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Thermodynamic analysis of backpressure and condensing steam turbines from
cogeneration system
Mrzljak Vedran1, Prpić-Oršić Jasna1, Poljak Igor2, Gospić Ivan2
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2
Department of maritime sciences, University of Zadar, Mihovila Pavlinovića 1, 23000 Zadar, Croatia
E-mail: vedran.mrzljak@riteh.hr, jasna.prpic-orsic@riteh.hr, ipoljak1@unizd.hr, igospic@unizd.hr
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Abstract: This paper presents thermodynamic (energy and exergy) analysis of backpressure (BPT) and condensing (CT) steam turbines from
cogeneration system. Based on the measurement data from exploitation it is performed calculation of main operating parameters for both
turbines and its comparison. Analysis shows that BPT develops significantly lower mechanical power (22821.90 kW) in comparison to CT
(30893.10 kW), but also BPT has more than four times lower energy and exergy power losses when compared to CT. Due to much lower
losses, BPT has significantly higher energy and exergy efficiencies (93.26% and 94.95%, respectively) in comparison to CT (82.63% and
83.87%, respectively). Energy and exergy power of a steam flow related to both observed turbines show that the BPT is the dominant heat
supplier for all heat consumers inside the cogeneration system.
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extraction – BPT through its extraction delivers a certain steam
mass flow rate to the first heat consumer (Heat consumer 1), while
CT through its extraction delivers a certain steam mass flow rate to
the second heat consumer (Heat consumer 2). Steam after expansion
in BPT is delivered to Heat consumer 2, while steam after
expansion in CT has pressure significantly below the atmospheric
one and can be delivered only to the steam condenser for
condensation [18].
Along with satisfying the needs of both heat consumers (Heat
consumer 1 and 2), both analyzed steam turbines produce electrical
power by driving own electrical generators, Fig. 1.

1. Introduction
Steam turbines, in a recent years, have a wide usage worldwide.
The dominant function of a steam turbines is electrical power
production in a various conventional or non-conventional steam
power plants [1, 2]. However, steam turbines can also be found in a
various marine propulsion systems [3-5], in a combined-cycle
power plants (combined with gas turbines) [6, 7], as well as in
various cogeneration systems where steam turbines are used for
electrical power production and heat supply simultaneously [8].
Low-power steam turbines have an important role inside various
plants or systems as an auxiliary components. Such steam turbines
can be used also for the electrical power production [9, 10], for the
drive of various high-pressure pumps [11, 12], or for the drive of
various components which operation has an important role inside
many plants or systems. Mentioned low-power steam turbines, in
comparison to medium or high-power steam turbines, have a much
lower efficiencies [13], but also various advantages and benefits in
comparison to other power producers.
In the literature can be found various classifications of steam
turbines [14]. One important classification is according to steam
pressure at the turbine outlet – in this manner steam turbines are
divided on backpressure and condensing steam turbines.
Backpressure steam turbines have steam pressure at the outlet (after
steam expansion inside the turbine) far above the atmospheric
pressure – steam after such turbine is used for various heating
purposes [15]. Steam pressure at the outlet of condensing steam
turbines is far below the atmospheric pressure – such steam cannot
be used anywhere else in the plant or system, it must be delivered to
steam condenser for condensation [16].
This paper presents thermodynamic (energy and exergy) analysis
of two steam turbines (backpressure and condensing) from
cogeneration system. Based on the measured data from exploitation
are calculated, presented and compared real (polytropic) and ideal
(isentropic) mechanical power, energy and exergy power losses as
well as the energy and exergy efficiencies of both analyzed
turbines. The presented analysis gives an interesting comparison of
backpressure and condensing steam turbines simultaneous
operation.

Fig. 1. Scheme of the analyzed backpressure (BPT) and condensing
(CT) steam turbines from a cogeneration system

2. Operating principle and description of the analyzed
backpressure and condensing steam turbines

Fig. 2. General overview of real (polytropic) and ideal (isentropic)
steam expansion processes inside BPT and CT in specific enthalpyspecific entropy diagram

Scheme of the analyzed backpressure (BPT) and condensing
(CT) steam turbines is presented in Fig. 1. In the same figure are
clearly visible operating points where the measurements in
exploitation are performed with an aim to obtain all the necessary
steam operating parameters required for the analysis.
In the cogeneration system inside which the analyzed steam
turbines operate, superheated steam is produced in steam generator
[17] and delivered simultaneously to BPT and CT (with different
mass flow rates). Both analyzed steam turbines have one steam

Real (polytropic) and ideal (isentropic) steam expansion
processes in specific enthalpy-specific entropy diagram of both
analyzed steam turbines are presented in Fig. 2. Real (polytropic)
steam expansion process is marked with green curve and operating
points A-B-C. Ideal (isentropic) steam expansion process assumes
always the same steam specific entropy during the expansion, this
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with abbreviation – is. All of the equations required for the BPT and
CT analysis are presented in Table 1.

process is in Fig. 2 marked with a red dashed line and operating
points A-Bis-Cis. Ideal (isentropic) steam expansion process
assumes the same steam mass flow rates and is performed between
the same pressures as real (polytropic) steam expansion process.
For the BPT, operating points A-B-C from Fig. 2 corresponds to
operating points 1-2-3 from Fig. 1. For the CT, points A-B-C from
Fig. 2 corresponds to operating points 4-5-6 from Fig. 1.

Table 1. Equations for the energy and exergy analysis of BPT and
CT
Calculated
parameter
Real
(polytropic)
mechanical
power
Ideal
(isentropic)
mechanical
power
Energy
power loss

3. Equations for thermodynamic analysis
3.1. Overall equations for the energy and exergy analysis
Energy analysis of any system or a control volume has basis in
the first law of thermodynamics [19, 20]. Overall energy balance
equation, while disregarding potential and kinetic energies, can be
written according to [21] as:
𝑄IN + 𝑃IN +

𝐸𝑛IN = 𝑄OUT + 𝑃OUT +

𝐸𝑛OUT .

(1)

Energy
efficiency

In Eq. 1 and throughout the paper, P is mechanical power in
(kW), while 𝑄 is energy heat transfer in (kW). Index IN
corresponds to the system or component inlet (input) and index
OUT corresponds to the system or component outlet (output). 𝐸 𝑛 is
a total energy power of operating medium flow in (kW), defined
according to [22] by following equation:
𝐸 𝑛 = 𝑚 ∙ ℎ.

𝐸𝑥IN = 𝑃OUT +

(4)

Turbine
𝑇

(5)

𝑇

In Eq. 5 and throughout the paper, T is temperature in (K), while
index 0 corresponds to the ambient state. 𝐸 𝑥 is a total exergy power
of operating medium flow in (kW) which can be calculated as [28]:
𝐸 𝑥 = 𝑚 ∙ 𝜀.

BPT

CT

In Eq. 6 and throughout the paper, 𝜀 is specific exergy of
operating medium in (kJ/kg), defined according to [29] by using an
equation:
(7)

cumulative energy (exergy ) outlet (output )
cumulative energy (exergy ) inlet (input )

.

𝐸 𝑛L,BPT = 𝑃is ,BPT − 𝑃re ,BPT (11) 𝐸 𝑛L,CT = 𝑃is,CT − 𝑃re ,CT

(17)

𝜂en ,BPT =

𝑃re,BPT
𝑃is,BPT

𝜂en ,CT =

(12)

𝑃re,CT
𝑃is,CT

(18)

(19)

1

490.00

65.0

33

3393.2

6.8086

1367.80 Superh.

2

210.00

8.0

5

2862.5

6.8653

820.20 Superh.

3

127.41

2.5

28

2672.9

6.9435

607.21

4

490.00

65.0

39

3393.2

6.8086

1367.80 Superh.

5

127.41

2.5

25

2672.9

6.9435

607.21

0.98

6

37.63

0.065

14

2472.8

7.9903

95.06

0.96

0.98

* According to Fig. 1.

Steam operating parameters of the ideal (isentropic) expansion
process required for the analysis are presented in Table 3.

In Eq. 7 and throughout the paper, s is specific entropy of
operating medium in (kJ/kg∙K). The general definition of any
system or a control volume energy and exergy efficiency is:
𝜂en ,ex =

(16)

Mass
Specific Specific Specific
Op. Temp. Pressure flow
Steam
enthalpy entropy exergy
point* (°C)
(bar) rate
quality
(kJ/kg) (kJ/kg∙K) (kJ/kg)
(kg/s)

(6)

𝜀 = ℎ − ℎ0 − 𝑇0 ∙ (𝑠 − 𝑠0 ).

𝑃is,BPT = 𝑚1 ∙ ℎ1 − ℎ2is
𝑃is,CT = 𝑚4 ∙ ℎ4 − ℎ5is
(10)
+ 𝑚1 − 𝑚2
+ 𝑚4 − 𝑚5
∙ ℎ2is − ℎ3is
∙ ℎ5is − ℎ6is

Table 2. Steam parameters in each operating point of Fig. 1 – real
(polytropic) expansion process

In Eq. 4 and throughout the paper, 𝐸 𝑥D is exergy destruction
(exergy power loss) in (kW), while 𝑋H is the exergy transfer by
heat at the temperature T in (kW), defined by an equation [27]:
𝑋H = (1 − 0 ) ∙ 𝑄 .

𝑃re ,CT = 𝑚4 ∙ ℎ4 − ℎ5 +
(15)
𝑚4 − 𝑚5 ∙ ℎ5 − ℎ6

Steam operating parameters (temperature, pressure and mass flow
rate) in each operating point from Fig. 1 are found in [30] and
presented in Table 2 for the real (polytropic) steam expansion
process of both analyzed turbines (BPT and CT). Steam specific
enthalpies, specific entropies and steam quality in each operating
point from Fig. 1 are also presented in Table 2 – they are calculated
by using NIST REFPROP 9.0 software [31]. Steam specific
exergies in each operating point of each turbine presented in Table
2 are calculated for the ambient pressure of 1 bar and the ambient
temperature of 25 °C by using Eq. 7.

(3)

𝐸𝑥OUT + 𝐸 𝑥D .

(9)

Eq.

4. Steam operating parameters required for the energy
and exergy analysis

Exergy analysis of any system or a control volume has a basis in
the second law of thermodynamics [24, 25]. The general exergy
balance equation of any system or a control volume is defined as
can be found in the literature [26] by using an equation:
𝑋H + 𝑃IN +

𝑃re ,BPT = 𝑚1 ∙ ℎ1 − ℎ2
+ 𝑚1 − 𝑚2 ∙ ℎ2 − ℎ3

CT

𝑃re ,BPT
𝑃re ,CT
Exergy
𝜂
=
(14) 𝜂ex ,CT =
(20)
efficiency ex ,BPT 𝐸𝑥1 − 𝐸 𝑥2 − 𝐸𝑥3
𝐸 𝑥4 − 𝐸 𝑥5 − 𝐸 𝑥6

(2)

𝑚OUT .

Eq.

Exergy
𝐸 𝑥D,BPT =
𝐸 𝑥D,CT =
destruction
(13)
𝐸 𝑥4 − 𝐸 𝑥5 − 𝐸 𝑥6 − 𝑃re ,CT
(exergy 𝐸 𝑥1 − 𝐸 𝑥2 − 𝐸𝑥3 − 𝑃re ,BPT
power loss)

In Eq. 2 and throughout the paper, 𝑚 is operating medium mass
flow rate in (kg/s) and h is operating medium specific enthalpy in
(kJ/kg). During system or a component operation usually did not
occur operating medium mass flow rate leakage, so valid mass flow
rate balance is [23]:
𝑚IN =

BPT

Table 3. Steam parameters in each operating point of Fig. 1 – ideal
(isentropic) expansion process
Turbine

(8)

Presented equations and balances will be used in energy and
exergy analysis of both observed steam turbines (BPT and CT).

BPT

3.2. Energy and exergy analysis equations of backpressure
and condensing steam turbines
Equations for the energy and exergy analysis of backpressure
(BPT) and condensing (CT) steam turbines are based on the
operating points presented in Fig. 1. For the ideal (isentropic) steam
expansion process are used the same operating points from Fig. 1

CT

Pressure
(bar)

Mass flow
rate (kg/s)

1

65.0

33

6.8086

3393.2

2is

8.0

5

6.8086

2835.5

3is

2.5

28

6.8086

2618.8

4

65.0

39

6.8086

3393.2

5is

2.5

25

6.8086

2618.8

6is

0.065

14

6.8086

2105.6

** According to Fig. 1 and Table 1.

4

Specific
Specific
entropy
enthalpy
(kJ/kg∙K) (kJ/kg∙K)

Operating
point**
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(energy or exergy) in comparison to CT, Fig. 4 and Fig. 5. Also, as
for the both observed steam turbines exergy power loss (exergy
destruction) is lower in comparison to the energy power loss, Fig. 4,
exergy efficiencies of both observed steam turbines are higher than
energy efficiencies, Fig. 5. For the BPT, obtained energy efficiency,
calculated by using Eq. 12 is equal to 93.26%, while obtained
exergy efficiency of the same turbine, calculated by using Eq. 14 is
equal to 94.95%. For the CT, obtained energy efficiency, calculated
by using Eq. 18 is equal to 82.63%, while obtained exergy
efficiency of the same turbine, calculated by using Eq. 20 is equal to
83.87%, Fig. 5.

5. Results and discussion
BPT real (polytropic) mechanical power is calculated by using
Eq. 9, while the ideal (isentropic) mechanical power of the same
turbine is calculated by using Eq. 10. In exploitation conditions,
BPT shows a good performance because real (polytropic)
mechanical power is only slightly lower in comparison to the ideal
(isentropic) mechanical power (22821.90 kW in comparison to
24471.70 kW), Fig. 3.
Real (polytropic) and ideal (isentropic) mechanical power of a
CT are calculated by using Eq. 15 and Eq. 16, respectively. Real
(polytropic) steam expansion process of CT shows high difference
in comparison to the ideal (isentropic) steam expansion process
(real mechanical power is equal to 30893.10 kW, while ideal
mechanical power is equal to 37386.40 kW), Fig. 3. Those results
for CT leads to conclusion that the real expansion process can be
significantly improved (with an aim to be as close as possible to the
ideal one).
Direct comparison of BPT and CT from Fig. 3 leads to another
conclusion that BPT produces significantly lower mechanical power
(both ideal and real) in comparison to CT, but the real (polytropic)
steam expansion process of BPT is much closer to the ideal
(isentropic) one than in the case of CT. This element will result with
much higher energy power loss of CT (in comparison to BPT).

Fig. 5. Energy and exergy efficiency of two analyzed steam turbines
(BPT and CT)
Energy and exergy power of each steam flow stream (in each
operating point) from Fig. 1 are presented in Fig. 6. From Fig. 6 can
also clearly be seen energy and exergy power of a steam flow
delivered to all heat consumers. In each operating point from Fig. 1,
energy power of a steam flow is calculated by using Eq. 2, while
exergy power of a steam flow is calculated by using Eq. 6.
As expected, the highest energy and exergy power of a steam
flow are related to inlet of both turbines (operating point 1 for BPT
and operating point 4 for CT, Fig. 1). Due to higher steam mass
flow rate delivered to CT inlet, both energy and exergy power of a
steam flow are higher at the inlet of CT (in comparison to BPT
inlet). Fig. 6 clearly presents that Heat consumer 1 is actually
secondary heat consumer inside observed cogeneration system energy and exergy power of a steam flow delivered to Heat
consumer 1 are much lower in comparison to energy and exergy
power of a steam flow delivered to Heat consumer 2 from each of
the observed steam turbines. However, it should be noted that both
energy and exergy power of a steam flow delivered to Heat
consumer 2 are higher from BPT than from a CT. Therefore, BPT is
more involved in satisfying Heat consumer 2 needs in comparison
to CT.

Fig. 3. Real (polytropic) and ideal (isentropic) mechanical power
comparison of two analyzed steam turbines (BPT and CT)
A conclusion derived from Fig. 3 related to energy power loss of
both observed steam turbines can be clearly seen in Fig. 4 – energy
power loss of BPT is equal to 1649.80 kW, while energy power loss
of CT is almost four times higher (6493.30 kW). Energy power loss
of BPT is calculated by using Eq. 11, while energy power loss of
CT is calculated by using Eq. 17.
The same trend related to energy power loss of both analyzed
turbines is obtained in exergy power loss, with a note that CT has
almost five times higher exergy power loss (exergy destruction) in
comparison to BPT (5940.05 kW in comparison to 1212.62 kW),
Fig. 4. Exergy power loss (exergy destruction) of BPT is calculated
by using Eq. 13, while the same variable for CT is calculated by Eq.
19.
Therefore, for both analyzed turbines can be concluded that
energy power loss and exergy power loss show the same trend and
for both analyzed turbines exergy power loss (exergy destruction) is
lower in comparison to the energy power loss.

