms. Paulina Bandrow's contribution to the work was supported by a project
entitled: "Modeling and experimental verification of the dark fermentation
process of tannery waste" (DWD/5/0397/2021) awarded by the Ministries of

Education and Science of the Republic of Poland.
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wykonuje w ramach projektu pt. ,,Migracja sktadnikow z wytworzonych metodami
bezci$nieniowymi granulatow uzyskanych z odpadow uciazliwych dla
srodowiska”, ktory jest finansowany przez Ministerstwo Edukacji 1 Nauki w
ramach V edycji programu pn. ,,Doktorat wdrozeniowy”.
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mgr inz Joanna Rutowicz ukonczyta Wydziat Chemiczny Politechniki L.odzkiej,
specjalnos¢ technologia chemiczna. Zatrudniona w Lukasiewicz — £.6dzki Instytut
Technologiczny, Laboratorium Badan Produktow Spozywczych , Produktow
Barwionych i Srodowiska na stanowisku glowny specjalista ds. badawczych.
Specjalista w zakresie barwometrii.

dr inz. Adam Rylski — adiunkt w Instytucie Inzynierii Materialowej Politechniki
Lodzkie;j.

ORCID: 0000-0003-1445-5391

dr hab. inZ. Krzysztof Siczek — adiunkt w Katedrze Pojazdow i Podstaw Budowy
Maszyn Politechniki £L6dzkie;.

ORCID: 0000-0003-2216-3452

dr_hab. in7. Ewa Skrzetuska - profesor uczelni zatrudniona w Instytucie
Materialoznawstwa Tekstyliow 1 Kompozytow Polimerowych. Interesuje sie
wytwarzaniem innowacyjnych materiatow witokienniczych, haftem oraz drukiem
funkcjonalnym przy uzyciu polimeréw elektroprzewodzacych, przeznaczonych
zarOwno do zastosowan technicznych, jak réwniez ochrony zdrowia i zycia.
Obecnie pracuje nad przede wszystkim otrzymywania nanokompozycji
atramentowych oraz struktur haftowanych o wilasciwosciach sensorycznych na
bodzce chemiczne, termiczne i mechaniczne. Autorka licznych publikacji oraz
nowoczesnych rozwigzan tekstronicznych.

ORCID 0000-0001-6565-1750

dr hab. inZ. ElZbieta Sobiecka ukonczyla studia w roku 1996 na Wydziale Chemii
Spozywczej i Biotechnologii (obecnie Wydzial Biotechnologii i Nauk o Zywnosci),
Politechniki L.odzkiej. W 1997 r. otrzymata tytut zawodowy magistra na Wydziale
Organizacji 1 Zarzadzania. W 2001 r. uzyskata stopien doktora nauk technicznych
za§ w 2015 r. stopien doktora habilitowanego. Obecnie pracuje w Instytucie
Surowcow Naturalnych 1 Kosmetykow PL na stanowisku profesora uczelni. Jest
dyrektorem Instytutu Surowcow Naturalnych 1 Kosmetykow PL. Specjalnos¢ —
technologia chemiczna i chemia ekologiczna. Zainteresowania naukowe dotycza
zagadnien ochrony $rodowiska ze szczegdlnym uwzglgdnieniem proceséw
fitoremediacji.

ORCID 0000-0003-0016-5510
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dr Maria Stanca — pracownik naukowy, INCDTP — Oddziat: Instytut Badawczy
Skory i Obuwia w Rumunii. Dziatalno$¢: inzynieria materialowa i inzynieria
chemiczna.

mgr inZ. Otgonsuren Sukhbat ukonczyl studia w zakresie technologii odziezy w
Mongolian University of Science and Technology w Utan-Bator (Mongolia).
Obecnie jest doktorantem w Instytucie Architektury Tekstyliow Politechniki
Lodzkiej. Specjalizuje si¢ w inzynierii projektowania tekstyliow, komforcie
uzytkowania odziezy oraz odziezy ochronne;.

mgr inZ Paulina Szablewska - ukonczyla studia pierwszego 1 drugiego stopnia na
Wydziale Elektrotechniki, Elektroniki, Informatyki i Automatyki Politechniki
Lodzkiej na kierunku Inzynieria Biomedyczna. Obecnie jest studentka studiow
trzeciego stopnia na Wydziale Technologii Materialowych 1 Wzornictwa
Tekstyliow Politechniki £.odzkiej w dziedzinie Inzynieria Materiatowa. Pracuje nad
tekstylnymi czujnikami gazow.

