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Abstract Under the conditions of operation of high-speed rotor mechanisms, bearing bearings become the primary
source of unwanted vibrations, noise, and premature loss of the initial operational properties of the
machines. Accordingly, the requirements for the quality of rolling bearings and their performance are
constantly growing, and the technological support of the regulated requirements is becoming increasingly
problematic. To increase the efficiency of machining operations of bearing parts and ensure the required
quality of functional surfaces of rings in automated production, it is necessary to develop new effective
methods of design and control of technological processes for the manufacture of individual bearing parts.
The article analyzes the principles of technological support of quality parameters of the functional surfaces
of the rings to improve and stabilize the performance of roller bearings. The reasons for increasing the
vibroactivity of the working surfaces of the rings and the excess of the allowable vibration parameters and
bearing noise are investigated. The connections of technological factors of forming operations of turning
processing with parameters of microgeometry of the processed surfaces and operational properties of
bearings are established. Models of formation of microgeometry of rotation surfaces on turning operations
are developed, the reasons and technological features of formation of undulations on the processed surface
are revealed.
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Abstract. Under the conditions of operation of high-speed rotor mechanisms,
bearing bearings become the primary source of unwanted vibrations, noise, and
premature loss of the initial operational properties of the machines. Accordingly,
the requirements for the quality of rolling bearings and their performance are
constantly growing, and the technological support of the regulated requirements
is becoming increasingly problematic. To increase the efficiency of machining
operations of bearing parts and ensure the required quality of functional surfaces
of rings in automated production, it is necessary to develop new effective
methods of design and control of technological processes for the manufacture of
individual bearing parts. The article analyzes the principles of technological
support of quality parameters of the functional surfaces of the rings to improve
and stabilize the performance of roller bearings. The reasons for increasing the
vibroactivity of the working surfaces of the rings and the excess of the allowable
vibration parameters and bearing noise are investigated. The connections of
technological factors of forming operations of turning processing with param-
eters of microgeometry of the processed surfaces and operational properties of
bearings are established. Models of formation of microgeometry of rotation
surfaces on turning operations are developed, the reasons and technological
features of formation of undulations on the processed surface are revealed.

Keywords: Adaptive control � Formation � Microgeometry � Roller bearing �
Vibroactivity

1 Introduction

The quality indicators of an individual unit or machine as a whole are inextricably
linked with the quality indicators and performance of each bearing as a separate part of
the rotor system, which can potentially be the primary source of undesirable phe-
nomena or characteristics of the whole mechanism, device or machine (Fig. 1a) [1].
Therefore, the requirements for the quality of rolling bearings and their performance are
constantly growing, and the technological support of these requirements is becoming
more complicated. It is known that the quality of the bearing and its performance
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characteristics, such as vibration, noise, accuracy, reliability, durability, and others,
depend on the parameters of microgeometry and physical and mechanical properties of
the surface layer of functional surfaces [2]. The leading causes of undulations are the
dynamic processes of machining parts on metal-cutting machines, associated with the
loss of stability of the machine-tool-part system [3]. Vibrations in the cutting process
occur due to self-oscillations, forced oscillations, and deformation of the rings. Self-
oscillations are the result of the loss of properties of a given motion during cutting.
External perturbations cause forced oscillations. The causes of undulation are forced
oscillations of the system caused by various periodic perturbations due to the imbalance
of the machine-tool-part system (workpiece, machine spindle, shafts, and gears) [4].
Depending on the oscillations frequency ratio and the speed of relative movement of
the tool and the part, the surface shape violation nature is changed. The decisive factor
affecting the part’s shape is the ratio of the frequency of harmonic oscillations for the
tool and the workpiece to the rotation speed of the part [5].

Therefore, the technological support of the regulated requirements for the quality of
working surfaces and performance characteristics of roller bearings during their
manufacture is an urgent problem.