Fig. 6. Energy and exergy power of a steam flow in each operating
point from Fig. 1.
From Fig. 6 can be also seen one expected fact – the lowest
exergy power of a steam flow, while observing all operating points
from Fig. 1, is related to steam flow delivered to Steam condenser
(1330.8 kW). This fact can be explained from the exergy analysis
definition – in comparison with energy analysis which did not take
into account the conditions of the ambient in which control volume
or a system operates, exergy analysis takes into account the
temperature and pressure of the ambient in which control volume or
a system operates. Steam flow which has a temperature the closest
to the ambient temperature will have the lowest specific exergy,
Table 2, and in this analysis that is a steam flow delivered to Steam
condenser.

Fig. 4. Energy and exergy power loss of two analyzed steam
turbines (BPT and CT)
Power loss and efficiency (energy or exergy) of various control
volumes are usually reverse proportional. The same is valid for the
observed steam turbines – BPT which has significantly lower power
losses (energy or exergy) has significantly higher efficiencies
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6. Conclusions
The paper presents thermodynamic (energy and exergy) analysis
of backpressure (BPT) and condensing (CT) steam turbines from
cogeneration system. Measured data from exploitation are used for
calculation and comparison of real (polytropic) and ideal
(isentropic) mechanical power, energy and exergy power losses as
well as the energy and exergy efficiencies of both analyzed
turbines. The most important conclusions from the performed
analysis are:
- BPT in comparison to CT produces lower mechanical power (both
real and ideal).
- Both power losses (energy and exergy) are significantly lower for
BPT when compared to CT.
- Exergy power loss (exergy destruction) of both analyzed steam
turbines is lower than energy power loss.
- Lower power losses of BPT results with significantly higher
efficiencies (both energy and exergy) in comparison to CT.
- Energy and exergy power of a steam flow related to both observed
turbines show that the dominant heat consumer inside the observed
cogeneration system is Heat consumer 2.
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Study of binary liquid capillary bridges stretched between two solid flat surfaces
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Abstract: Liquid capillary bridges (CBs), created between two flat solid surfaces, parallel to each other, are of significant importance for
number of scientific and industrial applications. In this paper, we present our experimental investigation of the liquid CBs at stretching,
created by two immiscible liquids: cedar oil–water and paraffin-water with common interface. The behaviour of these binary structures was
studied and compared with that of the single liquid CBs. It was found that the binary liquid CBs exist in the same definition domain as the
single liquid CBs. Moreover, the current paper is focused not only on static, but also on non-equilibrium behaviour of CBs. We demonstrate
that the binary liquid CBs can be engineered by the proper combination of polar (water) and non-polar (oil) fluids and these CBs exist
within the theoretically predicted domain. The experimental results of water/cedar oil and water/paraffin binary CBs shows that the paraffin
spreads in water surface and modifies the overall surface tension of the system, while the cedar oil and water retain their surface properties
within the binary structure.
Keywords: BINARY, LIQUID, DEFINITION DOMAIN, STRETCHING, CAPILLARY BRIDGES
scaled by 𝑟𝑚 (the CB waist radius). The parameter C is the
𝑋 sin 𝜃 −1
𝑟
dimensionless capillary pressure: 𝐶 =
≡ ∆𝑃 𝑚 , where  is
𝑋 2 −1
2𝜎
the surface tension [17].

1. Introduction
Behavior of liquid capillary bridges (CBs), created between two
solid surfaces is a topic that attracts the attention of mathematicians
and physicists more than two hundred years. These shapes possess
constant mean surface curvature, a property discovered by the
French astronomer C. Delanay [1]. The ability of liquid water to
create CBs was known and used by the ancient civilizations (as
example on the walls in the tomb of the Egyptian nomarch,
Djehutihotep is depicted a scene of a deliberately CBs creation in
order to be increased the stiffness of the sand during the
transportation of a colossal statue [2]).

Previously, we developed a theoretical approach for analysis of
stretching behavior of a capillary bridge between two flat surfaces.
We derived two important equations, related to the dimensionless
dependence of height and volume from the radius. We introduced
𝑅
the dimensionless contact line radius 𝑋 = , and R, dimensional
𝑟𝑚

contact line radius [17]. In the current paper we analyze
experimentally obtained data in relation of the dimensionless height
to dimensionless coordinate X, which is in the theoretical form as
follows:

Investigation of CBs at stretching is a well-known approach in
their analysis. This approach reveals not only their ability to exist
but also the possible ways for industrial applications such as
soldering [3], tire adhesion to road [4] etc. as well as selfassemblies of particles in liquid films [5].
CBs breakage can be investigated in two directions: The first
one is dedicated to investigation of CBs instabilities, originally
proposed by Rayleigh, [6]. Over the years various authors
contributed to this topic [7-15]. The second direction is based on
their pure static behavior. Stretching the bridge with constant
volume as a set of steady-state states, at different height, where the
height is increased until the breakage took place. In our previous
papers [16-18], we theoretically show that the liquid bridge between
two flat solid surfaces can exists within mathematically defined
boundary, that we call a definition domain. Additionally, we
introduce the curves formed with equal contact angles, isogones
(see below Fig. 3&4).

𝑋

𝐼0 𝑋, 𝐶 =
1

𝑟

𝑟𝑚

and 𝑦 =

𝑧

𝑟𝑚

1 + 𝜉2 𝐶 − 1
𝜉2 − 𝜉2 𝐶 − 1

2

𝑑𝜉

2

3. Materials experimental setup and method
Materials
In the current study, we used distilled water, cedar oil (CAS-No.
8000-27-9, R:38 by VALERUS) for microscopic applications and
liquid paraffin (CHEMAX PHARMA) for pharmaceutical
application, made according to Ph. Eur [0240]. The physical
properties of the liquids are summarized in Tab. 1. The oils possess
density slightly lower than the water density. The viscosity of cedar
oil is more than 10 times higher than the liquid paraffin at 20 C.
Because the refractive indexes of both oils are higher than the
1.
refractive
index of water, then they could be distinguished on the
optical images.

The subject of our investigation is CBs in conditions of lack of
gravity, sketched in Fig. 1. The geometry equation that needs to be
solved, was formulated by Princen, [19] and in dimensionless form
[17] is:

where 𝑥 =

2

However, suitable numerical methods for integration can be
applied if needed and based on this we calculated the isogones
(black and grey curves in Figs. 3&4). These curves are very helpful
in order to investigate the theoretical contact angle relation to the
experimental data. They outline the CBs characteristics at static and
quasi-static stretching conditions. In our previous papers [17, 18],
we performed the experimental verification of this approach which
is a reliable alternative to the traditional solution as mentioned in [5,
19], where incomplete elliptic integrals [20-22] are involved.

2. Theoretical background

2

− 𝐼0 𝑋, 𝐶

The dimensionless parameter 𝐼0 𝑋, 𝐶 cannot be integrated
analytically:

Current paper extends these studies to non-equilibrium behavior
of the CBs during their stretching. Chapter two summarizes the
theoretical background for the current analysis. Chapters three and
four present our experimental procedure as well as the used
materials and the design of the equipment. Chapter four describes
our experimental approach. The obtained results are presented in
“Results and discussion” chapter. Finally, Chapter six summarizes
the results and conclusions, based on them.

𝑑𝑦
𝐶 𝑥2 − 1 + 1
=∓
𝑑𝑥
𝑥2 − 𝐶 𝑥2 − 1 + 1

1 − 2𝐶
− 𝑋2 − 1
2𝐶2
1 − 2𝐶
2𝐶2

ℎ
𝜋
1
=
−
asin
𝑟𝑚 4𝐶 2𝐶

1

are dimensionless cylindrical

coordinates, r is the current radius, z is the axial coordinate, both
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Table 1: Physical properties of the liquids used in the experiments [23, 24,
25].
Paraffin
Cedar oil (CO)
Water
(PO)
Thujopsene (27.6%),
Cedrol (15.8%),
methane
α - Cedrene (27.2%),
series
Contents
β - Cedrene (7.3%),
mixture,
α - Copaene (6.3%)
CnH2n+2
Widrol (1%)
refractive index n 20/D
1.519
1.473
1.333
2000-5000
100-145
1.0
Viscosity, mPa.s (20C)
HLB
16.7
10.5
Surface tension mN/m:

to water
0.5
50.5
31.4
45.1
72.7

to air
Density,g/cm3
0.940-1.000
0,827 - 0,89
1.0

shape of a part of a circle [17]. After several minutes waiting for
equilibration, manually, with constant speed, an increase of the CBs
height take place until a breakage occurs. This, entire process is
recoded by the camera and the obtained video is used for further
analysis.

4. Experimental approach
In our previous papers, we demonstrated that independently
from the type of the bridge (single or binary), if expanded
quasistatic way (as a number of static states) during its height
increase, the break-up is initiated around the boundary of the
definition domain (Fig. 3&4). We found previously that in the static
cases the three phase contact angles at the supporting plates do not
depend significantly on the used liquids. In the stretching at that
case, they do not change [16]
Current experimental study involves stretching of two types of
CBs: First, we create a single-liquid capillary bridge (Fig. 2a) in
order to identify the breakup boundaries, applied on pure liquids.
We continuously increase the height without stopping for
equilibration (unlike the approach for stretching applied in previous
papers [17-18]). We investigate three different liquids: distilled
water, cedar oil and liquid paraffine (oil). The increase of the CBs
height was performed in three different constant speeds for
sensitivity study of the breakage, as a function of the speed. As a
result, boundary cases of pure liquid are outlined.

Experimental setup
The following equipment was acquired and assembled for the
purpose of the investigation: The specially designed cell, consists of
two supporting plates: The lower, Fig. 1(1), is fixed and the upper
one, Fig. 1(2) can be moved in controllable way on z-axis (up and
down) by a micrometric screw (5). On the plates are placed special
type supporting tables, Fig. 1, upper (3) and lower (4), which in the
current investigation hold pre-cleaned glasses 22x22 mm of
thickness: 0.13 – 0.16 mm (cover glass for microscopy by
Deltalab). The glass plates are replaced before each new droplet
deposition for a CB creation. The recording camera is HAYEAR
16MP 1080P 60FPS USB C-mount, 3M censor, 1080P output, with
60 fps recording speed. The optical system allows to be recoded
images in polarized light, which significantly increases the contrast
of recoded images. The entire equipment is installed on four-axis
precise positioning system, which allows us to achieve very high
precision in positioning of the camera toward the analyzed
structures.
Method and the procedure
The concept of binary liquids usage in CBs study is not new,
see Ref. [26]. Unlike the other methods, we control the volumes of
each liquid, as well as their common contact interface by stretching.
The method of study in this investigation is optical recording of the
created CBs during their stretching until a breakage takes place. The
obtained images are recorded with a speed of 60 fps. The selected
frames from the records are analyzed by the help of the software
IMAGEJ, [27].

Fig. 2 Schematics of CBs, stretched between two solid flat surfaces: a)
created from a single liquid drop; b) created from two liquid drops, one of
them water and the other is from oil.

At the second step, we create binary liquid bridges in
combination of polar and nonpolar liquids, as shown in Fig. 2b. The
possibility, to create such a bridge, that the volumes of two droplets
are equal is very low (the contact surface A0, Fig. 2b), therefore we
consider sensitivity studies, of two combinations (Fig. 2b): upper
volume smaller than lower volume (B0 contact surface) and
opposite, where the liquids interface is expected to be the contact
surface B1. Further, two separate cases of upper droplet made from
non-nonpolar liquid while the lower volume is made from the polar
liquid and the opposite, see Tab. 2. This way, we investigated the
change of stretching properties of the modified CBs.

(5)
(2)
Recording
camera

Polarized light
source
(3)
(4)

(1)

We are looking to investigate the behavior of surface modified
liquid. Comparison of the of binary liquid bridge to corresponding
single liquid bridge stretching properties is an essential part of the
study. Finally, we look for reproducibility of the stretching
measurements, to obtain reliable results.

Fig. 1. Sketch of the experimental setup: (1) lower support plate, (2) upper
support plate, (3) and (4), plates (substrates) where are placed the glass
substrates (5) micrometric manual control.

The procedure of a single CB creation is well described in our
previous papers [17-18]. The actual procedure for creation of a
binary CBs involves placement of a pendant droplet on the upper
plate (4) and another, sessile on the lower plate (3), exactly below
the sessile one. One of them is made by the selected oils and the
other by water. In case of single liquid capillary bridge creation,
only one droplet is placed on the bottom plate (3), Fig. 1. Using the
micrometric control, the two droplets approach each other, until a
common oil/water interface is created. In this way, the binary CB is
formed, and its further stretching is subject of our investigation. The
newly created bridge is compressed until the generatrix takes the

5. Results and discussion
The selection of initial sizes of droplets is presented in Tab. 2.
There are considered eight binary cases: four of them are created
with bigger size of the water droplet and the remaining are created
with bigger size of the oil droplet. The column “Behavior” indicates
the water and oil volume difference (Tab. 2). The sign “–“indicates
the bigger oil volume than the volume of the water. In order to
study the sensitivity of this approach, in four of the cases the
pendant droplet is made by water, while in remaining cases, the oil
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droplets are placed pendant. The opposing sessile droplet is made
from water in case of pendant oil droplet and opposite if pendant
droplet is made from water.

The case represented in Fig. 4 shows two boundary cases,
similarly to Fig. 3, marked with circles (water single bridge, the
same cases in Fig. 3) and squires (cedar oil single bridges). The
stretching in these two cases takes place again with three different
speeds: the fastest cases of stretching are marked with green, the
slowest: with blue and the intermediate cases are denoted with
purple. The two guiding lines, help to follow the trends: green solid
for water cases and the blue solid for cedar oil cases. The breakage
of cedar oil CB takes place even closer to the boundary of the
definition domain than the water, despite its lower surface tension.
This indicates that cedar oil single liquid CBs, is in less extend
affected by the speed of increase of the height (in both cases very
similar, see description below Fig. 4), compared to single liquid
water bridge.

Table 2: Characteristics of droplets that are used for the creation of CBs
Upper droplet
Lower droplet
Total
CB
volume
Behavior
Vol.
Vol.
No
Material
Material
mm3
mm3
1
0,014
water
0,017
Cedar
0.031
-0.003
2
0,015
water
0,047
Paraffin
0.062
-0.032
3
0,016
cedar
0,044
water
0.06
0.028
4
0,019
paraffin
0,033
water
0.052
0.014
5
0,051
water
0,022
cedar
0.073
0.029
6
0,037
cedar
0,012
water
0.049
-0.025
7
0,036
paraffin
0,013
water
0.049
-0.023
8
0,049
water
0,032
paraffin
0.081
0.017

From Fig. 4 is seen that the cases (red and yellow triangles)
where the initial pendant droplet is made from water, show
reproducible behavior and the stucrure is so strong that the initiation
of the breakage takes place beynd the point of single water bridge
breakage.

Figs. 3&4 shows the dynamics of the stretching in macroscopic
𝐻
1
coordinates 𝐻 ∗ = as a function of the coordinate , according to
𝑟𝑚

𝑋

the derived in previous paper, [17], Eq. (2).

The other cases of CBs made from cedar oil, pendant droplets
show strong dependence on the difference in volime of two initial
droplets. This conclusion is based on tha fact that the estimated
stretching speed in these two cases is almost identical but the
behavior of two binary bridges is very different. The brown
sequence (No. 3, Tab. 2) with bigger water volume than cedar oil
shows behavior that tends to imitate the behavior of water single
capillary bridge. The other case of initial upper water pendant
droplet but smaller volume than the volume of cedar oil tends to
behave as a single volume cedar oil bridge (sequence No. 6, Tab. 3).

