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Introduction
Improving the wear resistance

of components operating under con-
tact friction conditions is a key di-
rection in ensuring the reliability and
service life of printing and binding
equipment. In particular, profile ele-
ments such as guide strips, press-
ing parts, and folding profiles play
a crucial role in the performance
of bookbinding machines. During
operation, these components are
subjected to significant loads due
to cyclic contact interactions, pres-
sure, and vibration. Over time, this
leads to surface wear, resulting in
a loss of positioning accuracy and
a decrease in the quality of bound
products.

Conventional methods for en-
hancing surface durability — such
as thermal treatment or the appli-
cation of hard coatings — are often

unsuitable for components with
complex profiles or thin-walled
structures. These techniques may
cause deformations, uneven har-
dening, or the formation of micro-
cracks due to excessive local hard-
ness without considering the ac-
tual stress distribution in the con-
tact zone.

This has prompted growing in-
terest in non-thermal surface tre-
atment technologies that allow
controlled modification of surface
microgeometry, improve tribologi-
cal performance, and preserve the
geometric integrity of the parts.
Among these, ultrasonic burnish-
ing has shown significant poten-
tial, as it combines localized plas-
tic deformation with high-frequen-
cy vibration of the tool. This treat-
ment enables the formation of
microrelief structures with incre-
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ased hardness, a densified susur-
face layer, and reduced surface
friction.

Given the advantages of ultra-
sonic burnishing, it becomes rele-
vant to explore its application to
the specific conditions and mate-
rial profiles used in bookbinding
machinery. In particular, it is nec-
essary to investigate its effective-
ness in enhancing the perform-
ance and durability of steel profile
components operating under cyc-
lic loading conditions.

Despite the demonstrated ad-
vantages of ultrasonic burnishing,
its use in the field of printing and
binding equipment has not yet been
sufficiently studied. Adapting this
method to the processing of pro-
filed and thin-walled parts pres-
ents certain challenges, particu-
larly in ensuring both effective sur-
face strengthening and preserva-
tion of form accuracy. It is known
that the microgeometry of such
components has a direct impact
on the stability of block position-
ing, the precision of fold forma-
tion, and the uniformity of material
feeding.

Degradation of surface micro-
geometry due to wear increases
friction, causes misalignment, and
accumulates errors during assem-
bly, ultimately reducing the quality
of printed products. This leads to
increased maintenance frequency
and shortens equipment service
life.

The issue is further complicat-
ed by the fact that most structural
elements have complex shapes,
making it difficult for conventional
treatment methods to deliver uni-
form hardening effects across the
surface. Additionally, inadequate
control over the formation of the

subsurface layer without regard to
contact stresses may result in un-
even wear and premature failure.

To date, the following impor-
tant aspects remain insufficiently
explored:

— Optimal process parameters
for ultrasonic burnishing of pro-
filed steel parts in bookbinding
mechanisms;

— The influence of the gener-
ated microrelief on tribological
properties such as wear, friction
coefficient, and contact stability;

— The correlation between
surface geometry, structural chan-
ges in the subsurface layer, and
the fatigue life of the part.

Accordingly, there is a need for
a comprehensive study of ultra-
sonic burnishing as a surface-
strengthening technology capable
of forming an optimized microre-
lief that enhances wear resistance
and ensures reliable long-term
operation of profile components in
bookbinding equipment.

An analysis of current research
in the field of ultrasonic surface
strengthening demonstrates the
effectiveness of this method for im-
proving the performance charac-
teristics of machine components.
In particular, study [1] investigates
the effect of ultrasonic burnishing
on the surface integrity of flat spe-
cimens. Positive results were ob-
tained regarding surface roughness
reduction and hardness increase.
However, the study does not ad-
dress the processing of profiled
surfaces, which are typical for com-
ponents of bookbinding equip-
ment. Furthermore, it lacks an
analysis of wear resistance under
contact interaction with soft mate-
rials such as paper or cardboard.
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In [2], ball ultrasonic burnish-
ing with vibrational support was
studied for cylindrical stainless-steel
specimens. Although improvements
in tribological properties were ob-
served, the study does not consi-
der friction conditions under low
sliding speed and localized pres-
sure, which are characteristic of
folding mechanisms. Additionally,
no data are provided on the ability
to generate microrelief with a con-
trolled orientation and profile.