2 Literature Review

Among the scientific works concerning the problem of technological assurance of the
quality of shaping and operational properties of rolling bearings, it is possible to
distinguish four directions:

– geometrical, based mainly on the dimensional analysis of technological processes
and operations in order to achieve the desired level of accuracy of parts, assemblies,
and products [6];

– technological, in which the quality of the surface is considered from the standpoint
of the relationship with technological factors [7];

– the rigidity characteristics of the technological system’s units, and the own defor-
mations of parts and their influence on the quality parameters of the forming sur-
faces [8];

– complex, considering the whole set of factors that affect the quality of formation [9].

In the works of these areas, various aspects of the technological formation of
parameters of geometric structure of surface, physical and mechanical properties of the
surface layer of details of bearings and details with contact interaction are investigated,
questions of the influence of technological factors of machining on parameters of
quality of surfaces and some operational characteristics of surfaces and details [10, 11].
However, technological influence and control of the parameters of the undulation of the
working surfaces of roller bearings in the operations of centerless grinding are not
correctly reflected [12].

Based on the analysis of literature sources, it is established that the vibroacoustic
characteristics of roller bearings and their accuracy and wear resistance are dominated
by shape errors, ripples, and roughness of the contact surfaces [13].
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Statistical analysis of product defects that occur in the process of manufacturing
parts of roller bearings showed that the leading causes of surface layer defects in
accuracy and surface ripple are oscillating processes of the dynamic system of forming
the working surfaces of roller bearing rings in turning operations, diamond and abra-
sive operations and finishing operations [14, 15].

3 Research Methodology

Structural vibrations in bearings are due to two main reasons - deformation of the rings
under the action of forces from the rolling elements and fluctuations in the stiffness of
the bearing during rotation as a result of the radial component of the load F1 (Fig. 1b).
Since the rolling elements move relative to the line of action of the radial load, the
stiffness of the bearing changes periodically with frequencies multiples of the fre-
quency of passage of the rolling elements on a fixed ring [16]. In low-precision
bearings, structural vibrations are not noticeable, but as the precision of the bearings
increases, these vibrations may play a more prominent role. The frequency of structural
vibration is equal to or multiple of the value of fp = qzfc, where z is the number of
rolling elements; fc is the rotational speed of the separator relative to the fixed ring;
q = 1, 2,… is the coefficient of proportionality.

Vibrations associated with the structural imperfection of the bearing are because, in
the design of the bearing and the rolling contacts, there are sliding contact surfaces due
to differences in linear and angular velocities of adjacent parts (Fig. 1b) [17].

The relative speeds between the contacting parts of the tapered roller bearing are
determined based on the speed of the inner ring with a fixed outer ring.

Separator $ inner ring : ns=ir ¼ sin a
sin aþ sin b

nir=or ð1Þ

Separator $ outer ring : ns=ir ¼ sin b
sin aþ sin b

nir=or ð2Þ

Fig. 1. Construction: 1 – outer ring (fixed); 2 – separator; 3 – inner ring (movable); 4 – rolling
elements a) and the scheme of the tapered roller bearing b = a−2e b).
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Rolling body $ separator : nrb=s ¼ sin b
sin e

ns=ir ð3Þ

Mismatched frequencies occurring in the bearing are determined from expressions (4–
6). Relative frequency of the roller:

fmd ¼ 2 � nrb=s ð4Þ

The relative frequency of the inner ring:

fir md ¼ Z � ns=ir ð5Þ

Relative frequency of the outer ring:

for md ¼ Z � ns=or ð6Þ

where Z is the number of rollers (rolling elements) in the bearing; nir – the number of
revolutions of the shaft (inner ring).

For the experimental study of the influence of technological factors on the
parameters of the microgeometry of the treated surfaces, an automated research unit
based on a lathe and an automated research complex Rank Taylor Hobson Talyskan
were used.

4 Results

Vibrations, which are associated with structural imperfections of rolling bearings, are
manifested at pronounced frequencies and do not significantly affect the formation of
the initial accuracy of bearings and bearing assemblies [18]. The vibrations and the
operational characteristics of the roller bearings are influenced to a greater extent by the
errors in forming the shape of the working surfaces of the rings, the bodies of rotation,
and working environment conditions [19].