In Fig. 3 is presented investigation of the case of paraffine/oil
binary liquid bridges. The two boundary cases are marked with
circles (water single bridge) and triangles (paraffine single bridges).
The stretching in these two cases takes place with three different
speeds: the fastest stretching is marked in green, the slowest: in blue
and the intermediate cases are denoted in purple. The two guiding
lines, help to follow the trends: “green solid” for water cases and
“blue solid” for paraffin cases. We found out that in the case of
dynamic stretching (without intermediate stopping for
equilibration), the definition domain is not exceeded. However, the
points of spontaneous breakage are different for water and paraffin
cases. Moreover, we found that at different stretching speeds the
breakage takes place at the same points. The binary bridges, made
from pendant paraffin droplets (yellow and red triangles) show
insignificant dependence on the relative size difference of two
initial droplets. The breakage takes place somewhere between
breaking points of water and paraffin single bridges, which is clear
indication of the overall surface tension modification, possibly
because of the oil spreading on the entire CB surface, due to
gravity. The opposite cases of pendant water droplets exhibit
different behavior: stronger dependence on the initial droplets
volume difference as well reduced modification of the surface
tension by the oils. The breakage of CB takes place near to the
boundary of the definition domain.
0.8

dimensuionless height, H*

0.7

Boundary
30.0

Based on the observations of data in Fig. 4, one can conclude
that no spreading of the cedar oil on the water surface takes place.
In this case, the binary structure of the one, described in Fig. 2b is
created, while in the case of paraffin/water binary bridge the water
surface is modified additionally by the paraffin surface spreading
which leads to the behavior of a new structure with different surface
properties than the expectations.
Boundary

Water CB breakage

Water CB breakage

0.6

Cedar oil CB
breakage

15.0

0.5
7.5

0.4

0.57

0.3

Fig. 4 Stretching of binary cedar oil/water bridges, compared with
stretching of single liquid water and cedar oil CBs: for water green, purple
and blue circles correspondingly indicate 65.3, 46.4, 38.9 μm/s stretching
speed (guided by green solid line); for cedar oil green, purple and blue
triangles correspondingly indicate 67,3, 63.6, 50.1 μm/s stretching speed
(guided by blue solid line); binary CBs No. 1 and 5 in Tab. 2, stretching with
51.2 and 94.1 μm/s marked correspondingly with yellow red triangles
(guided with yellow and red dashed curves); binary CBs No. 3 and 6 in Tab.
2, stretching with 57.3 and 54.5 μm/s, marked correspondingly with brown
and purple rhombs, (guided with brown and purple dashed curves).

Paraffin CB
breakage

0.2
0.1
0.0
0.2

0.4

0.6
0.8
dimensionless radius, 1/X

1.0

Fig. 3 Stretching of binary paraffin/water bridges, compared with
stretching of single liquid water and paraffin CBs: for water green, purple
and blue circles correspondingly indicate 65.3, 46.4, 38.9 μm/s stretching
speed (guided by green solid line); for paraffin green, purple and blue
triangles correspondingly indicate 91.9, 70.0, 63.2 μm/s stretching speed
(guided by blue solid line); binary CBs No. 4 and 7 in Tab. 2, stretching with
89.8 and 104.6 μm/s marked correspondingly with yellow red triangles
(guided with yellow and red dashed curves); binary CBs No. 2 and 8 in Tab.
2, stretching with 59.8 and 99.9 μm/s marked correspondingly with brown
and purple rhombs (guided with brown and purple dashed curves).

Figure 5 presents samples of CBs stretchng. The CBs in Fig.
5a&b show increase of binary cedar oil/water CBs heights. If
compare these sequences with single liquids CBs stretching, water
(Fig. 5e) and cedar oil (Fig. 5f) the binary bridges behavior
recembles more the CBs made from pure oils. This is confirmed
with the data, presented in Fig. 4.
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From Figs. 5c&d is seen that during CBs stretching, the
syneretic effect of two oils mixing apears more significantly if
compared with the stretching of the CBs made by single liquids,
water (Fig. 5e) and paraffin (Fig. 5f). This indicates that indeed the
structures of CBs were modified, which is a way to engineer their
surface properties.

5.
6.
7.
8.
9.
10.
11.
12.
13.
14.
15.
16.
17.
18.
19.
20.

Fig. 5 Selected pictures from different CBs stretching: a) sequence No. 3 in
Tab. 2; b) sequence No. 5, in Tab. 2; c) sequence No. 8 in Tab. 2; d)
sequence No. 2 in Tab. 2; e) sequence of water single capillary bridge; f)
sequence of cedar oil CB; g) sequence of paraffin.

21.

22.

6. Summary and conclusions
Binary CBs are interesting engineering structures that can find
future application in the industry. The current investigation
indicates that creation of the binary CBs is a complicated process
that can lead to water surface tension modification by the non-polar
liquid and the behavior of the structure is different than the CBs
made by source liquids.

23.
24.
25.

We investigated two binary bridges: water/paraffin and
water/cedar oil. Our results indicated that water/cedar oil CB is
promising structure in terms of Fig. 2b. The results show that
despite we assume the negligible influence of the gravity. It
strongly affects the behavior of CBs. Our binary structures can
overcome the gravity influence, Fig. 5e.

26.
27.

Our further work will be dedicated to development of a suitable
theoretical model for prediction of the binary CBs behavior as well
as an experimental determination of their surface tension.
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Stakeholder analysis for development of knowledge management system in micro- and
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Abstract: Knowledge management relates to the vast majority of business-processes at enterprises in knowledge-intensive sectors, such as
nanoindustry. In particular, all stages of the new products’ creation, i.e., research, development, launch of the production line,
manufacturing and operation, are associated with the new knowledge generation. However, one can find numerous inefficiencies in the
existing business-processes due to a lack of communication and poor data handling. Although the financial consequences of ignoring these
problems are significant for the enterprises, the absence of step-by-step solution plan and human resource overload make it necessary to
look for different ways to solve the issues related to this topic. In order to successfully solve the detected problems and thus ensure support
for the further development of the knowledge management system, five key directions were formulated based on the interviews with
stakeholders.
Keywords: KNOWLEDGE, KNOWLEDGE MANAGEMENT, NANOINDUSTRY, STAKEHOLDERS
Table 1: Suggested matching between the stages of micro- and
nanoelectronics technology life cycle, specific types of technology
development activities, and the key groups of stakeholders participating in
these activities.

1. Introduction
Being one of the essential spheres of Industry 4.0, nanoindustry
is among the most knowledge-intensive sectors. Indeed, the
organizations linked to micro- and nanotechnology are constantly
generating and consuming data, information, and knowledge.
Analyzing the other companies’ attempts to improve the
corresponding business-processes in order to achieve higher
productivity, one of the most promising ways is the development of
knowledge management system.

Life cycle stage
Initial research
Inflated
expectations
Trough
of disillusionment
Slope
of enlightenment
Plateau
of productivity

This system is applicable at least in three key aspects of
innovative organization, particularly in the social, commercial, and
scientific-technical activities. For example, after establishing the
direct communication between the fundamental research groups and
development departments, the problems can be formulated and
solved faster. This, in turn, allows to allocate the precious highlyqualified specialists to the new projects. Stronger project teams
stimulate the advances in the fundamental and applied research as
well as provide the opportunity to create new products. Thus, the
organization does not only faster gains intellectual capital, but also
increases its revenue. Similar chain effects set the ground to
develop and run a knowledge management system in organization.

Activity

Agents

Fundamental
research
Applied
research
Study
of requirements
Implementation
in production
Analysis
of operation

Universities and
academic institutes
Industrial institutes
Customers
Manufacturers
Consumers

More than 60 years of progress in microelectronics allows to
certainly locate its position at the life cycle curve, and it is at the
productive stage. That means that in order to develop an advanced
knowledge management system, one requires to account for the
needs of all types of participants in knowledge-generation
processes.

The fastest way to launch such a system would be to integrate
one of the ready-to-use knowledge management tools or adjust one
of the multiple knowledge management models developed by
several research groups who studied the innovation process in
companies since 1970-s. Unfortunately, none of these instruments
are task-specific enough, i.e. they do not account for the dynamics
and variability of technology development, so there is no
straightforward recipe for implementing an information system at
microelectronics enterprises using one of them. This implies that
specific organizations are involved in different types of knowledge
generation activities. Moreover, one can denote these groups as
knowledge sources and classify them by their roles and functions.

3. Stakeholders demands
Based on results of the initial round of interviews with the
agents both within and outside the research organization, five topics
were formulated as the issues where lack of either communication
or information analysis lead to some form of inefficiency, e.g., loss
of revenue or irrational resource consumption. We will now work
through each task and consider the opportunities to address the
stakeholders’ requests.

3.1. Accessing the lessons learned

2. Knowledge sources

The experience gained while working on projects is extremely
valuable because it can help you avoid making similar mistakes in
the future. After being analyzed, the accumulated knowledge
provides the project leaders an opportunity to manage time and
money more cost effectively. Besides that, the obtained results
might help to assess the organization's capabilities in terms of
research and development speed, holders of expertise, and
opportunities within the collaboration partner network.

Table 1 illustrates the attempt to match the stages of technology
life cycle as exemplified by the field of micro- and nanoelectronics
to the types of activities which are related to the knowledge
generation [1]. One can observe that the transition to the next level
of technology’s development shall trigger both the new sources of
knowledge and some new streams of information that must be
carefully gathered and analyzed.

Currently the company does not have even an electronic
database of stored project documents. Their scans are stored in the
individual folders of various department employees who have been
assigned the processing of specific project after its completion.

It shall also be stated that due to the complexity of the field,
there are multiple branches in microelectronics, which go through
the same steps during their evolution. In case all the obstacles to the
development of such a branch which make it incompatible with the
core technology, are resolved, then the technology itself becomes
part of the micro- and nanotechnology.
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3.2. Assembling a project team

4. Results and Discussion

One of the biggest challenges for launching the new projects is
the staffing. It is quite frequent when the assigned project leader
needs to find several researchers or developers with relevant
experience as well as new unqualified members with the right
motivation.

We have found five issues which can be tackled using the
elements of prospective knowledge management system. These
points are considered as the candidates for the “quick wins”, where
the members of associated business functions will notice the
positive impact of initial steps of knowledge management system
development. This will also facilitate the integration of this system
into organization’s business processes related to knowledge
creation.

The current common practice in this regard is escalation to the
management level for further search of staff among different
departments. However, the project leader could conduct the primary
search for candidates based on their activity in previous projects and
provide the suggestions or even conduct one-on-one interviews
before that.

5. Conclusion
Developing a knowledge management system for the enterprise
in nanoindustry involves identifying the internal and external
stakeholders, their roles and functions. In order to successfully
implement and anchor the solution, we identified the issues with
highest impact on the revenue and employee productivity, which
could be solved using certain elements of the prospective
knowledge management system.

3.3. Customer development
The surest way to bring in more revenue is to make a product
that is in demand. In turn, in order to ensure demand, it is necessary
to involve the customer in the development of the product. By
consistently testing hypotheses, project teams will be able to
identify true needs and develop exactly the solution systems that
will meet them.

6. References
1. A. Sharapov, E. Gornev, Russ Tech J 10, 2 (2022)
2. F. Ronzano, H. Saggion. "Knowledge extraction and modeling
from scientific publications." International workshop on semantic,
analytics, visualization. Springer, Cham, 2016

Currently, this information is transmitted through several levels
of institutions via the terms of reference, which may have very little
in common with the true voice of customer due to the written
document format restrictions and time delays.

3.4. Innovation and technological intelligence
In order to improve the enterprise positioning, one shall
continuously perform a detailed analysis of commercially available
products and technologies, as well as scientific achievements. These
measures, also known as technological scouting, allow to make a
more accurate picture of available microelectronic technologies on
the market [2].
This type of market and scientific research is not carried out on
a regular and centralized way, but rather delegated to the technical
leaders of the relevant fields. They get this information when they
attend events, study the publications, and communicate with
colleagues.

3.5. Root-cause analysis of defects
Defects are random nanoscale imperfections that characterize
the nonideality of real devices. These defects impact simultaneously
not only the performance of single devices, but also the yield of the
whole production line.
The statistical process control which is currently the primary
tool of quality management in nanofabrication, does not provide
sufficient information on the source of the problem.
Digital twins will allow to perform the complex analysis and
localize the source of the issue minimizing the time spent on
experimental testing of hypotheses suggested by the board of
experts.
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Abstract: Almost half of all known to date proteins contain metal co-factors. Over the course of 3–4 billion years of organism evolution,
several metal species of different oxidation state (Na+, K+, Mg2+, Ca2+, Zn2+, Mn2+, Fe2+/3+, Co2+/3+, Ni2+ and Cu+/2+) have been chosen to
participate in key biological processes. They are known as “native”, or “biogenic” metals. On the other end stand toxins like mercury and
lead, which poison the recipient by competing with the natural co-factors for binding the essential proteins. As a third example, however,
should be outlined some abiogenic metal species, which exert a curative effect on the host organism, and are, therefore, applied in medicine
as novel drugs. Such are silver (Ag+), strontium (Sr2+), and gallium (Ga3+). The current study investigates their ability to compete with the
native cuprous (Cu+), calcium (Ca2+), and ferric (Fe3+) cations, respectively, by exploiting the methods of the computational chemistry.
Nowadays, silver finds broad application in many areas of medicinal use, e.g. being added to dressings of burn wounds as a concomitant
therapy of skin ulcers, as a potential water disinfectant, or even in ophthalmology as an active component in eye drops. Strontium prevents
the destruction of bones and contributes to their restoration. Sr2+ salt of ranelic acid is a medication (under the names Protelos, Protos,
Strontium ranelate Aristo) used for treatment of osteoporosis in postmenopausal women and very elderly patients. Gallium, in its cationic
form (Ga3+), is well known for its anticancer activity. Nonetheless, recent experimental studies have considered the employment of gallium
as a promising “Trojan horse” strategy against pathogenic microorganisms. Herewith, we set on a quest for deciphering the most acclaimed
mechanisms of therapeutic action of the aforementioned metal cations at atomic level. The obtained results shed light on the intimate
mechanisms of metal recognition, thus revealing key factors governing the processes of native/abiogenic metal rivalry. This approach serves
not only for explaining already existing experimental findings, but also as a first step in designing/engineering novel drug molecules of
potential therapeutic value.
Keywords: METAL SELECTIVITY, THERAPEUTIC EFFECT, SILVER, STRONTIUM, GALLIUM, COMPUTAIONAL CHEMISTRY, DFT
from WHO Ag+ could be employed as a water disinfectant[6]. In
ophthalmology, the precious metal is an active component in eye
drops. Being in the monovalent group 11 triad, silver is expected to
be able to compete with copper (in the form of cuprous ions, Cu+)
for binding in the center of its proteins. Strontium is positioned
along with calcium in the group 2 of the periodic table. Therefore, it
finds use in the Ca2+-coordinating structures, thus preventing the
destruction of bones and contributing to their restoration. Under the
names Protelos, Protos Aristo, strontium ranelate (Sr2+ salt of
ranelic acid) is a medication used for treatment of osteoporosis in
postmenopausal women and very elderly patients[7]. Gallium, in its
cationic form (Ga3+), has been known for its anticancer activity
since the middle of the twentieth century[8]. Nonetheless, recent
experimental studies have considered the employment of gallium as
an innovative “Trojan horse” strategy against multi-drug resistant P.
aeruginosa, A. baumannii and M. tuberculosis[9]. Its mechanism of
both antitumor and antibacterial effects stems in its ability to
compete with the native ferric ion (Fe3+) for binding with particular
enzymes, aiming at specific fast proliferating cells. Using the
methods of the theoretical chemistry, we have tried to shed light on
the suggested competition between the biogenic and alien metal
ions. This approach has proven to be quite reliable in order to reveal
specific metal-ligand interactions at atomic level.

1. Introduction
Since the beginning of time, humankind has struggled not only
to understand the laws of nature but also to apply them for the
general benefit, thus developing prioritized sciences such as
medicine and pharmacy. Nowadays a variety of organic/ peptide/
polypeptide compounds are the most common examples of “drugs”.
Inorganic substances, however, such as metal salts or complexes,
can also possess curative effect and, consequently, find application
in treating health disorders. Metal cations are indispensable players
in building about 40% of all known proteins, being therefore
essential for protein structure stabilization, hormone secretion,
enzyme catalysis, blood coagulation, signal transduction,
photosynthesis and respiration. Over the course of 3-4 billion years
of evolution biological function has been bestowed on about two
dozen metal species known as “biogenic” or “native” ions. Among
them the most common are Na+ , K+ , Mg2+, Ca2+ and Zn2+ and the
redox-active transition metal cations Mn2+/3+/4+, Fe2+/3+ and
Cu+/2+[1], [2]. On the other end stand toxins like mercury and lead,
which poison the recipient by competing with the natural co-factors
for binding the essential proteins. As a third example, however,
should be outlined few alien metal cations with no known vital
functions in humans, that exert therapeutic effects based on their
similarity with some cognate metals. They are applied in medicine
as novel drugs. In this report we focus on silver, strontium, and
gallium (Ag+ , Sr2+ and Ga3+, respectively) that have been an object
of investigation of our group for some time.

2. Computational Methodology
Models used
Computational and theoretical chemistry serves as a first step in
computer design of new drugs. It reveals important tendencies and
is applied to outline dependencies in the reactions. It suffers,
however, some limitations due to restrictions in computational time
and resources. Therefore, it is of great importance to employ
reliable models for the bigger molecular structures. Thus, amino
acids are modeled as their shorter counterparts keeping the metalbinding moieties in closest proximity since the electrostatic
interactions play the most crucial role in coordination chemistry.
Therefore, it is widely accepted to substitute Asp-, Glu-, Ser, His
and Cys- with CH3CH2COO-, CH3CH2CH2COO- CH3CH2OH,
(CH3)-imidazole and CH3S- respectively, while the metalcoordinating backbone peptide group is modeled as Nmethylacetamide (CH3CONHCH3). The metal-binding moieties in
the corresponding proteins were structured in accordance to
available data in PDB (see below).