dr inz. Szymon Szufa - specializes in distributed energy system using torrefied
biomass, additives to bio-fertilizers. PhD thesis: Biomass torrefaction and co-firing
- process modeling. Coordinator of Horizon Europe project BIOTRAINVALUE
MSC SE: BlIOmass Valorisation via Superheated Steam Torrefaction, Pyrolysis,
Gasification Amplified by Multidisciplinary Researchers TRAINining for Multiple
Energy and Products’ Added Values:
https://cordis.europa.eu/project/id/101086411. Participator: BECOOP, F-CUBED
and CARBIOW Horizon projects.

dr inz Lucjan Szuster - w roku 1970 ukonczony Wydziat Chemii, specjalizacja
lekka synteza organiczna. W tym samym roku zatrudniony w OBR Przemystu
Barwnikow ktory przeksztalcono w Instytut Barwnikow 1 Produktow
Organicznych. W Instytucie pehit funkcje od asystenta naukowo badawczego do
Zastepcy Dyrektora d/s Naukowych prowadzac wdrozenia nowych technologii w
zaktadach chemicznych ,,Boruta ,, i ,,Zachem” Nast¢pnie zatrudniony w Instytucie
Inzynierii Materialdw Polimerowych 1 Barwnikow na stanowisku p/o Dyrektora
Oddziatu Zamiejscowego. W latach 2012- 2018 zatrudniony na stanowisku
petnomocnika dyrektora ds. wdrozen w Instytucie Przemystu Skorzanego. Odbyt
stypendia naukowe Rzadow francuskiego (Miluza) i wloskiego (Bergamo).
Doktorat uzyskany na Uniwersytecie Lodzkim w obszarze kinetyki i syntezy
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barwnikow. W latach 1992- 1994 zatrudniony na stanowisku ,,superviser,, w
fabryce barwnikow Colorindo w Indonezji.

ASSOCIATE PROFESSOR, PhD Anita Tarbuk received her bachelor’s degree in
textile technology in 2001, her master’s degree in 2005 and PhD in 2009 in
technical science, textile engineering, all at the University of Zagreb Faculty of
Textile Technology (UniZg TTF). In 2013, she completed pedagogic-
psychological-didactic-methodical education for teachers at the University of
Zagreb, Faculty of Education. Anita Tarbuk is the author and co-author of over 100
international publications

Her field of expertise are interface phenomena (electrokinetics, adsorption, surface
free energy, hydrophilicity) and textile modification (cellulose mercerization and
cationization, enzymatic pre-treatment, modification and finishing), and
multifunctional finishing of textiles for protection and design. She teaches
undergraduate, graduate, postgraduate and professional courses in Croatian and
English.

dr hab. inz. Magdalena Tokarska — jest absolwentkg Wydziatu Fizyki Technicznej,
Informatyki 1 Matematyki Stosowanej Politechniki £.6dzkiej. Obecnie pracuje na
stanowisku adiunkta w Instytucie Architektury Tekstyliow, Wydzialu Technologii
Materialowych 1 Wzornictwa Tekstyliow Politechniki L.odzkiej. Zajmuje si¢
badaniami eksperymentalnymi i modelowaniem wiasciwosci
elektroprzewodzacych tekstyliow. W obszarze jej zainteresowan znajdujg si¢
rowniez kompozyty tekstylne przeznaczone do ochrony przed czynnikami
goracymi.

ORCID 0000-0001-8102-1230

Malwina Wachulak - absolwentka Wydziatlu Biologii i Ochrony Srodowiska
Uniwersytetu todzkiego ze specjalizacja biologia stosowana i1 molekularna.
Specjalistka w branzy wymagajacej nieszablonowego podejscia do procesu w
Dziale Badan i Rozwoju GoudenKorrel S.A.

dr hab. inZ. Krzysztof Wojciechowski - profesor PL. Ukonczyl Wydzial Chemiczny
Politechniki £.6dzkiej w 1971r, specjalnos¢: chemia i technologia barwnikéw. Do
2003r. pracownik Instytutu Barwnikow PL, od 2003r. Instytutu Inzynierii
Srodowiska i Instalacji Budowlanych na Wydziale Budownictwa, Architektury i
Inzynierii Srodowiska PE. Od 2019 pracownik emerytowany.
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drinz. Marek Wozniak — adiunkt w Katedrze Pojazdow i Podstaw Budowy Maszyn
Politechniki L.6dzkie;.

ORCID: 0000-0001-9204-4024

dr inz. Sergiusz Zakrzewski - adiunkt w Katedrze Pojazdéw i Podstaw Budowy
Maszyn Politechniki £.odzkiej

236