Shape errors in the manufacture of bearing parts should be divided into 4 groups:

1. deviations of the first order – errors in the placement of working surfaces (different
wall thickness of the rings, radial and axial beating, different sizes of rolling ele-
ments, etc.);

2. deviations of the second-order – errors in the shape of working surfaces (ovality,
number of faces);

3. deviation of the third-order – undulation;
4. deviations of higher orders – roughness, subroughness.

Depending on the rank, all of the above errors cause low-frequency, medium-
frequency, or high-frequency vibrations:

– errors in the shape of the raceways, as well as the size and ovality of the rolling
elements – low-frequency vibration (in the frequency range up to 10�f0),
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– the undulation of rolling tracks – a vibration of the medium frequency (in the
frequency range 10…60�f0),

– the undulation of rolling elements and roughness of rolling tracks – high-frequency
vibrations (in the frequency range over 60�f0).
In the ratio f0 – the oscillation frequency of the bearing shaft due to the imbalance

corresponding to the number of revolutions of the shaft (inner ring)
f0 = nв = 1800 min−1.

Given that , the frequency composition of the spectrum of vibrational
oscillations of the bearings due to defects in the rings is determined by the expression:

ð7Þ

where Z is the number of rolling elements in the bearing; k is the order of harmonics of
the undulation of the raceway. Figure 2 (side view) shows the relationship of the
geometric structure of the roller bearing with the parameters of the undulation of the
working surfaces and the number of rolling elements Z.

The equation of radial vibration of the outer ring of the roller bearing has the form:

€vþ 2h _vþx2
pv ¼

X
j

Fj
sin xjtþWj

� �
M

ð8Þ

where v is the radial vibration displacement of the ring (lm); xp – natural frequency;
Fj, xj, wj, h – amplitude, frequency and phase of the j-th harmonic of vibration
disturbances and damping coefficient, respectively.

Fig. 2. Influence of the working surfaces’ undulation ratio to the number of rotation bodies on
the geometric structure of the bearing.
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The solution of Eq. (8) gives the dependencies for vibration displacement v,
vibration velocity _v, and vibration acceleration €v.

The modeling of microgeometry parameters is based on surface formation due to
the relative movements of a part and a tool [20]. Altitude parameters of the micro-
geometry such as undulation, surface roughness are determined by the nature and
magnitude of the radial movements of the tool relative to the workpiece [21]. The
microgeometry step parameters depend on the ratio of the longitudinal feed of the tool
and the rotational speed of the workpiece.

For modeling the height parameters of the microgeometry, a mathematical model of
the dynamics of forming the working surfaces of the rings on the turning operation are
developed. The calculated scheme of the dynamic model of the form’s formation
process is shown in Fig. 3.

The description of the notation of the calculation scheme (Fig. 3) is given in
Table 1.

Fig. 3. Calculation scheme of a dynamic system.

Table 1. Designation of the calculation scheme (Fig. 3).

Denotation Description

m1 Spindle weight and part weight
m2, m3 Masses of transverse and longitudinal calipers
C1 – C5 Elastic links
Cu Angular stiffness of the drive
Md, Mp Moments of cutting
x1, x2 Coordinates of displacements of masses m1 and m2 along the x-axis
y1, y3 Coordinates of displacements of masses m1 and m3 along the y-axis
u1, un Coordinates of angular displacements of rotating masses
Ft(t), Fr(t), Fa(t) Cutting force
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For a more accurate representation of the process of surface formation, a detailed
scheme of the cutting process is given (Fig. 4).

The system of differential equations describing the movement of the tool relative to
the workpiece has the form:

m1€y1 þ d1 _y1 þ c1y1 þ c3 y1 � y2ð Þ ¼ P sð Þ
m2€y2 þ d2 _y2 þ c2y2 þ c3 y1 � y2ð Þ ¼ �P sð Þ;

�
ð9Þ

where m1 is the mass of the spindle assembly with the part; m2 – the weight of the
caliper with the tool; c1 – stiffness of the caliper; c2 – stiffness of supports and spindle
assembly; d1 and d2 are the damping coefficients of the bonds; P(s) – perturbing force.