Fig. 1 Chemical forms of the applied in medicine complexes of the three
investigated in this study metal cations AgNO3(A), Sr-ranelate(B) and
Ga(NO3)3(C).

Silver finds broad application in many areas of medicinal use,
since it possesses antifungal[3], antiviral[4], and antibacterial
activities[5]. It is added to dressings of burn wounds, serving as a
concomitant therapy of skin ulcers. According to a recent report
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Reactions Modeled
The aim of the conducted study is to delineate the ability/
disability of the abiogenic cations to compete with the native ones
along with the distinct conditions that may favor a different
outcome. Consequently, the reactions were modeled as a
competition between a native metal bound to a protein surrounding
(NMe-Protein) and an attacking abiogenic metal coming from the
solution (AMe-hydrated). As a result, the alien contender removes
its counterpart by binding to its ligands (AMe-Protein), while the
native ion proceeds to the solution (NMe-hydrated). This reaction
can be generalized for the three studied cations as follows:
NMe-Protein + AMe-hydrated → AMe-Protein + NMe-hydrated
(reaction 1)
The competition between the metals can be expressed in terms
of the change in Gibbs free energy upon replacement of the cognate
cation bound to the site by the alien one. A positive free energy
change for reaction 1 implies a native metal-selective site, whereas
a negative value suggests an outer cation-selective one.
DFT Calculations
The Gaussian 09[10] package of programs was employed in
order to perform all calculations. As the study focuses on three
different groups of metal cations, a specific approach had to be
applied in each case. Hence, a particular combination of method/
basis set was chosen, namely B3LYP/6-31+G(3d,p) in addition with
an empirical dispersion; M06-2X/6-311++(d,p); B3LYP/631+G(3d,p) for the Ag+/Cu+, Sr2+/Ca2+, and Ga3+/Fe3+ competition,
respectively. The SDD basis set/effective core potential for the
heavier Ag+ and Sr2+ was employed in the calculations. All
structures underwent full optimization and frequency analysis. No
imaginary frequencies were found, and the evaluated thermal
energies, ETH, along with the zero-point energy and entropy, S, were
retrieved. They were implemented in the equation:

Fig. 2 B3LYP/6-31+G(3d,p)//SDD optimized structures of Cu+
(pink)/ Ag+(grey) with models of (A) histidine; (B) backbone; (C)
cysteine, and free energies of metal exchange (in kcal mol -1). The
upper index indicates the dielectric constant of the media.
The results clearly show that the presence of cysteine strongly
promotes silver‟s attack on the protein (highly negative values of
the Gibbs energies of metal exchange in Figure 2C). This is most
probably due to silver‟s greater preference toward soft Lewis bases
such as the sulfur atom. On the other hand, neutral N-, and Ocontaining ligands such as histidine or the peptide residue from the
backbone protect the native cuprous ion from alien attack (positive
∆G values in Figure 2A and 2B). Interestingly, the effect of the
dielectric constant of the media is not very strong.

∆Gε = ∆Eelε+ ∆Ethε − T∆Sε (eq.1),

Strontium / calcium competition

where the ∆ symbol stands for the difference between the products
and the reactants. All reactions were considered under temperature
of T=298.15K. The upper index ε stands for the dielectric constant
of the medium, corresponding to ε=1 (gas phase), ε=4 (deeply
buried in the protein shell center), ε≈30 (relatively exposed to the
medium protein center), and ε=78 (water). The solvation effects
were accounted for by using the solvation model based on density
(SMD)[11] continuum dielectric model at the same level of theory.
Either a full optimization of each structure in the corresponding
solvent was conducted (in the case of the Ag+/Cu+and Ga3+/Fe3+
competition), or a calculation through a thermodynamic cycle was
employed (for the Sr2+/Ca2+ rivalry). In the second case, additional
single point calculations at the same level of theory were employed
and the following equation 2 was used:

Fully optimized models of Ca2+/Sr2+-loaded CD and EF sites
of parvalbumin (PA) are shown in Figure 3. Both metals were
coordinated by seven ligands. The glutamates in positions 62 (CD
site) and 101 (EF site) bind Ca2+/Sr2+- in a bidentate mode, while
the other carboxylic groups coordinated the metals in a
monodentate manner, corresponding to the observed in the X-ray
structure 1PAL.

∆Gε = ∆G1 + ∆Gsolvε ([Sr2+-Ligands]) − ∆Gsolvε ([Ca2+-Ligands]) −
∆Gsolv78 ([Sr2+-hydrated]) + ∆Gsolv78 ([Ca2+-hydrated]) (eq.2).
This different approach is indispensable as all three studies
investigate distinct metal cations possessing specific qualities. The
chosen calculation protocol was thoroughly validated and calibrated
according to provided in literature experimental data.

3. Results and Discussion
Silver/ copper competition
Silver stays close to the trace metal copper in organisms.
Therefore, we modeled the Ag+/Cu+ competition where the
otherwise redox-active copper is in its mono cationic form
corresponding to multiplicity of 1. A detailed checkup in literature
shows that hisitdines, cysteines and amino-acid residues from the
backbone usually surround the cuprous ions. Hence, we investigated
the effect of the different ligands around the native cation, as well
as the influence of the media. All results are shown in Figure 2.
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substituted with the redox-inactive abiogenic cation. The reaction of
metal exchange in both of RR‟s binding sites is given in Figure 4.

Fig. 3 M06-2X/6-311++G(d,p)//SDD optimized structures of
Ca2+ (light green)/ Sr2 (orange) - loaded CD (A), EF (B), EF with
8-coordinated Sr2+(C, D), sites of PA, and free energies of metal
exchange (in kcal mol-1). The coordination number is indicated in
parentheses in the complex name. Sr2+ acquires an additional bond
at the expense of either bidentate Asp binding (C) or an additional
water molecule (D). The upper index indicates the dielectric
constant of the media.
The free energies calculated upon substitution of Ca2+ for Sr2+
(∆Gε in Figure 3) have positive values confirming that Sr2+ binds
more weakly to the both sites of PA than does Ca2+, in accord with
the experimental observations[12]. Notably, the free energies of
metal exchange for the CD site were smaller than those for the EF
site (1.2/1.6 vs 4.1/2.3 kcal mol-1, respectively). This result is in line
with the experimental finding that the difference in Ca2+/Sr2+affinities of the CD site (Ka equals 4x109 for Ca2+ and 2x107 M-1 for
Sr2+) is smaller than that for the EF site (Ka equals 4x109 for Ca2+
and 2x106 M-1 for Sr2+). Furthermore, the theoretical results indicate
that changes in the dielectric constant slightly affected the metal
competition for the CD site (similar ∆G4 and ∆G29 values for buried
and solvent-exposed binding sites, respectively; Figure 3A),
whereas a decrease in the dielectric constant enhanced EF site
protection against Sr2+ attack (∆G4 exceeds ∆G29 in Figure 3B).

Fig. 4 B3LYP/6–31 + G(3d,p) optimized structures of Fe3+ and
Ga3+ ions bound to a model ribonucleotide reductase active site at
pH ≅ 7, and free energies, ΔGε, (in kcal mol-1) for metal exchange
in the binding pocket.
The diferric binding site of RR was modeled in accordance with
the existing X-ray structure of the enzyme deposited in the Protein
Data Bank (PDB; entry 1MXR; resolution 1.42 Å). The two Fe3+
ions are bridged by a glutamate side chain (represented by an
acetate) and an oxo (O2-) ion, while the rest of the metal
coordination spheres are complemented by His (here modeled as
imidazole), Asp/Glu (modeled as acetates) and water ligands (Fig.
4). The structures of the diferric binding pocket (RR-Fe13+-Fe23+)
and the alternative constructs with Ga3+ ions replacing either the
first (RR-Ga13+-Fe23+) or the second (RR-Fe13+-Ga23+) ferric ion
were optimized at B3LYP/6–31 + G(3d,p) level of theory and used
for subsequent thermodynamic evaluations. Exchanging the
“native” Fe3+ ions for abiogenic Ga3+ ions shortens the respective
bond distances between the newcomer and its first-shell ligands (by
~0.1 Å in average) but leaves the overall shape of the metal
complex virtually unaltered. Thermodynamic data obtained indicate
that Ga3+ ion could displace the Fe3+ ion in either RR metal centers
if they were solvent accessible (negative ΔG32s in Fig. 4). However,
the two binding sites differ in their affinity toward the “alien” Ga3+
cation: the second binding site, containing more negatively charged
protein ligands than the first one, exhibits greater propensity to Ga3+
ions and appears to be the more likely target for Ga3+ ion attack. It
is proved by the ΔG4/ΔG32 values for the RR-Fe13+-Fe23+ → RRFe13+-Ga23+ exchange, which are - 9.8/- 16.3 kcal mol-1, thus lower
than those for the RR-Fe13+-Fe23+→ RR-Ga13+-Fe23+ substitution,
which are 0.6/- 6.4 kcal mol-1 (Fig. 4 A, B respectively). The second
metal center, even buried in the protein structure, could favorably
accommodate the alien Ga3+ ion (negative ΔG4; Fig. 4B).

The abovementioned results were predicted for the fully
optimized metal complexes, suggesting a certain flexibility of the
CD/EF site to allow the incoming Sr2+ to affect the coordination
geometry. How will the metal competition be affected in the case of
a „rigid‟ binding site? To answer this question, we substituted Ca2+
ions in the fully optimized sites with Sr2+, followed by single point
calculations. The increase in the resultant free energies (shown in
parentheses in Figure 3A and 3B) provides evidence that the „rigid‟
binding pocket favors its selectivity towards Ca2+. Notably, EFhand motifs are known to possess relatively stiff/inflexible
structures that promote Ca2+ binding and increase selectivity
towards the native cation.
Sr2+ ions can accommodate more ligands in their first
coordination sphere as they are bulkier compared to Ca2+. To study
the effect of an increased coordination number of Sr2+ on its
competition with Ca2+ for the EF site of PA, we modeled a Sr2+
complex with this site where Sr2+ was 8-coordinated at the expense
of an extra bond donated by either a bidentate aspartate (Figure 3C)
or an additional water molecule (Figure 3D). The increase in the
resultant free energies relative to the values for the
heptacoordinated Sr2+ (Figure 3B) implies that in both cases the
increase in coordination number of Sr2+ to 8 was unfavorable for
competition with Ca2+.

In addition to its anticancer activity, gallium is also known to
exert bacteriostatic and bactericidal effects on different
opportunistic
bacteria
(e.g.,
Pseudomonas
aeruginosa,
Mycobacterium tuberculosis, Acinetobacter baumannii, Francisella
tulerensis, Klebsiella pneumoniae), especially the antibioticresistant types[14]. Employing gallium as an antibacterial is
considered a novel “Trojan horse” strategy. Of vital importance for
bacterial growth and survival are the low-molecular-weight organic
substances, known as siderophores. They are synthesized and
secreted by bacteria to scavenge Fe3+ from the environment. In
order to prove/ deny the theory that gallium owes its antibacterial

Gallium/ iron competition
Gallium is a poorly explored abiogenic cation, although it
exhibits some curious characteristics allowing it to mimic the native
ferric ion[13]. The rapidly proliferating cells require great amount
of iron, which is crucial for the enzyme ribonucleotide reductase
(RR). Hence, the observed antitumor effect of Ga3+ is widely
accepted to be due to inactivation of this particular enzyme when
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[11]

effect to its ability to outcompete the native ferric ion for binding its
siderophores, we modeled a reaction of metal exchange in the
siderophore secreted by the bacterium A. baumannii. Interestingly,
it is the most prone to gallium treatment bacterium when the
experimental conditions reproduce the real situation to the greatest
extent.
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The results obtained suggest that gallium, indeed, can remove
iron from its complex, thus depriving the bacteria (in this particular
case) from this essential element. Note that other bacteria that have
been shown to be susceptible to gallium-based therapy, such as
different mycobacteria species, synthesize a structurally very
similar siderophore – carboxymycobactin [15], [16]. Therefore,
bacterial siderophores comprising the same structural moieties,
found by theoretical modeling to promote gallium‟s attack, appear
to be very suitable for the “Trojan horse” strategy.

4. Conclusion
The last hard two years of global pandemic showed humankind
that an innovative strategy against diverse microorganisms should
be considered. The antibiotic era declines in order to be replaced by
novel drugs that are even more sophisticated. One such opportunity
is the use of metals in the form of either cations, or nanoparticles.
The current study investigated the possible mechanisms of
therapeutic action of three abiogenic metal cations (Ag+ , Sr2+ and
Ga3+) and their ability to compete with the native ones (Cu+, Sr2+,
and Fe3+, respectively) at atomic level. Governing factors of high
importance concerning the metal rivalry have been outlined and
have showed, consequently, the future perspectives in the
coordination/ protein binding.
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Abstract: The position of the wood-processing industry in Slovakia has a stable and long-term tradition. The wood-processing industry has
great potential in the country economy, to which high forest cover contributes. The aim of the submitted paper was to define the position of
the wood-processing industry within the national economy of Slovakia, considering the age structure of enterprises and thus to present its
potential. Current information on the researched issues was obtained through an empirical survey in the form of a questionnaire. The
achieved results were subsequently processed by statistical methods and presented descriptively a graphically. It follows that most woodprocessing enterprises in Slovakia have a long-term tradition, and therefore the sector has the potential to become a pillar of the national
economy.
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modernization have been made, with the exception of multinational
companies operating in the country [12,1,2]. A long-term problem
of WPI in Slovakia is the low added value of outputs, i.e., products.
A significant part of the production consists of raw untreated wood,
which eliminates profits in the industries to a minimum. The
production of wood products with high added value, such as sliced
and peeled veneer, plywood, fibreboard for the furniture industry, is
insufficient and these types of products are missing in the range of
Slovak WPI outputs.

1. Introduction
The wood-processing industry (WPI) in Slovakia represents the
woodworking, furniture and pulp and paper industry. The
production chain of WPI products starts with forest cultivation,
continues with timber harvesting and the final step is the production
of outputs. WPI is a sector based on the use of renewable natural
resources. The production of wood-based products in Slovakia has a
long-term tradition. At the same time, it is a sector in which
companies can make full use of domestic resources in terms of
access to raw materials [1,2]. Following, the forest cover of
Slovakia can be mentioned, which is at the level of 41% compared
to the most forested country, Sweden (43%). Deciduous trees are
represented by a ratio of 63% and conifers 37% [3,4].

The share of WPI in the GDP of Slovakia, including forestry, is
shown in Fig. 1. Over the decade, its fluctuation can be observed at
an average of 2.5% but is declining slightly over the last period. In
the years 2006 to 2020, the share is the highest in the first
monitored year.

The WPI sector meets the conditions for sustainable growth and
healthy competition in international markets. The benefit from
environmental protection point of view, which lies in the ability to
recycle its outputs or their possibility of reusability, is considered
the main advantage of WPI. The products are biodegradable and
have the ability to replace non-renewable raw materials with their
properties [5,6].
The WPI is linked to other sectors in the country [7]. From the
point of view of the export and import share, it can be deduced that
the Slovak WPI is relatively successful in foreign markets (the
percentage of revenues coming from exports of the Slovak WPI is
70-90%). However, the share of the Slovak WPI's competitiveness
in foreign markets is slightly declining.

Fig. 1 Share of the WPI in GDP of Slovakia [13]

Given the theoretical background, the aim of the submitted
paper is based on mapping the situation of WPI enterprises through
empirical research to define the position and structure of the Slovak
wood-processing industry and present its potential in terms of WPI
dominance as a sector of the national economy.

The current value of production is stated at 3 bn. Euro and WPI
employs almost 40 thousand people. The highest employment in the
WPI sector is in the furniture industry. WPI is a source of
development of rural regions in Slovakia and a factor of
sustainability in the given areas. The industry is profitable and
investment efficiency is high. According to [8] and SK NACE
classification of economic activities, in the sector Wood-processing
and manufacture of wood and cork products, except furniture;
manufacture of straw and plaiting materials (code 16) there are
4091 enterprises, in the Manufacture of furniture (code 31) there are
871 enterprises and in the sector Manufacture of paper and paper
products (code 17) there are 381 enterprises. Nevertheless, a total of
11 companies associated in the Association of the Pulp and Paper
Industry of the Slovak Republic cover 100% of paper production
and most of the production of products in the entire industry. These
are mostly large companies with a high share of foreign investment,
such as Mondi SCP, a.s .; Metsä Tissue Slovakia, s.r.o .; SHP
HARMANEC, a.s. [9,10,11].