The authors of [3] investigated
surface effects resulting from ver-
tical ultrasonic burnishing of alu-
minum blanks. While the study fo-
cuses on surface roughness and
surface quality, it does not analyze
wear resistance or wear mecha-
nisms. The formation of functional
microrelief as a target outcome of
processing is also not addressed.

Study [4] analyzed the mecha-
nism of microrelief formation un-
der two-dimensional ultrasonic bur-
nishing. Although the results con-
firm the generation of a regular stru-
cture with increased hardness, the
research is limited to aluminum al-
loys and does not consider the be-
havior of steel, which is the prima-
ry material used in profiled compo-
nents of printing and binding eq-
uipment. Moreover, the compati-
bility of the formed relief with the
technological requirements of the
bookbinding process remains
unexplored.

Publication [5] considers the
combination of laser cladding with
ultrasonic burnishing for applica-
tions involving high-temperature
friction. However, the study is fo-
cused on large-sized steel compo-
nents and does not address thin-
walled or narrow-profile elements
subject to elastic deformation,

which are typical in bookbinding
systems. No data are presented
regarding the effectiveness of the
generated microrelief under repe-
ated short-term loading condi-
tions.

Study [6] reports a positive
influence of ultrasonic burnishing
on the characteristics of parts pro-
duced using the L-DED method.
Nevertheless, the work does not
include an analysis of surface
structures with curved or complex
profiles, which are typical of guide
or folding strips. In addition, it
does not investigate the stability
of the formed relief under cyclic
deformation.

Particular attention should be
paid to the works of Ukrainian
researchers [7, 8], which substan-
tiate the feasibility of applying pla-
stic deformation methods to im-
prove wear resistance. Although
these studies do not focus specif-
ically on ultrasonic burnishing, their
conclusions confirm the effective-
ness of surface strengthening ap-
proaches for components with com-
plex geometry.

Study [9] focuses on the streng-
thening of thin-walled titanium
elements with holes. The research
is conducted in the context of fa-
tigue strength of aerospace com-
ponents, without adaptation to the
frictional conditions typical of pa-
per-processing machinery. The qu-
ality of the formed microrelief and
its influence on the stability of fol-
ding or clamping processes are not
evaluated.

In [10], the authors investigate
double ultrasonic burnishing of
titanium blanks. Despite the posi-
tive results regarding improved fa-
tigue strength, the article does not
cover aspects related to relief ac-
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curacy, its reproducibility, or com-
patibility with narrow profiles and
small radii.

Article [11] analyzes the reduc-
tion of surface roughness on shafts
after ultrasonic burnishing. However,
it does not consider any example
of processing complex contours or
radius-transition zones, which are
typical for profiled components of
bookbinding mechanisms and are
characterized by complex geome-
try and localized intensive tribo-
logical loading.

Thus, despite the wide repre-
sentation of studies devoted to ul-
trasonic burnishing with indenters,
most of them focus on flat or cylin-
drical components, on hard mate-
rials (in particular, titanium and
stainless steel), and are conduct-
ed under conditions different from
those typical of printing produc-
tion. The following aspects remain
insufficiently explored:

— processing of profiled steel
components with complex geom-
etry;

— formation of microrelief with
controlled orientation and period;

— assessment of wear resist-
ance under interaction with paper
or cardboard materials;

— influence of microrelief on
the stability of folding, clamping,
and sheet guiding.

These observations substanti-
ate the relevance and novelty of
the current study, which is aimed
at investigating the effect of ultra-
sonic burnishing on the wear resi-
stance of profiled components of
bookbinding equipment, taking
into account the specific features
of their operation.

The purpose of this study is to
provide a theoretical justification
for the possibility of improving the

wear resistance of profiled com-
ponents in bookbinding equip-
ment by forming a strengthening
microrelief using the method of ul-
trasonic burnishing with a spheri-
cal indenter.

To achieve this purpose, the fol-
lowing research objectives are set:

1. To determine the conditions
of operational wear of profiled com-
ponents in bookbinding equipment
and to analyze the feasibility of using
ultrasonic burnishing as a method
of localized surface layer streng-
thening.