Application of the complex amplitudes method allows us to obtain the perturbing
force as a variable:

P sð Þ ¼ P0e
ixs ð10Þ

where x is the frequency of the perturbing force; P0 = Py�cosb is the amplitude of
the force, and Py is the radial component of the cutting force.

The solution of the system of differential equations yields formulas for determining
the amplitudes of the relative oscillations of the part and the tool:

u1 ¼ u0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
K2
2 � x2

� �þ 4l22K
2
1

F2
1 xð Þþ 2 dl2K

2
1 þ fl1K

2
2 � F2 xð Þ� �

x2

s
ð11Þ

u2 ¼ u0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
K2
1 � x2

� �þ 4l21K
2
2

F2
1 xð Þþ 2 dl2K

2
1 þ fl1K

2
2 � F2 xð Þ� �

x2

s
ð12Þ

The frequency of natural oscillations is found from the characteristic equation of
the system:

Fig. 4. Scheme of shaping the functional surface of the bearing.
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f ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1
2

c1 þ c3
m1

þ c2 þ c3
m3

� 	
�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
c1 þ c3
m1

þ c2 þ c3
m3

� 	2

� 4 c1c2 þ c2c3 þ c1c3ð Þ
m1m3

svuut sec�1

ð13Þ

where x = ss/60 – movement per 1 revolution; V = x (D/2) = (pD)/s, s = p/x.
In order to increase the accuracy of shaping, the design of a continuous workpiece

of two rings of the roller bearing is proposed (Fig. 5).

As a result of using this type of workpiece, it was possible to increase the accuracy
of forming rings on turning operations, halve the complexity of procurement and
forming turning operations, avoid the formation of stresses on functional surfaces that
occur during installation in the chuck.

Notably, the vibroactivity of the working surfaces of the rings depends on the
parameters of the wavy surfaces. By determining the relationship between the
parameters of the undulation of the rolling tracks of the rings and the vibroactivity of
the bearing revealed an essential pattern that the worst vibroacoustic characteristics of
the bearing occur when the number of waves to the k-th harmonic on the inner and
outer rings bearing, or when the number of waves of the k-th harmonic is a multiple of
the number of rolling elements, ie fk = qz, where fk is the number of waves of the main
k-th harmonic on the raceway.

The best results were observed when fk = qz ± 1, fk = qz ± 2 and so on, q = 1, 2,
3…. The proposed method of spectral analysis of vibroactivity of rolling tracks and
vibrations of bearings allows diagnosing the causes of the origin of technological
defects.

5 Conclusions

The resistance of the dynamic forming system to resonant perturbations is investigated,
and the limits of stability in the coordinates stiffness - feed rate are obtained. Theo-
retical predictions in the process by modeling a dynamic system of formation are
confirmed. It is established that for all variants of finishing turning in the feed range
0.05–0.20 mm/rev step of the irregularities Sz to the average value of the height Wz is

Fig. 5. The continuous design of the workpiece of two rings: a) scheme; b) prototype.
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less than 40, which indicates the absence of undulation. The maximum deviations of
the surface shape (Wz + Rz) do not exceed 0.012 mm.

The mechanism of origin of structural and technological defects of roller bearings is
investigated. Identification of the relationship between these defects and performance
on the example of changes in the bearing’s vibroacoustic characteristics formed the
basis for developing a strategy for predicting the quality of parts and performance of
bearings at the stage of technological design. For diagnosing the causes of vibration,
the total spectrum of bearing oscillations should be divided into three bands – low-
frequency oscillations (50 Hz–1.5 kHz), medium-frequency (1.5–3.0 kHz), and high-
frequency vibrations (1.5–10 kHz). It is established that technological defects cause
low-frequency and high-frequency vibrations. The technique on the integrated
vibroactivity indicator for rings’ working surfaces to define the level of suitability of a
ready detail for operation as a part of the bearing and forecasting of vibroacoustic
characteristics of rolling bearings are offered.