2. Methodology
The methodology of the submitted paper consisted of three
phases. The first phase was focused on the analysis of secondary
sources on WPI industry in Slovakia. In this phase, methods of
scientific work such as summarization, synthesis of knowledge,
analogy and deduction were used. The second phase was focused on
the analysis of primary sources obtained by the implementation of
empirical research in the practice of WPI enterprises using the
questioning method in the form of a questionnaire. In the third
phase, the results were evaluated through analogy, deduction and
summarization of the acquired knowledge.
The questionnaire was sent electronically to 3.500 WPI
enterprises operate in Slovakia randomly selected from the database
of business contacts. It was possible to collect 313 completed
questionnaires. The data of the questionnaire survey were evaluated
using mathematical and statistical methods and presented in a
descriptive manner, numerically and graphically.

A significant shortcoming to the detriment of the WPI is the
absence of its long-term and targeted support in terms of a
comprehensive development strategy. One that will ensure the
modernization of technological and technical equipment, will
increase the competitiveness of companies in the market and, last
but not least, will increase interest in this sector of industry, whether
from the point of view of investors or entrepreneurs themselves. For
a relatively long period of time, no specific investments in

Using a mathematical relationship, the sample size was defined
according to the minimum number of respondents to be included in
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the survey, so that the data obtained could be generalized to all
enterprises concerned [14]:
n

p.(1  p)
e 2 p.(1  p)

N
z2

For more detailed results and to obtain a comprehensive view of
the researched issues, a two-tailed interval estimation of relative
abundance was also used in the analysis of the obtained results. The
test criterion of the test is as follows:

(1)
(3)

The standard error was set at 10% (e=0.1) and the resulting
reliability 90% (z=1.65) at a known basic set size (N=5343) and a
value of p as constant (p=0.5). The relationship thus defined for the
minimum sample size corresponds to 304 WPI enterprises.
Compared to the scope of the research sample, it slightly exceeds
the minimum set value and the results of the survey can be
generalized to all WPI enterprises operating in Slovakia.

The interval estimation of a basic set parameter uses a
numerical interval in which the estimated parameter is with a
certain probability, i.e., the estimated parameter is in the interval
(q1, q2) with probability 1-α. The interval (q1, q2) is called the
confidence interval and is dependent on α [23]. Where α indicates
the probability that the monitored parameter is not out of the
confidence interval (estimation risk). The probability 1-α then says
that the basic set parameter is from the interval (q1, q2) and is
called the reliability coefficient or estimation reliability [23,24,27].

The following research questions were formulated based on a
literature search:
V1: Have most Slovak WPI enterprises operated for more than 20
years?

3. Results and Discussion

Since the establishment of the Slovak Republic, the WPI has
been an important aspect of the national economy, which is
characterized by a long-term tradition of sawmills and woodprocessing plants [15]. The WPI sector has a positive impact on the
country's GDP employing more than 21 thousand employees on
average and generating revenues of more than 2.7 bn. Euro [16].

The survey was attended by most of small WPI enterprises with
10–49 employees (38.7%) and least of large enterprises with 250
employees and more (6.4%). In terms of legal form, the most
numerous group in the survey sample is represented by WPI
enterprises operate through a limited liability company (68.7%). On
the contrary, the share of enterprises in the survey sample is the
lowest with the legal form of cooperatives (3.8%). According to the
classification of economic activities SK NACE, the most enterprises
are from the woodworking industry (49.3%), followed by furniture
enterprises (39.4%) and the lowest share is represented by pulp and
paper enterprises (11.3%) in the survey sample.

V2: Does the WPI sector have a potential to become a pillar of the
economy according to most WPI enterprises?
The situation regarding ecological progress and environmental
protection support has been notable in the recent years. [17] Within
its environmental policy, environmental information and available
statistics, it influences shopping behavior and gives consumers a
positive attitude towards environmentally friendly shopping. This
creates space for WPI conditions to use its ecological potential (use
of renewable natural raw material - wood) to address conscious
consumers about the choice to buy products of the wood-processing
industry, which often meet a variety of strict certification
requirements and thus meet the premise of becoming a pillar of the
Slovak economy [18,19,20,21,22].

The tradition of Slovak WPI enterprises in terms of length of
operation in the market
The results of the empirical survey showed that 56.2% of
Slovak WPI enterprises have been operating on the market for more
than 20 years. The detailed percentages related to the researched
problem are presented in Fig. 2. Given that more than 50% of
Slovak WPI enterprises have been operating in the market for more
than 20 years, it can be stated that the wood-processing industry has
a long-term tradition in Slovakia (Table 1).

To get answers to the above research questions, the primary
data obtained by the questionnaire survey were verified using a onetailed hypothesis test of relative abundance with the following test
criterion:
u

f  0

f  1  f
n



(2)

The test verifies the hypothesis of conformity of the basic set
share with the given constant (i.e., for the conditions of the stated
hypotheses at least 50%), whereas the null hypothesis is the
statement that they equal (based on the sample it can be stated that
the share in the basic set equals a certain number). In contrast, the
alternative hypothesis says that the share of the basic set does not
equal the given constant, i.e., it is larger or smaller (two-tailed test).
For the conditions of the one-tailed test that was applied, the
alternative hypothesis states that the share in the basic set is either
larger or smaller than the specified constant. It was tested at the
significance level (α) 5%, i.e., it can be claimed with reliability
95%. The null hypothesis is not rejected provided that the value of
the calculated test criterion does not exceed a critical value. Area of
acceptance or rejection of the null hypothesis is determined as the
5% quantile of the normal distribution (u0.05=1.645). In the case of a
higher test criterion, an alternative hypothesis is accepted. The pvalue is considered authoritative, depending on the chosen
significance level. If a p-value can be determined, it can be said for
sure, at what significance level the null hypothesis can be accepted
[23,24,25,26].

Fig. 2 Length of operation of Slovak WPI enterprises on the market

Table 1. Results of hypothesis test of relative abundance
regarding research question V1.
Research
pH1
p
n
u
area
value
Length of
operation of
π > 50% 56.23%
313
2.221
0.013
Slovak WPI
enterprises
Research question V1 can be confirmed with respect to the
results of the hypothesis test of relative abundance based on p-level
value (p=0.013). According to the survey results, it can be stated
that more than half of WPI enterprises in Slovakia have been

18

TECHNICAL SCIENCES. INDUSTRIAL MANAGEMENT 2022

Table 5. Regional representation of the Slovak WPI enterprises
Autonomous
Absolute
Relative abundance
Region
abundance
Košice region
601
11.25%
Prešov region
708
13.25%
Banská Bystrica
695
13.01%
region
Ţilina region
909
17.01%
Nitra region
573
10.72%
Trenčín region
535
10.01%
Trnava region
427
7.99%
Bratislava region
895
16.75%
5343
100.00%

operating for more than 20 years, which is followed by the claim
that WPI sector in Slovakia has a long-term tradition.
According to the results of the two-tailed interval estimate of
relative abundance (Table 2) it can be stated with 95% reliability
that the share of long-term WPI enterprises (20+ years) in the
national economy of Slovakia is from 51% to 62%.
Table 2. Results of interval estimation of relative abundance
regarding research question V1.
Lower
Upper
Research area
p
n
limit
limit
Length of
operation of
56.23%
313
51%
62%
Slovak WPI
enterprises

The analyzes of the obtained results showed that WPI sector in
Slovakia has a long-term tradition and most of the enterprises
operating in it, have existed for more than 20 years, as stated in the
hypothesis test of relative abundance (Table 1). This corresponds to
the research of authors [28] who found out that WPI in Slovakia is a
traditional industry and is one of the most important. Also [29]
identify with these results stating that the WPI is an important part
of the economy in the Slovak Republic. The sector is relatively
independent of raw material imports and allows the development of
small and medium-sized enterprises in the regions.

The potential of the WPI industry to become a pillar of the
national economy of the Slovak Republic
According to the obtained data, the surveyed enterprises agreed
(57.18%), that the WPI industry in Slovakia has the potential to
become a pillar of the economy. The results of hypothesis test of
relative abundance (Table 3) with the value p-level (p=0.005)
confirmed the validity of research question V 2 that the WPI sector
has the potential to become a pillar of the economy according to
most WPI enterprises in Slovakia.

According to the above-presented results of statistical data
processing [9], it can be stated that more than 75% of the WPI in
Slovakia is the woodworking industry, followed by the furniture
industry with a share of 16.5%, and enterprises of the pulp and
paper industry have the lowest representation. The highest share of
WPI enterprises is in the Ţilina region and the Bratislava region, the
lowest share of less than 8% is in the Trnava region. As to the size
of enterprises by number of employees [31], micro, small and
medium-sized enterprises [32] have a majority representation. The
aim of the paper was successfully met. It is an overview of the
structure and position of the WPI in Slovakia with a focus on its
potential in terms of the emphasis of the dominance of the WPI as a
sector of the national economy.

Table 3. Results of hypothesis test of relative abundance
regarding research question V2.
Research
area
Potential of
WPI as a
pillar of
economy

H1

p

n

u

pvalue

π > 50%

57.18%

313

2.567

0.005

According to the results of the two-tailed interval estimation of
relative abundance (Table 4) it can be stated with 95% confidence
that 52-63% of Slovak WPI enterprises are convinced of it.
Table 4. Results of interval estimation of relative abundance
regarding research question V2.
Research area

p

n

Lower
limit

Upper
limit

Potential of WPI
as a pillar of
economy

57.18%

313

52%

63%

As the analysis [33] showed, WPI sector in Slovakia has the
potential to increase its share in the country's GDP, as expressed by
the surveyed WPI enterprises according to the results of the survey.
This confirms the result of the hypothesis test of relative abundance
(Table 3). The position of WPI sector is currently not dominant, but
the implementation of technical, technological and strategic
intentions could bring it the position in the future, as the authors
agree [34]. The WPI has several positive and negative attributes,
which also apply to the current pandemic period COVID-19
[34,35,36,37]. There are problems with ensuring a continuous
supply (uncertain supplies, unstable prices, inconsistent quality of
inputs, low stocks in warehouses or long delivery times), but also
labor shortages due to sick leaves and absences. Insufficient
production capacity and consequently economic inefficiency are
related to it. However, what the WPI can build on in Slovakia is a
change in consumer behavior, which has led to the support of the
furniture and paper industry (growth in 2020 by 8%) [38,39].
Environmental protection support has been notable in recent years
and affects the WPI sector [40,41]. WPI enterprises are considered
greener due to use of renewable natural raw materials (wood),
which can be seen in the perspective of their development. In this
context, it can be stated that many enterprises in the sector meet a
variety of strict certification requirements [42].

Based on analysis of available secondary sources [8,9], it is
possible to present the following results of statistical processing in
terms of the structure of WPI in Slovakia. The woodworking
industry represents more than three-quarters of the WPI, with more
than 4067 enterprises (Fig. 3). The given segmentation corresponds
to the SK NACE classification of economic activities, according to
which the woodworking industry belongs to division C16, the
furniture industry to division C31 and the pulp and paper industry to
division C17.

4. Conclusion
The aim of the submitted paper was to define the position of the
wood-processing industry in the national economy considering the
age structure of enterprises and thus to present its potential in
relation to the structure of the national economy. The woodprocessing industry in Slovakia has a long-term tradition, which is

Fig. 3 Share of individual industries within the WPI sector according to SK
NACE classification
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28. A. Kaščáková, G. Nedelová, S. Korony, P. Kráľ, Štatistické
metódy pre spoločenské a humanitné vedy (2010)
29. D. Šulyová, G. Koman, Sustainability, 12 (2020)
30. S. Lorincová, K. Stachová, Z. Stacho, Z. Joniaková,
Bioresources, 15 (2020)
31. Európska
komisia,
Available:
https://eurlex.europa.eu/LexUriServ/LexUriServ.do?uri=OJ:L:2003:124:
0036:0041:en:PDF
32. SBA,
Available:
http://www.sbagency.sk/sites/default/files/analyza_podnikatels
keho_prostredia_v_regionoch_sr_final1.pdf.
33. SRI, Available: https://www.sustavapovolani.sk/clanok-4219
34. J. Ratnasingam, A. Khoo, N. Jegathesan, L. Wei, H. Latib, G.
Thanasegaran, L. Liat, L. Yi., K. Othman. M. Amir. BioRes,
15 (2020)
35. R. Baldwin, B. Weder di. Mauro. VOXEU CERP (2020)
36. K. Liu, H. Wang, H. Liu, S. Nie, H. Du, Ch. Si. BioRes, 15
(2020)
37. C. Huang, X. Wang, Ch. Liang, X. Jiang, G. Yang, J. Xu, Q.
Yong, Biotechnology for Biofuels, 12 (2019)
38. J. Chen, CH. Yang, Forests, 12 (2021)
39. A. Barčić, M. Kuzman, T. Vergot, P. Grošelj, Forests, 12
(2021)
40. V. Dardononi, C. Guerriero, Ecological Economics, 179
(2021)
41. M. Vale, E. Berenguer, M.Argollo de Menezes, E. Viveiros de
Castro, L. Pugliese de Siqueira, R. de Cássia, Q. Portela,
Biological Conservation, 255 (2021)
42. J.
Marko,
Available:
http://www.zvsaslbbk.sk/wpcontent/uploads/2018/06/N%C3%A1zory-nacertifik%C3%A1ciu.pdf (2019)

also confirmed by the results of the survey, as more than half of the
enterprises have been operating on the market for more than 20
years. The results indicate that the wood-processing industry has the
potential to become a pillar of the Slovak economy based on the
opinion of wood-processing enterprises. The presented research
perspectives in this area should focus on a deeper examination of
the conditions of the wood-processing industry in the future, not
only in terms of tradition and potential, but also in terms of
sustainability and competitiveness.
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Kinematic analysis of the slider-crank mechanism of an internal combustion (IC) engine
using modern software
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Abstract: The subject of research in this paper is the kinematic analysis of the slider-crank mechanism of an internal combustion (IC)
engine. The piston, connecting rod and crankshaft are the most important moving parts of an IC engine. The performance of IC engines
largely depends on the design of the mentioned parts. Special attention should be paid to the kinematic analysis of the slider-crank
mechanism, when constructing IC engines. Properly performed kinematic analysis is a prerequisite for the design of an efficient IC engine.
Today, there are many software packages that make it much easier for engineers to perform fast and efficient kinematic analysis of machine
assemblies. This paper presents the use of kinematic analysis software on the example of a slider-crank mechanism, an IC engine.
Keywords: IC ENGINE, PISTON, CRANKSHAFT, CONNECTING ROD, 3D MODELING

1. Introduction

2. Basic parts of the piston mechanism

In the general case, an engine is a propulsion machine that
converts some kind of energy into mechanical work. Reciprocating
internal combustion engines (IC engines) belong to the category of
heat engines, which are used as propulsion machines in everyday
use to overcome some external resistance in order to perform and
perform certain work. The name heat engine refers to a group of
propulsion machines in which the thermal energy developed by fuel
combustion is used for the realization of mechanical work [1].

2.1. Piston
The piston is the most loaded part of the engine. For its proper
functioning in the IC engine, it is necessary to correctly determine
the shape, dimensions and material of the piston. Therefore, for
decades, the construction and production of pistons have been dealt
with mainly by specialized manufacturers, who act as partners of
engine manufacturers.
In operation, the piston is exposed to high mechanical and
thermal loads and in these conditions it must:

Kinematics is a field of mechanics, ie physics that takes into
account only the movement of the body in space and time. So in
kinematics we take into account the forces that cause movement,
and we do not take into account the consequences of movement. It
can be said that kinematics studies only the geometry of motion [2].
In order to check the mechanical stresses of the engine elements and
solve problems such as: uniformity of operation, torsional
oscillations of the crankshaft, engine balance, load and wear of the
piston joints, it is necessary to analyze the forces occurring in the
piston mechanism. It is necessary to clarify the formation of all
forces, the law of their change during the working cycle and their
effect during engine operation [3]. The use of modern software is an
indispensable part of modern engineering. The use of software in
design and construction significantly saves time and money, but
also eliminates errors in the initial stages of product design. Some
examples of the use of modern software in mechanical engineering
are given in the literature [4-7]. An example of kinematic and
dynamic analysis of a single-cylinder mechanism is given in [8-9].

- to separate the combustion space from the crankshaft housing
by means of piston rings,
- to transmit gas forces on the connecting rod,
- to transfer the normal (lateral) force generated during the
transmission of gas forces on the connecting rod to the cylinder,
- transfer heat from the piston head to the cylinder wall,
- in the case of two-stroke engines, control the gas exchange
(switching mechanism)
In order to meet the above requirements, the piston must have
the following properties:
- the mass of the piston must be as small as possible, so that its
force of inertia is as small as possible (increases with the square of
the angular velocity) at higher angular velocities.
- the stiffness of the piston face must be high, in the area of the
shaft bearing as low as possible, and the piston body must be
elastic.
- piston grooves must have high strength, so that the links do
not damage them.
- the strength must be high even at elevated temperatures,
especially in the area of the piston face.
- the piston material must have good thermal conductivity so
that the temperature differences on the piston are as small as
possible and so that the heat dissipation to the cylinder is as good as
possible.

A number of very complex problems must be solved when
designing an IC engine. Some of them are: selection of the most
favorable construction solution, assembly and installation of the
most favorable auxiliary devices, realization of a favorable work
cycle. The choice of design concept and engine type depends on
typical conditions. These conditions are defined taking into account
the conditions of exploitation and the general economic effect to be
achieved by applying the new construction. When designing a new
type of engine, one must strive to achieve such a construction that
will be closer in its characteristics and even surpass modern engine
designs. This implies the application of the latest advances in
engine research and construction. The process of designing and
manufacturing a new engine is very complex. In order to ensure
quality production and achieve the given performance, the engine
designer, in addition to providing correct drawings and calculations,
must take an active part in all stages of prototype production,
including laboratory tests to check and correct characteristics to
meet design requirements. One of the basic analyzes in the
construction of internal combustion engines is the kinematic
analysis of the piston mechanism, which is of great importance for
the proper and balanced operation of the engine as a whole [3].

The piston must be designed so that it stretches as much as
possible with increasing temperature, so that the gap between the
piston and the cylinder is as small as possible even in the cold state,
because then the sealing is better and the noise is less [10].
Pistons must meet a number of different requirements, so the
material from which the pistons are made must have [11]:
- low specific gravity (due to inertia),
- high strength, (even at high temperatures),
- good thermal conductivity,
- low thermal expansion,
- low coefficient of friction,
- high wear resistance.
Figure 1 shows the piston.
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Fig. 1 Piston for Diesel truck engine [10]

2.2. Piston rings
The basic tasks of piston rings are:
Fig. 3 Mercedes-Benz diesel engine connecting rod [10]

- sealing of the combustion chamber,
- participation in heat dissipation from the piston to the cylinder
wall,
- regulation of oil film for lubrication.
These requirements are performed by piston rings:
- adhering with the outer (working) surface to the cylinder wall
with a certain pressure,
- impact bearing on the side surfaces of the groove due to axial
acceleration under the action of gas forces, friction forces and its
own inertial force [10].

2.5. Crankshaft
The crankshaft transmits torque and is one of the most
responsible, complex, stressful and expensive engine parts. The
following requirements must be met for the crankshaft to function
properly:
- there must be sufficient safety to prevent fatigue fatigue of the
entire working space,
- there must be no large amplitudes of torsional, bending and
axial oscillations,
- the inertial load must be brought to a reasonable level,
- crankshaft deformations must be kept to a minimum
reasonable level.

2.3. Piston pin with fuses
The basic task of the piston pin is to make the articulated
connection of the piston and the connecting rod. The piston pin with
the piston is shown in Figure 2.

The tasks of the crankshaft are:
- to convert uneven rectilinear motion into rotation,
- to convert the connecting rod force into torque,
- to transfer most of the torque to the coupling via the flywheel
- to deliver a small part of the torque to the assemblies
(distribution mechanism, ignition distributor, fuel and coolant
pump, fan, alternator).
The crankshaft must accelerate and decelerate the pistons and
connecting rods in each stroke, so large forces of inertia act on the
crankshaft [11].
Figure 4 shows the crankshaft.

Fig. 2 Piston pin with piston [10]

When the piston pin is in a loose bearing, it must be prevented
from moving and damaging the cylinder walls. This is achieved by
radial steel rings (Seeger ring or spring wire ring. For easier
assembly, the Seeger ring has eyelets and the spring ring has
hooked ends) [11].
2.4. Connecting rod
The connecting rod is the element that connects the piston and
the crankshaft and converts a straight line into a circular motion.
The connecting rod transmits the force from the piston to the
crankshaft which converts the force into torque. Due to the great
responsibility of the connecting rod in the operation of the engine,
high rigidity must be ensured with a minimum weight of the same.

Fig. 4 Crankshaft of a four-stroke diesel engine [10]

3. Kinematics of axial piston mechanism

In the operation of the engine on the connecting rod operate:

The piston engine mechanism is used to convert the rectilinear
oscillatory movement of the piston in the cylinder into the rotational
movement of the crankshaft by means of a connecting rod that
performs a balancing movement. This kinematic circuit allows the
work on the piston, which results from the development of the
operating cycle, to be obtained in the form of torque on the engine
shaft. A engine mechanism consisting only of a piston, connecting
rod and crankshaft is called a simple engine mechanism. With a
complex engine mechanism, several elements are involved in the

- pressure forces in the longitudinal direction due to the action
of combustion gases on the piston head,
- dynamic stresses due to inertial forces due to changes in
velocity,
- bending forces due to piston rod movement.
The connecting rod is shown in Figure 3.
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transmission of movement from the piston to the crankshaft. At a
certain stationary velocity mode of operation of the engine, it can be
considered that the angular velocity of the crankshaft is constant,
since it is maintained within the flywheel within a very narrow
range. In this case the knee angle of the crankshaft is given by the
expression:

Developing this expression in Taylor's order we get:

Substituting the expression for cos β in equation (2) we get after
arranging:

The angle of the crankshaft is given as a function of time only, so
all kinematic quantities, ie. path, velocity and acceleration can only
be expressed as a function of the crankshaft angle, ie time t [3].

As the values of the kinematic characteristic (λ = r / L) are relatively
small, only the first four terms of the previous equation can be
retained without major error, so that the approximate expression is
obtained for the piston path:

3.1. Piston path

Introducing replacement:

we get:

or:

The last expression allows the construction to be curved
and
and by their
graphical addition, the law of change of the piston path as a
function of the angle of the crankshaft knee is obtained graphically
[3].

Fig. 5 Schematic representation of the piston mechanism [6]

Basic structural dimensions from Figure 3.1. are:
r - radius of the crankshaft knee,
L - connecting rod length,
λ = r / L - dimensionless constructive characteristic of the curving
mechanism,
S = 2 · r - piston stroke,
A '- top dead center (TDC),
A '' - bottom dead center (BDC),
α - crankshaft rotation angle,
O - crankshaft rotation axis,
B - axis of the flying crankshaft arm,
A - axis of the piston group shaft,
ω - angular velocity of the crankshaft.

The path of the piston is not a simple harmonic function, but a
complex harmonic function composed of at least two harmonics, ie
two simple trigonometric functions. The first part has a significant
amplitude r and a frequency identical to the crankshaft velocity. The
second part has a significantly smaller amplitude rλ / 4 (about
sixteen times smaller), and twice the frequency of change. Higher
harmonics, which have an even higher frequency, can be neglected
because they have an extremely small amplitude [1].
The change of the piston path of the first and second row as well as
the total path of the piston for, for one full revolution of the
crankshaft is shown in Figure 6.

According to Figure 5, the path of the piston Sα that it crossed from
the external dead center is:

From the triangle ABO, by the sine rule we have:

and from here:

Using the known trigonometric relationship:

we will have:
Fig. 6 Piston path [6]
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acceleration as a function of changing the knee angle of the
crankshaft [1, 3, 10].

3.2. Piston velocity
By differentiating the path of the piston by time, the velocity of the
piston is obtained:

Piston acceleration is also a complex harmonic function, with the
first harmonic having a significant amplitude and crankshaft
frequency, while the second harmonic has a smaller amplitude
(about four times smaller) and twice the frequency [1].
Change in piston acceleration of the first and second rows, as well
as the total piston acceleration for one full crankshaft revolution is
given in Figure 8.

By differentiating the expression for the piston path and including
the found value
in the previous expression, the following is
obtained:

If only members that do not contain the ratio λ at higher degrees are
retained, an approximate pattern for piston velocity is obtained:

By constructing the curves
and
and summing them, the law of change of piston velocity as a
function of the crankshaft angle is obtained graphically [1, 3, 10].
Piston velocity is also a complex harmonic function, with the first
harmonic having a significant amplitude and frequency equal to the
crankshaft velocity, while the second harmonic has a smaller
amplitude (about eight times) and twice the frequency [1].
The change of piston velocity of the first and second row, as well as
the total piston velocity for one full turn of the crankshaft is shown
in Figure 7.

Fig. 8 Piston acceleration [6]

3.4. Connecting rod kinematics
The connecting rod performs a complex movement in a plane
perpendicular to the longitudinal axis of the crankshaft, with point
A (Figure 3.1) corresponding to the axis of the piston shaft, makes a
rectilinear oscillatory movement along the axis of the cylinder,
while point B, corresponding to the axis of the crankshaft arm,
rotates evenly along the trajectory of the knee sleeve axis.
The angle of rotation of the connecting rod in relation to the axis of
the cylinder is obtained from relation (3):

The maximum rotation of the connecting rod is at angles α = 90 °
and α = 270 °:

The angular velocity of rotation of the connecting rod is:
Fig. 7 Piston velocity [6]

3.3. Piston acceleration
Piston acceleration is obtained by differentiating the expression
for velocity over time:

By differentiating expressions:

we get:
By differentiating the expression for the piston velocity or by
double differentiating the expression for the piston path and
including the found value in the previous expression, the following
is obtained:

and from here:

Ignoring terms containing λ to a power greater than 1, we obtain a
simplified expression for piston acceleration in the form:

Substituting this value into the previous expression for ωcr we have:

By constructing the curves
and
and their graphical addition, we obtain the law of change of piston
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The maximum value of the angular velocity of the connecting rod is
obtained at α = 0 ° and α = 180 °:
An approximate expression for the calculation of the piston angular
acceleration is:
By differentiating the angular velocity of the connecting rod over
time, we find its angular acceleration:

4. Kinematic analysis of piston axial mechanism
using CATIA software package

The maximum angular acceleration of the connecting rod is at α =
90 ° and α = 270 °:

4.1. Piston mechanism modeling

In order to perform a kinematic analysis of the
piston mechanism, it is necessary to first create a CAD
model of the complete mechanism. The creation of the
CAD model was done in the CATIA software package.
CAD models were created: piston, piston shafts,
connecting rod, crankshaft and cylinder with crankshaft
bearings. Figure 12 shows CAD models of the
mentioned parts of the IC engine.

Figures 9 and 10 show of the angular velocity of the connecting rod
and the angular acceleration of the connecting rod.

Fig. 9 Connecting rod angular velocity [6]

Fig. 12 View of all 5 CAD models

Figure 13 shows the assembly of the mechanism (with the
indicated edges of the created parts) for which the kinematic
analysis will be performed.

Fig. 10 Angular acceleration of the connecting rod [6]

The angular velocity and angular acceleration of the connecting rod
can be shown in the common chart as shown in Figure 11.

Fig. 11 Angular velocity and angular acceleration of the connecting rod [6]

An approximate expression for the calculation of the connecting rod
angular velocity can be written as:
Fig. 13 View of the created CAD model
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Figures 17 to 19 show charts of the path traveled, the velocity and
acceleration of the piston as a function of time for ten full
revolutions of the crankshaft.

4.2. Kinematic analysis of the piston mechanism
In order to perform a kinematic analysis, it is necessary to
define the appropriate boundary conditions of the assembly. The
piston performs a rectilinear oscillatory movement, the crankshaft a
rotational movement, while the piston rod performs a complex
movement. It is necessary to define the law of movement of the
mechanism, as the angular velocity of the crankshaft. In this case,
the crankshaft angular velocity is set at 10 rpm. After defining the
boundary conditions, the simulation of movement in a engine with a
constant angular velocity of the crankshaft begins. After this, piston
kinematics sharts were generated. The kinematic analysis of the
piston is given through the charts of path traveled, velocity and
acceleration shown in Figures 14 to 16.

Fig. 17 Time-dependent Piston path for ten full crankshaft revolutions

Fig. 14 Dependence of the piston path on the angle of rotation of the
crankshaft for one revolution of the crankshaft

Fig. 18 Time-dependent piston velocity for ten full crankshaft revolutions

Fig. 19 Time-dependent piston acceleration for ten full crankshaft
revolutions

5. Conclusion
In this paper, the path, velocity and acceleration of the piston are
calculated by software, depending on the time and depending on the
angle of rotation of the crankshaft. The paper also presents a
detailed theoretical kinematic analysis of the piston mechanism.
During the kinematic analysis of the piston mechanism, the
structural appearance of the parts for which the CAD model was
made is not important, only the kinematic characteristic (λ) is
important, ie the length of the connecting rod and the radius of the
crankshaft. Considering that the same values would be obtained
when kinematic calculation in other software such as Excel, which
does not require the preparation of CAD models, would
significantly reduce the time spent on kinematic analysis. However,
the simulation of piston, connecting rod and crankshaft movement
offered by CATIA is very interesting. Further research could take
place in several directions. First of all, kinematic analysis of the
deaxial mechanism should be performed. Since kinematic analysis
is practically an introductory analysis for dynamic piston
mechanism analysis, it is simply imposed that further research be
related to dynamic piston mechanism analysis. One of the further
researches could be engine balancing problems, as well as the
analysis of crankshaft oscillations.

Fig. 15 Dependence of the piston velocity on the angle of rotation of the
crankshaft for one revolution of the crankshaft

Fig. 16 Dependence of the piston acceleration on the angle of rotation of the
crankshaft for one revolution of the crankshaft
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Abstract: Continuous development of technology brings daily improvements implemented in various processes, systems, machines, tools, or
equipment. The development of these technologies is currently most often in the synergy of the Industry 4.0 strategy, which forms a solid
foundation for modern industrial practice. In this continuously evolving environment of industrial practice, digital concepts for every
manufacturing sector come to the fore. Part of every production sphere is the worker, the person forming part of the production process, who
undoubtedly requires the same attention as the production system itself. The ergonomics industry deals with the issue of the humanization of
technology in the workplace, where it is necessary to ensure the adaptation of the machine to humans and not by suitable working
conditions. The presented article is focused on highlighting and describing the basic connections between the general principles of
ergonomics, the principles of modern understanding of ergonomics in digital form, which is rapidly developing in the engineering industry in
conjunction with Industry 4.0 strategy for practice. The conclusion of the article provides a general summary of the issue with the ideas of
developing the concept of ergonomics software solutions in mechanical engineering. This article was supported by research grants VEGA
1/0431/21 and KEGA 004TUKE-4/2020.
Keywords: DIGITAL ERGONOMICS, INDUSTRY 4.0, HUMANISATION OF TECHNOLOGY, SYNERGY, CONCEPTUAL
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also research and educational institutions are concerned with the
implementation of Industry 4.0 into production practice in general.
Examples of the presented issues and research are, for example [37].

1. Introduction
The knowledge and technologies acquired in the first decades of
the new millennium create space for the creation of a more suitable
working environment in connection with better working conditions
for employees. Continuously improving technologies and principles
are part of various methodologies, procedures and concepts that
bring the expected improvements in common synergy. [1] The
current trend in the field of industrial solutions is the advancement
of all manufacturing companies in terms of Industry 4.0, i.e., among
other things, in the digitization and interconnection of their
machines, equipment, logistics systems, services with active human
participation in the workplace. [2] Such mass digitization represents
the concept of creating an integrated PC system, which consists of
models, simulations, analyses, or 3D visualizations. Not only
research and development centres in international corporations, but

2. Industry 4.0 and Digital Ergonomics Interaction
The Industry 4.0 concept is currently considered to be the most
current part of technological industry development. It represents
significant progress towards digitization of industry, digitization of
automation and robotization of production, based on the cyber
interconnection of production information systems in industrial
enterprises, i. e. digitization in all three attributes of the production
process - software, equipment, and people. Industry 4.0 in all its
modern interpretations (Fig. 1) represents the application of the
concept of a digital network interconnection of objects and data
exchange with each other in industrial enterprises. [8]

Fig. 1 Worldwide recognized definitions of Industry 4.0 strategies. [8]

The fourth industrial revolution is based on new technologies
applied in the production process, such as robotics, artificial
intelligence, the Internet of Things (IoT), autonomous vehicles or
3D printing. It interprets the application of IoT (Internet of Things)
into the production process, thus conceptually creating industrial
IoT, i.e. IIoT (Industrial Internet of Things). The current trend of

digitization, automation and data exchange of production
technologies is based on deep industrial integration through
information technology and associated data processing. This
integration has four basic characteristics [9]:
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Integration of engineering processes - this is the
integration within the entire life cycle (from life cycle
planning, development, implementation, testing, to sales
services). Integration of engineering processes includes:
o

The general innovation model,

o

Efficiency innovation model,

o

Effective product management.

Fig. 3 Interaction of human and machine in Industry 4.0. [10]

Acceleration through exponential technologies - not
completely new technologies, they just become more
accessible for wider use and their main task is to enable
individual solutions, increase flexibility and save costs in
the process of industrialization.