It is established that the shape errors and waviness of the working surfaces of the
rings after the final operations of the superfinishing are transmitted by technological
inheritance from the previous shaping operations of turning, roughing, and finishing
grinding. In order to prevent such a negative impact of technological heredity, a new
method of technological control of the undulation of rolling tracks in turning operations
by modeling the dynamics of shaping is being developed. It is established that the
reduction of surface waviness in turning operation reduces the oscillations of the
components of cutting forces in finishing grinding operations, and hence the geometric
ripple, which can account for up to 90% of the error of deviation of shaping accuracy.

In order to increase the accuracy of forming rings on turning operations, as well as
to reduce the number of procurement and forming operations, the proposed design of a
continuous workpiece set of two roller bearing rings, the introduction of which into
production, will reduce the complexity of procurement operations by 35% and reduce
cost by 15% of each bearing size.

References

1. Chermensky, O., Fedotov, N.: Rolling bearings. Mechanical Engineering, Moscow (2003)
2. Chernets, M.V.: Prediction of the life of a sliding bearing based on a cumulative wear model

taking into account the lobing of the shaft contour. J. Friction Wear 36(2), 163–169 (2015).
https://doi.org/10.3103/S1068366615020038

3. Ivanov, V., Pavlenko, I., Liaposhchenko, O., Gusak, O., Pavlenko, V.: Determination of
contact points between workpiece and fixture elements as a tool for augmented reality in
fixture design. Wireless Netw. 27(3), 1657–1664 (2019). https://doi.org/10.1007/s11276-
019-02026-2

4. Yakimov, A., Novikov, F., Novikov, G., Serov, B., Yakimov, A.: Theoretical foundations of
cutting and grinding materials. OGPU, Odessa (1999)

5. Ravska, N.: Fundamentals of kinematic theory of geometrical parameters in the part of the
instrument. Reliab. Tools Optim. Technol. Syst. 24, 9–18 (2009). [in Russian]

6. Larshin, V., Lishchenko, N.: Adaptive profile gear grinding boosts productivity of this
operation on the CNC machine tools. Lecture Notes in Mechanical Engineering F2, 79–88
(2019)

Impact of Turning Operations 9

A
ut

ho
r 

Pr
oo

f

https://doi.org/10.3103/S1068366615020038
https://doi.org/10.1007/s11276-019-02026-2
https://doi.org/10.1007/s11276-019-02026-2


7. Tkachuk, A., Zablotskyi, V., Kononenko, A., Moroz, S., Prystupa, S.: Directed formation of
quality, as a way of improving the durability of conjugated parts of friction pairs. In: Ivanov,
V., et al. (eds.) DSMIE 2019. LNME, pp. 370–377. Springer, Cham (2020). https://doi.org/
10.1007/978-3-030-22365-6_37

8. Monkova, K., et al.: Condition monitoring of Kaplan turbine bearings using vibro-
diagnostics. Int. J. Mech. Eng. Robot. Res. 9(8), 1182–1188 (2020). https://doi.org/10.
18178/ijmerr.9.8.1182-1188

9. Saruhan, H., Sandemir, S., Çiçek, A., Uygur, I.: Vibration analysis of rolling element
bearings defects. J. Appl. Res. Technol. 12(3), 384–395 (2014). https://doi.org/10.1016/
S1665-6423(14)71620-7

10. Teja, P.S., Kumar, M.D., Krishna, R., Sreenivasan, M.: Simulation and optimization studies
on the ring rolling process using steel and aluminum alloys. J. Eng. Sci. 6(2), E36–E40
(2019). https://doi.org/10.21272/jes.2019.6(2).e6

11. Gold, P., Loos, J.: Wear resistance of PVD-coatings in roller bearings. Wear 253(3–4), 465–
472 (2002)

12. Chalyj, V., Moroz, S., Ptachenchuk, V., Zablotskyj, V., Prystupa, S.: Investigation of
waveforms of roller bearing’s working surfaces on centerless grinding operations. In:
Ivanov, V., Trojanowska, J., Pavlenko, I., Zajac, J., Peraković, D. (eds.) DSMIE 2020.
LNME, pp. 349–360. Springer, Cham (2020). https://doi.org/10.1007/978-3-030-50794-7_
34

13. Iakimov, O.O.: Influence of intermittent grinding wheel design on geometrical parameters of
quality of the processed surface. Cutt. Tool. Technol. Syst. 85, 323–330 (2015)

14. Tarelnik, V., et al.: Alternative methods for forming sliding surfaces of face impulse seals.
In: 2018 IEEE 8th International Conference Nanomaterials: Application & Properties (NAP),
pp. 1–6. IEEE (2018). https://doi.org/10.1109/NAP.2018.8915077

15. Lesyk, D.A., et al.: Laser-hardened and ultrasonically peened surface layers on tool steel
AISI D2: correlation of the bearing curves’ parameters, hardness and wear. J. Mater. Eng.
Perform. 27, 764–776 (2018)

16. Dykha, A., Sorokatyi, R., Makovkin, O., Babak, O.: Calculation-experimental modeling of
wear of cylindrical sliding bearings. East.-Eur. J. Enterp. Technol. 5(1 (89)), 51–59 (2017).
https://doi.org/10.15587/1729-4061.2017.109638

17. Awrejcewicz, J., Kurpa, L., Shmatko, T.: Investigating geometrically nonlinear vibrations of
laminated shallow shells with layers of variable thickness via the R-functions theory.
Compos. Struct. 125, 575–585 (2015)

18. Budnik, O.A., Sviderskii, V.A., Budnik, A.F., Berladir, K.V., Rudenko, P.V.: Composite
material for chemical and petrochemical equipment friction assemblies. Chem. Pet. Eng. 52
(1–2), 63–68 (2016). https://doi.org/10.1007/s10556-016-0149-x

19. Berladir, K.V., Sviderskiy, V.A.: Designing and examining polytetrafluoroethylene com-
posites for tribotechnical purposes with activated ingredients. Eastern-Eur. J. Enterprise
Technol. 6(84), 14–21 (2016). https://doi.org/10.15587/1729-4061.2016.85095

20. Chetverzhuk, T., Zabolotnyi, O., Sychuk, V., Polinkevych, R., Tkachuk, A.: A method of
body parts force displacements calculation of metal-cutting machine tools using CAD and
CAE technologies. Ann. Emerg. Technol. Comput. (AETiC) 3(4), 37–47 (2019). https://doi.
org/10.33166/AETiC.2019.04.004

21. Kalchenko, V., Yeroshenko, A., Oyko, S.: Mathematical modeling of abrasive grinding
working process. Sci. Bull. Natl. Min. Univ. 6, 76–82 (2017)

10 V. Zablotskyi et al.

A
ut

ho
r 

Pr
oo

f

https://doi.org/10.1007/978-3-030-22365-6_37
https://doi.org/10.1007/978-3-030-22365-6_37
https://doi.org/10.18178/ijmerr.9.8.1182-1188
https://doi.org/10.18178/ijmerr.9.8.1182-1188
https://doi.org/10.1016/S1665-6423(14)71620-7
https://doi.org/10.1016/S1665-6423(14)71620-7
https://doi.org/10.21272/jes.2019.6(2).e6
https://doi.org/10.1007/978-3-030-50794-7_34
https://doi.org/10.1007/978-3-030-50794-7_34
https://doi.org/10.1109/NAP.2018.8915077
https://doi.org/10.15587/1729-4061.2017.109638
https://doi.org/10.1007/s10556-016-0149-x
https://doi.org/10.15587/1729-4061.2016.85095
https://doi.org/10.33166/AETiC.2019.04.004
https://doi.org/10.33166/AETiC.2019.04.004


Author Query Form

Book ID : 521035_1_En

Chapter No : 23

Please ensure you fill out your response to the queries raised below
and return this form along with your corrections.

Dear Author,
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