To ensure the optimal
human-machine-environment
relationship, the principles of industrial ergonomics are applied in
manufacturing companies, which is classified as an area of science
aimed at achieving optimal adaptation of the working environment
and workers' activities. Comprehensively, several components fall
into the field of industrial ergonomics (Figure 4), such as the
assessment of physical workload, posture at work, lifting and
carrying, machine-human interactions, but also the classification of
lighting conditions, thermal comfort, noise, and vibration effects on
the worker. [11]

Vertical integration of production systems - information
interconnection of all systems across the entire company
structure. Smart - production systems, plants, products,
interconnected logistics systems, marketing, services
oriented to the individual needs of specific client
requirements - personalization. Vertical integration of
production systems includes:
o

IT Integration,

o

Analysis and data management,

o

Cloud solutions,

o

Operational efficiency 2.0.

Horizontal integration - interconnection across the supply
chain - the interconnection of suppliers - customers, from
the manufacturer to the final distribution to the customer,
service. It is a new generation of global, value-added
connections, networks, involving the integration of
partners and customers. Horizontal integration includes:
o

Business model optimization,

o

"Smart" supply chain,

o

"Smart" logistics,

o

IT security management,

o

New taxation models,

o

New IP management.

Fig. 4 Basic interpretation of ergonomics. [11]

Ensuring an optimal working environment is a demanding
process that requires not only technical knowledge but also
knowledge of general or specific industrial ergonomics. As
technologies, processes or ideologies evolve, so did the views and
possibilities of how to correctly identify ergonomics in the concept
of a manufacturing company. Chronological complex determination
of the term ergonomics is presented in Figure 5. [12]
The work system in industrial practice in connection with a
comprehensive ergonomic assessment allows to implement [13]:

Fig. 2 Graphical interpretation of horizontal (up) and vertical (down)
integration. [9]



ergonomic rationalization - searching for the most
advantageous behaviour of the already existing work
system,



ergonomic modelling - finding out the probable behaviour
of the existing system when changing boundary
conditions,



ergonomic analysis - experimental investigation of the
structure and behaviour of the existing work system,



ergonomic design - creating a new work system with the
required behaviour.

All the above ergonomic processes can be implemented in the
Industry 4.0 strategy concept, forming a new concept called digital
ergonomics.

The gradual deployment of intelligent production systems
significantly affects, in terms of the Industry 4.0 strategy, the
human-machine-environment interaction (Fig. 3) and thus the tasks
performed in this interaction and the organization of work as a
whole.

29

TECHNICAL SCIENCES. INDUSTRIAL MANAGEMENT 2022

Fig. 5 Worldwide recognized definitions of Ergonomics in chronological order. [12]

3. Digital Ergonomics in Manufacturing Plants
The basic idea of digital ergonomics is the creation of digital
twins of the work environment, workers, or work system by the
Industry 4.0 strategy. The intersection of the Industry 4.0 concept
and digital ergonomics is represented in Figure 6. The digital twin
can be understood in ergonomics as a digital sensor model of a real
object within the simulation process with an active setup. The basis
for the digital twin is cumulative massive data collected in a realtime environment. [14]
Fig. 7 Main screen of Dialux Evo.

With its free availability and wide compatibility, Dialux Evo
ensures the possibility of application in production companies in the
field of management, design and the design offices of architects. Its
advantages include the ability to create your lamps, or the option of
choosing from a wide range of predefined lamps from worldrenowned lighting manufacturers. Based on the results of the
simulation, it is possible to create a lighting study providing
information on photometric values, specific flux, or layout of the
lighting system. Analyses of lighting systems by implementing
elements of digital ergonomics in industrial practice (Fig. 8) ensure
compliance with established norms of regulations and standards in
the field of work environment lighting.

Fig. 6 Digital ergonomics in Industry 4.0 strategy. [14]

In the field of ergonomic assessment of the working
environment, digital ergonomics can be used in industrial practice,
for example, in analyzing the lighting of an individual workplace,
production cell or hall. Various software solutions are used for
digital analysis, while in practice the free lighting tool Dialux Evo is
most often used.

Fig. 8 Digital interpretation of lighting analysis in industrial practice.
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for such digital connections with practice and follow up on the
assessment of possible emerging risks in creating digital ergonomic
environments.

Elements of digital ergonomics can also be implemented within
the ergonomic assessment of the worker's physical load. In
industrial practice, by this implementation, it is first and foremost
necessary to identify the depth of the analysis. If it is an analysis
providing only informative data, it is possible to use several mobile
applications for fast screening of physical activity, such as
ErgoMine or Intergo, which are mainly a substitute for the so-called
ergonomic checklists. For ergonomic analysis of physical activity,
complex simulation solutions are used in industrial practice,
enabling simulations of work environment and work activities of
employees, for example by application of digital ergonomic tool
Tecnomatix, module Jack.
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Fig. 10 Digital interpretation of physical load analysis in industrial
practice.

4. Conclusion
Elimination of risks in ergonomics, increasing the efficiency of
ergonomics of work activities, reducing the burden, and improving
the factors of the working environment, but also the preventive
measures in the system - man-machine - environment, of which the
worker is the basic element, are a priority in every industry and
non-manufacturing sector. Ergonomic assessment of assembly
processes, in production as well as in logistics, administration and
maintenance require increasingly complex approaches. These
approaches can be provided by implementing digital tools in the
process of analysis and assessment. The presented article is a
summary of knowledge devoted to the implementation of digital
tools in the field of ergonomics, primarily for assessing lighting as a
physical factor of the work environment and physical activity,
which has a direct impact on the worker. The article presents the
basic possibilities of implementation and provides an overview of
the issue from practice. In conclusion, it is possible to state the need
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1.

performance of a recognition device designed to read these user
tags. The recognition tag contains information or a specific type of
content with the exact orientation and position in which augmented
reality is to be displayed and overlaid the marker.

Introduction

The term augmented reality is used to describe an interactive view
of reality that is augmented with computer-generated objects
according to user preferences. In human perception, there are two
understandings of augmented reality that oppose each other.
Augmented reality can be understood as a special case of virtual
reality and generally considered to be an intermediate stage between
something that is real and something unreal, computer generated.
Augmented Reality (in short AR) today affects a variety of
industries from the social, social and cultural life of the average
user. It transforms the gaming business, sports, healthcare,
education or the film industry [1]. As it turns out, other industries
will not avoid this trend. The development of new technologies is
currently dizzying. The deployment of computer technology and
electronics in various areas of human activity has significantly
contributed to this process.

Fig. 2 AR with use of ThingMark marker

1.3. Augmented
technology

reality

with

use

of

projection

One of the most common augmented reality applications is also
called localization or positional application. This type of augmented
reality uses a GPS, digital compass, accelerometer or speedometer
that is built into the user's device [3]. These tools are used to display
information and content based on location by the user's device,
which is most often a mobile phone or tablet. The advantage of the
augmented reality application without the use of markers lies in the
possibility of precise localization of smartphones and devices in real
world. This type of AR application is most often used to map
directions and locate objects near the device.

A type of augmented reality operating on the principle of projecting
the artificial world onto the surface of the real environment. This
type of augmented reality application allows users to interact with
virtual data. The light is transmitted to the surface of the real
environment and then the user's interaction is sensed, or his touch
disrupting the desired impact of the projected light on the surface. A
given user interaction can be detected by distinguishing the light
projection on the surface without interaction and by comparing it
with the altered light projection caused by the user interaction. One
of the applications is a projected advertisement on fog which is
generated by the visualization unit itself. The advantage is that it is
possible to go through the advertisement without worries, while on
hot summer days the device will provide a pleasant refreshment.

Fig. 1 Example of AR with use of localization [6]

Fig. 3 Numerical touch control projected on a surface [2]

1.2. Marker-based augmented reality systems

1.4. Augmented reality with use of superposition

This kind of augmented reality is based on the recognition of
graphic marks. It uses a camera and a certain type of visual label,
such as a QR code or 2D barcode. Enriched view can be achieved
by simply capturing the visual marker by the user. Marker
recognition applications use a camera on the device that allows
recognize a well-defined identifying mark that is different from any
real-world object. Distinctive but simple patterns are used as tags
because they are easy to recognize [5]. They do not require the high

Augmented reality using the principle of superposition, the original
view of a certain object in the real environment is partially or
completely replaced by a view of the same object, which is
augmented by the device with graphic elements. Object recognition
plays an important role in this augmented reality application, as the
application is not able to replace the original image with an image
enhanced by visual elements without it being possible to clearly
identify and concretize the object. An example of the use of this
type of augmented reality application is the utilization by the

1.1. Augmented reality with use of localization
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furniture company IKEA, where users are allowed to scan an object
or a piece of furniture in a catalog and then virtual graphic
placement in their own home using augmented reality.

parameters, all changes can be automatically reflected for already
published bodies without any complicated modifications. The
following Fig. 5 provides an insight into the working environment
of the Creo Parametric software, specifically the Part module,
where in the left part there is a tree with individual actions, thanks
to which the model was created.

Fig. 4 Example of superposition-based AR [2]

2. Incorporating augmented reality into the
educational process

Fig. 5 CAD design in the Creo environment

Augmented reality can be used to increase the effectiveness of the
teaching process and to improve educational activities. Augmented
reality helps students to better understand the issue, to remember
new information better than traditional teaching media (book, video,
etc.). An innovative form of teaching can be used to model objects
in different environments or in entire scenes and for subsequent
visualization. It is possible to easily manipulate these models and
students get immediate feedback with the possibility of
understanding possible imperfections or errors in the design of the
model. Augmented reality applications have great potential to
engage, stimulate and motivate students to explore materials from
different angles, they can provide a real experience in areas such as
astronomy or geography. They enrich cooperation between students
and teachers, support creativity and imagination, help students take
control of their learning and adapt it to individual pace and
possibilities. Augmented reality creates an authentic educational
environment.

For later visualization of a virtual body in a real environment, it is
advisable to precisely define its position in advance. In the main
toolbar on the Tools tab, Creo in version 8.0.1 offers a choice of
two basic options:
Spatial Target
ThingMark

3. Teaching with augmented reality in the field
of computer modeling

Fig. 6 Types of spatial placement methods

The main benefit of this paper is the application of the PTC
augmented reality module to create an interactive tool that will
streamline the teaching process in computer modeling. Drawing
documentation as a form of presenting a given part or the whole set
is often not enough, especially if the student comes to study from
non-technical high schools. Many times, such a student has not
even encountered drawing documentation and does not understand
the transfer and display of the part in individual views and cuts of
the drawing or has a problem with spatial imagination.
Advantages of using augmented reality in the educational process:
 Eye-catching presentations - by integrating augmented
reality into presentations, it is possible to gain more audience
attention than with classic presentations, which keeps information
in memory longer due practical and dynamic demonstrations. [2]
 Interactive teaching - audience participation in teaching.
Students have the opportunity to access augmented reality models
directly on their mobile devices with use of different applications.
By perceiving augmented reality, students can better understand the
issue. In this way, students memorize more of the lectures, thanks to
the application of provided visualization techniques.


The first option allows you to easily place the virtual model on the
surface at a certain height. Here it is possible to directly define the
appropriate view with respect to the coordination system in a real
environment, based on flat surface recognition. The more advanced
ThingMark allows you to create a graphic marker that, due to its
graphic uniqueness, provide connection to the publisher server
space. Basically, five to ten different models can be stored free,
depending on the license of CREO software used. The user can
decide which model will be displayed on the client display unit.
Easy to use is the sharing and distribution of visual data thanks to
the recognition of the printed graphic mark and subsequent
scanning, for example, by a mobile phone via the Vuforia View
application, which provides a connection to the database of
uploaded models. This mark can be applied to supplement the
technical drawing or used separately. For more advanced
visualizations without the need to implement tags, it is possible to
visualize data based on object recognition. Here, however, it is
necessary to have a physical model to which the visual experience
is assigned and correctly oriented in space.
In the model example, a technical drawing of the part was made
very quickly based on the CAD design in the Drawing module,
which is supplemented by the required dimensions and tolerances.
Such a common technical drawing is then supplemented with
ThingMark in the appropriate position and orientation, so that
directly after loading the model, the essential information on the
drawing does not overlap. The mobile application offers options for
easy manipulation with a virtual 3D preview of the body, such as
rotation, resizing the model or hiding individual parts of the
assembly.

3.1. The Creo software environment for creating
augmented reality
To create drawing documentation enriched with use of augmented
reality some software tools are needed. In this case the Creo
Parametric software from PTC company was used. For applications
requiring more complex elements and an interactive environment,
the generated data can be further processed in Creo Illustrate and
ThingWorx Studio applications, which are developed by PTC, thus
ensuring mutual compatibility between them.
The first step lies in the creation of a component body in Creo
Parametric software. The advantage of using the model created
directly in this application lies in the fact that when later editing the
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presentations of future products where sensitive content from
product development is not shared.

5.

Acknowledgements

This article was supported by the Ministry of education of Slovak
Republic for supporting this research by the grant KEGA
004TUKE-4/2020 and VEGA 1/0431/21.

6.

Fig. 7 Technical drawing with an integrated marker

These basic features of the virtual model are sufficient for the needs
of students to support the imagination, as long as they acquire all
the technical skills and proceed to the creation of more complex
assemblies.

Fig. 8 Visualization of the CAD data using a tablet

Students can use their own mobile phone to view virtual content,
but the computers in the classroom have been supplemented with
tablets, with an appropriate camera and with a larger display for
obvious purposes of educational visualization.

4.
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Conclusion

Augmented reality applications, even at a lower level of interaction
with the environment, significantly help students from nontechnical schools to understand the projected views on the technical
drawing. Supported visual experience makes it easier for students to
learn, but it also offers many useful options for professionals. One
of the applications is product monitoring and transmission of
collected diagnostic data directly to the virtual model, without the
need for gradual control of individual sensors and devices. Using
bridging software such as SteamVR or moreViz, it's easy to transfer
content from the monitor to almost any HMD device. Immersion
into a more complex spatial set offers unique opportunities to
understand the function of the whole, while thanks to spatial
controls we can not only observe virtual content, but also transform
and manipulate it even at a complex level of parametric CAD
modelers. This form of content bridging is required for
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for quality control in the development of applications for changing
health behavior. Therefore, in this article the focus will be on an
overview of existing methods that influence the creation and
evaluation of mobile applications related to changing consumer
behavior.

1. Introduction
In the age of digitalization and communication, the needs of
citizens, business and society as a whole and their requirements for
the efficiency and effectiveness of digital technologies are
changing.

2. Existing methods, tools and taxonomies for
evaluating a mobile application to change user
behaviour

Increasingly in the fast-paced dynamic daily life, it is
technology that determines our behavior, our way of life. In most
cases, our brains prefer shortcuts, automatic mode, and can be very
easily engaged with the dynamic content offered by technologies
such as television, the Internet, mobile devices and tablets. The web
deprives us of the ability to concentrate, think deeply and think
adequately. We can't keep our attention for long when we read, then
"scan" or "look quickly" at the content, which is a sign that we are
not only superficial, but also impulsive. Phones are the brain outside
our body that we rely on more than our own brains. Technology has
many advantages as well as many disadvantages.

The increased capabilities of mobile phones, tablets, computers
are exploding in the number of mobile applications that can deliver
behavioral interventions [10]. Behavioral interventions are often
considered part of a complex system and in a digital environment as
viable methods for presenting behavior in various applications for
weight control, physical activity or goal management.
The aim of the study is to determine the currently available
methods and good practices for the evaluation and synthesis of
behavioral interventions to be used in the development of a goal
management application.

According to Chawla, in [6] there are basically 7 categories of
applications that are successfully used by users: Game applications,
Business applications, Educational applications, Lifestyle
applications, Entertainment applications, Utility applications, Travel
applications. The most commonly used of them are Game Apps and
Entertainment Apps, which when overused can lead to a sedentary
lifestyle, and unplanned activity sooner or later leads to health
problems such as obesity, negative thinking, depression and
dissatisfaction from life. This is one of the shortcomings of
technology.

3.1 Behavior change technique (BCT)
The Behavior Change Technique Version 1 (BCTTv1) was
developed by 400 international behavior change experts and is a
hierarchical taxonomy [1] of 93 different Behavior Change
Techniques (BCT) based on evidence of effective behavior change
[2]. These techniques are classified and grouped into 16 categories
with definitions and examples presented in [1]. This development is
funded by the Medical Research Council [1] and provides a
standardized approach to classifying the content of health
promotion interventions [5]. This is the most useful tool used by
psychologists in clinical practice [2]. BCT is a reproducible
component of an intervention aimed at:

One of the main benefits of using technology is that it can save
us time to take advantage of and acquire or upgrade a skill [9],
change our habits and improve our health, which is offered by Apps
for a way of life [6]. These applications can be further categorized
into three categories: applications in support of health professionals
(for medical reference, such as drug forms); applications aimed at
patients with specific conditions such as diabetes, etc. (applications
that will inform consumers about the glycemic index of certain
foods); and applications aimed at promoting healthy behavior
(smoking cessation, physical activity, weight management and
health improvement, etc.) [10].

• change or redirect causal processes that regulate behaviour [3]
• to clarify the active ingredients of interventions to change
health behaviour in systematic reviews [5]
• allows for a better assessment of the effectiveness of specific
intervention techniques [4]
• be used by practitioners and researchers.
BCTTv1 offers a reliable method for identifying, interpreting
and applying the active ingredients of behavioral change
interventions [1]. Defines in a wide range of behavioral techniques
for interventions such as physical activity, alcohol use, adherence to
drugs, condom use and behavior of health professionals [3],
smoking cessation, HIV testing, mental health, vaccination,
changing eating habits in adolescents, to promote healthy behavior
using social media in a web-based environment [5]. This framework
is based on three levers for behavior change - motivation,
opportunity and ability [2].

Factors that influence behavior are the wide range of personal
psychological, social and environmental factors (contextual) that are
considered by the theory of behavior. Such factors are emotions,
habits and routine actions. Behavior is a key factor in people's
health, achievements and successes.
Behavior change is always associated with effort, work and
leaving the comfort zone, which requires a long period of time to
achieve. To achieve a change in behavior, technologies are those
that can offer the possibility of implementation without or with the
remote intervention of specialists and in a combination of
interventions. The team of authors in [5] argues that "there is a need
to improve the evaluation of the design, implementation and
effectiveness of health promotion interventions carried out through
technology". In [10] they are also of the opinion that there is a need

4.2 The CALO-RE taxonomy
The CALO-RE taxonomy is an advanced taxonomy of
behavioral change techniques and is based on the initial systematic
development of Abraham and Michie [8]. The abbreviation CALO35
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RE [7] comes from The Coventry, Aberdeen, and London Refined, the places where all researchers have contributed to the
improved taxonomy. They introduce additional classifications of
behavioral change techniques with fewer conceptual problems, less
overlap between elements, and is more comprehensive [4]. This
taxonomy is a clear guide created by 40 behavioral change
techniques for researchers and practitioners. Its aim is to propose
the identification and classification of more effective techniques for
physical activity and healthy eating in interventions [4].

6.3.1The relationship between BCT and MoAs and its
frequency
The link between BCT and MoAs is important not only for the
development but also for the evaluation of interventions. In [3],
2636 summary hypothetical BCT-MoA relationships between 70
BCTs and 25 MoAs were identified, presented in two tables
defining the relative frequency of BCT-MoAs and a heat map
visually representing the frequency of BCT-MoA bonds with for
easier interpretation. The first table in [3] describes the most
commonly associated 51 BCT and MoA, which reflect hypothetical
causal pathways. The second table presents the most commonly
associated 24 MoAs with BCT. All of them can be used as a starting
point and improvement of methods for design and evaluation of
interventions, and can be used to develop a framework for
designing and conducting empirical tests of BCT-MoA
relationships.

Self-efficacy, attitudes, motivation, intentions and perceptions
of risk are a set of psychological precursors of physical activity
[4,7]. They lead to increased participation in physical activity.
The development of taxonomy offers [7]:
• for the correct mapping of the theoretical constructions in
techniques for behavior change and more realistic testing of the
effectiveness of the individual theoretical components within the
intervention.

Factors that facilitate behavior change, for example, may be:
• BCT "step tasks" - "setting easy tasks to perform, making
them increasingly difficult but achievable until the behavior is
completed"

• optimizing overlapping elements or redundant elements of
behavior change techniques driven by multiple theoretical
components or frameworks.

• BCT "Restructuring the social environment" - "change or
advice to change the social environment to facilitate the
implementation of desired behavior or to create barriers to
unwanted behavior"

• strengthening the link between theoretical knowledge and
behavioral change techniques may allow researchers to discover the
basic mechanisms of intention and behavior of physical activity.
5.3 Mechanisms of Action (MoAs)

Table 1: The most common connections are between BCT and MoAs
BCT - intuitive
MoAs
action planning
goal setting (behavior)
Beliefs in Abilities
Solving problems
Environmental context and resources
Skills
Health Information
Knowledge
Conviction of Consequences
Health Information
Attitude to behavior
Perceiving Sensitivity / Vulnerability
Intention
Behavior Demonstration
Social Learning / Imitation
Expected regret
Information about
Emotion
emotional consequences
Behavioral practice /
rehearsal,
Demonstration of Behavior
Beliefs about abilities
Verbal persuasion of
abilities
Instructions on how to
perform the behavior
Intention
BCT - less obvious
MoAs
Mental rehearsal for
Valuables
successful presentation

The term 'mechanism of action' (MoAs) is used by healthcare
providers, such as doctors, pharmacists and psychiatrists, when
discussing the treatment of medical and mental illness [15]. Many
actions that take place in our bodies occur through a specific series
of machine-like events and go through some mechanism of action
(MoAs) to be performed.
MoAs are a set of theoretical constructions that can be
characteristics of the individual (intrapersonal psychological
processes) and characteristics of the social and physical
environment (social support). They are defined as elements
representing "beliefs about abilities", "knowledge" and "regulation
of behavior", etc. [3].
It has been found that goal setting and self-control are related to
techniques for self-regulated behavior and increased effectiveness
in interventions aimed at diet and physical activity. These
interventions can be applied on an individual level, in close
relationships (family environment) [17] or in a group [16], with the
influence of small groups offering social support and shared hope
for personal change. In (fig. 1) presents a guide to the MRC process
[16] for working with complex interventions. The common
processes that may occur in group interventions should be described
and evaluated “(1) how they are delivered and implemented
(fidelity and quality of execution), (2) their mechanisms of action
(causal processes that generate change) and (3) whether or not and
how they can work differently in different settings and contexts
(contextual influences)” [16].

Table 2: Specific relationships between BCT and MoAs
BCT - intuitive
MoAs
Behavior Demonstration
Social Learning / Imitation
Information on health effects
Significance of the consequences
Information on social and
environmental consequences
Information on emotional
Attitude to behavior
consequences
Pluses and minuses
Material incentive (behavior)
Paste / Reframe
Incompatible beliefs
Knowledge
Beliefs about the consequences
Intention
Information on health effects
Attitude to behavior
Perceiving Sensitivity /
Vulnerability

Fig. 1 Components influencing behavior change and outcomes in group
interventionsГрешка! Източникът на препратката не е намерен..
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• In the absence of relevant evidence, assessment is the first
principle for designing interventions. But if there is evidence, it
should not be replaced by assessment.

According to [3], the choice of BCT is made on the basis of
Bandura's theory of self-efficacy - the stimulating attempt to master
through behavioral practice.

• The time and resources to develop an intervention strategy
will depend on the importance of the problem and the needs of the
situation.

7.4 Behavior Change Wheel (BCW)
Behavior Change Wheel (BCW) has been developed from 19
behavioral change frameworks, but none of these frameworks have
been found to be exhaustive. The BCW model is also known as
COM-B and is a systematic way of characterizing the intervention.
BCW is designed to support the design of the intervention and to
improve the intervention evaluation process. Outcomes can be
related to mechanisms of action (MoA) and diagnose why an
intervention does not achieve the desired goal. COM-B and BCW
analysis provide a broader approach to addressing the issue, while
addressing issues of ability (example: appropriate and convenient
way to raise the topic of smoking that is rewarding) and
opportunities (example: compliance) with advice for a short period
of time) [13]. BCW is designed to answer the question of whether
an intervention strategy meets or does not meet expectations. This is
not a behavior change plan, but an opportunity to use the available
resources to achieve a strategy [13].

Intervention design can be more systematic using the
MINDSPACE framework preferred by the UK government and
Intervention Mapping, an approach that has been adopted in a
number of other countries. None of these frameworks covers the
full range of available intervention options that may be important
and are indeed covered by other frameworks [13].
2.5 Application quality assessment tool
In [10], a tool for evaluating the quality of the application and
its implementation is proposed, which is systematic and timeconsuming (approximately 30 minutes per application). This tool
offers nine key questions to be answered when creating an
application and then assessing the quality of an application to
change health behavior: 1.The purpose of the application, 2.
Planning and development of the application (cooperation with the
target group - users / professionals), 3. Usability (to include some
special features for those with special needs (such as the ability to
change the font size or read the text aloud)), 4. Initial assessment
and adaptation (possibly subjective), 5. Behavior change techniques
used (to make changes in the environment to maintain a change in
behavior; self-monitoring; feedback on a behavior or its result;
prioritizing actions in their plans), 6. Maintaining behavior and
recurrence prevention, 7. Application evaluation, 8. Documentation
and 9. Data protection. The tool can generate dialogue between
clinicist, application developers, patients, regulators and be used by
application developers to improve the quality of applications and
contained a relatively large number of questions.

The process of designing behavioral change interventions
involves understanding target behavior and designing specific
behavioral change techniques [12].
The BCW model aims to address the constraints that behavior is
driven primarily by beliefs and perceptions, unconscious biases, or
the social environment by synthesizing the general characteristics of
frameworks and linking them to a pattern of behavior to be
applicable in any environment [13]. COM-B is useful because it
ensures that the designer of the intervention will not be involved in
thinking on one level only.
The BCW model consists of three layers (fig. 2). The first
innermost level, using the COM-B model, determines the sources of
behavior. The next level offers nine intervention functions, which
are selected depending on the specific COM-B analysis. The third
outermost level presents seven types of policies that can be used to
provide these functions (example: educational, persuasive) to
interventions.

2.6 Quality dimensions
According to [14], Maxwell proposes six dimensions of
healthcare quality: accessibility (easy access to all patient groups),
relevance to community needs, efficiency, equity (fairness in
distribution), acceptability, efficiency and cost-effectiveness. Low
price). And Donabedian offers three key elements on the quality of
healthcare: structure (facilities and health professionals available),
process (actions through which health care is provided) and results
(results of actions). These quality measures were developed before
the existence of mobile phones.
A measure of reliability for the presence or absence of BCTs
can be established by calculating Cohen kappa corrected deviation
statistics (PABAK).
2.7 Mobile Application Rating Scale (MARS) and ENLIGHT
scale
The MARS scale is a multidimensional tool most widely used
to assess the quality of MHA, containing four dimensions:
engagement (5 elements: fun, interest, individual adaptability,
interactivity, target group), functionality (4 elements: performance,
usability, navigation, design of gestures), aesthetics (3 elements:
layout, graphics, visual appeal) and quality of information (7
elements: accuracy of application description, objectives, quality of
information, amount of information, quality of visual information,
reliability, evidence base) . Items rated 1 to 5 (1-inadequate, 2-poor,
3-acceptable, 4-good and 5-excellent).

Fig. 2 Behavior Change Wheel.

The ENLIGHT scale is a quality assessment tool for MHA
containing seven dimensions: usability (3 items), visual design (3
items), user engagement (5 items), content (4 items), therapeutic
persuasiveness (7 items), therapeutic union (3 points), and general
subjective assessment. Items are rated from 1 (= very bad) to 5 (=
very good).

The following should be considered when using BCW:
• The conditions in which a behavior takes place can be changed
and therefore there is no specific practical method for the direct
evaluation of interventions.

In [18] the constructive validity of MARS is evaluated and the
simultaneous validity between MARS and ENLIGHT is determined

37

TECHNICAL SCIENCES. INDUSTRIAL MANAGEMENT 2022

increase behavioral change. Only 3 out of 9 BCTs were used in the
BCT "Objectives and Planning" group. The most commonly used
BCTs in physical activity applications are feedback on content
behavior and quality. Evidence and theoretical frameworks are vital
in developing behavioral change interventions.

by correlation. It is found that there is a high correlation and good
parallel validity between the two rating scales. MARS can become a
reliable tool for assessing the quality of MHA.
In [11] it is a guide to international methods for evaluating
health medical applications in the digital environment, where
variants of the MARS instrument are presented.

According to [5], the Internet provides interventions that can be
effective in promoting health and changing health behaviors. The
need for the implementation and effectiveness of interventions to
promote health and improve design evaluation through social media
technologies is emphasized. It is argued that the behavioral
mechanisms of social media interventions can have a positive
impact by emphasizing the use of BCTs for goal setting and selfcontrol in adolescents' diets, for self-directed activities such as
tracking diary steps or using a pedometer in interactive social
media. Several studies have found BCTs, such as explicit approval
and virtual rewards, that influence individual attitudes and health
behaviors. Approvals can be as positive messages from participants,
forwarding emails and comments, likes on Facebook and Twitter.
Virtual rewards such as likes, smiles, congratulations, badges,
virtual gifts or stars are built into the design of the intervention to
recognize the achievements of the participants. Studies have shown
that the most common BCT on social media are social support,
instructions on how to perform the behavior, a reliable source,
social comparison, information on health consequences, instructions
on how to perform the behavior, self-control of behavior, goal
setting behavior, adding objects to the environment. It is
emphasized that BCTs for goal setting and action planning have
been used very little in the included studies.

3. Strategies and applicability of assessment
methods in the digital environment
To improve the design of more effective interventions, a clearer
understanding of the processes by which individual BCTs have their
effects is needed. It is necessary to first have an understanding of
the target behavior and then to use specific techniques in designing
a behavior change intervention [12]. In order for an intervention to
show that it leads to a change in behavior, it must be long-term
enough, because a change in behavior takes time. In [13] argues that
all behavior change interventions operate in a social context, and
effectiveness is the only criterion for designing an intervention. The
process of designing interventions presented in (fig. 3) is linear, but
it is possible that there is a cycle between some of the steps. This
makes this approach flexible.

In [19] the development of an application for weight monitoring
is presented. Befor the design of the application, a study was
conducted on behavioral strategies, stating that self-monitoring is a
"cornerstone" and problem-solving is an "active ingredient" in
behavioral weight loss interventions. It has been found that people
who use an application to overcome depression (problem solving)
recover much faster than others who do not use the application. In
order to evaluate the application on the feasibility, acceptability and
use of the application, users were tested within 8 weeks and
together with the application offers guidance and support through
membership in a Facebook group. This is one of the ways an
application can be useful together with an included social element.
The results of the study show that applications may support
behavior change.

Fig. 3 Behavior change intervention design process.

Automated health behavior tracking offers the ability to track
and collect data on users' location, movement, emotions, and social
engagement. Mobile phones have many advantages: low cost; can
collect, analyze and transmit data; provide location data; to assess
the mode and speed of travel, etc. All these advantages predispose
to tracking the status or use of text messages as a kind of warning,
reminder to change behavior [10, 14]. Such interventions can be
cheaper and more convenient, and partially replace professional
care (in the absence of staff).
According to [10], most applications are not so much focused
on behavior change as on intervention. Applications that promote
self-control of diet and exercise according to [10] have been shown
to reduce waist circumference and increase physical activity and
diabetes control. It is argued that none of the applications studied
encourage consideration of goal setting and then maintenance.
Other applications according to [10] "ensure that feedback and
monitoring last at least one year and encourage the development of
a routine."

4. Conclusion
The design and development of digital products and services
requires multidisciplinary skills and an understanding of the
contextual experience of potential users [14]. Behavioral
interventions are often used to increase self-efficacy and aim to
change behavior, which is a key factor in human health. The
influence and support of relatives, the partner [17] are a social
factor that indicates an influence on behavior change. Despite the
huge amount of research, there is still insufficient evidence that
digital interventions with individual factors improve people's ability
to regulate their behavior.

Another study [12] showed that "active video games" promote
physical interactivity, lead to moderate activity and change in
behavior, especially in children. Fun and interactive technologies
(video games) can initiate better activity in conjunction with cycling
compared to traditional training [12]. And in weight loss
interventions it is found that receiving 2-5 personalized SMS per
day, tips and questions on various topics has led to weight loss more
than receiving only printed materials for weight control.

Given the most common links between BCT and MoAs, the
Behavior Change Wheel, the MARS, ENLIGHT Quality
Assessment Tools or Scales, and the applicability of behavior
change and assessment methods in the digital environment, it can be
concluded that they are all necessary tools and shared experience
for future application development. Existing methods and tools for
developing and evaluating health mobile applications aim to help
application developers anticipate the use of behavioral taxonomies
in order to increase the trust, usability of users and clinics. The
researches conducted on existing digital applications and the
interventions used in them, their testing with users and their
evaluation is an invaluable starting point that will be taken into
account when creating an application for goal management.

According to [14], studies with 400 Physical Activity (PA)
applications have found that each application contains at least one
BCT, with an average of 7 and a maximum of 13 BCT, and that for
none of them a user is not involved in their development, they have
been developed rapidly for commercial purposes and with the rare
involvement of experts, there is no evidence of their effectiveness
and alternative methods of evaluating applications are needed. The
most common BCTs are feedback and monitoring, goal setting and
action planning, and self-regulatory strategies are effective in
increasing physical activity. There is no evidence that BCT can
38
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https://www.eufic.org/en/healthy-living/article/motivatingbehaviour-change [Accessed: 01 July 2014]
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