2. To develop a numerical mo-
del of the ultrasonic burnishing pro-
cess for the surface layer of a pro-
filed steel component, taking into
account contact interaction, vib-
ration parameters, pressing force,
and tool feed rate.

3. To assess the influence of pro-
cessing parameters on stress and
residual strain distribution, the
depth of the strengthened layer,
and the surface microgeometry
formed as a result of plastic defor-
mation.

4. To analyze the wear resist-
ance of the formed surface using
mathematical models of friction
and wear, considering changes in
roughness, residual stresses, and
microrelief characteristics.

Methods
The aim of the theoretical study

is to model the influence of ultra-
sonic burnishing on the formation
of a strengthening microrelief on
the surface of profiled steel com-
ponents operating under contact
friction conditions in the assem-
blies of bookbinding equipment.
Particular attention is paid to de-
termining the distribution of stres-
ses and strains in the subsurface
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zone, evaluating the effective depth
of strengthening, as well as identi-
fying the relief parameters that
ensure improved wear resistance
during interaction with cardboard
and paper-based materials.

The object of the study is a frag-
ment of a profiled component fea-
turing a geometry that includes a
combination of flat and curved sur-
faces. The material used is struc-
tural carbon steel AISI 1045, with
mechanical properties based on ta-
bulated data:

— Young’s modulus E = 210 GPa,
— Poisson’s ratio n = 0.3,
— Yield strength sy = 370 MPa.
Mathematical modeling of the

microrelief formation process dur-
ing ultrasonic burnishing was per-
formed using the finite element me-
thod (FEM) in the ANSYS Mecha-
nical software environment.

To ensure the reliability and rel-
evance of the model to real pro-
cessing conditions, the key input
parameters were identified. These
parameters characterize both the
geometric features of the inden-

ters and the physical and mechan-
ical properties of the material being
treated. They serve as the basis
for constructing the contact inter-
action model and calculating the
local stress–strain states in the ul-
trasonic impact zone. The gener-
alized values of the initial data are
presented in Table 1.

The simulation considered the
contact interaction between a sphe-
rical hard-alloy indenter and the sur-
face of a profiled component sub-
jected to ultrasonic burnishing.
The geometry of the working zone
of the profiled component was adap-
ted to match actual design param-
eters, taking into account local cur-
vature and the contact nature of
the loading. To ensure high accu-
racy in the contact zone, a refined
finite element mesh was applied
with an average element size of
0.1–0.2 mm.

The indenter was modeled as a
perfectly rigid body, while the pro-
filed component was defined as
an elastic–plastic body capable of
undergoing local residual defor-
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Table 1
Initial parameters of the mathematical model of ultrasonic burnishing

Parameter Symbol Value Unit

Diameter of spherical indenter d 10 mm

Amplitude of ultrasonic vibrations A 10–20 µm

Frequency of ultrasonic vibrations f 20 kHz

Static pressing force F 100–150 N

Feed rate of the indenter v 50 mm/min

Young’s modulus of AISI 1045 steel E 210 GPa

Poisson’s ratio n 0.3 —

Yield strength of steel sy 370 MPa

Initial surface roughness Ra 0.7 µm



mations, described using the von
Mises yield criterion [12]. Boun-
dary conditions were applied to
the model to ensure the stability of
the component’s position and ac-
curate reproduction of the burni-
shing conditions.

Ultrasonic loading was implemen-
ted as a combination of a static pres-
sing force and a harmonic dynam-
ic force simulating the effect of high-
frequency vibrations of the inden-
ter at a frequency of 20 kHz. Con-
tact in the interaction zone was mo-
deled with friction, according to the
coefficient of friction m specified in
Table 1.

The simulation results were used
to construct a modified model of
local wear, taking into account the
generated microrelief. Additional-
ly, an analysis was carried out to
determine the distribution of con-
tact stresses, displacements, and
potential zones of surface streng-
thening on the profiled component.

The effect of the formed micro-
relief on wear resistance was eval-
uated analytically by applying a mo-

dified model of contact interaction
that incorporates the periodic sur-
face texture. Wear behavior was
described using equations that
account for variations in surface
roughness and residual stresses.
For comparison purposes, two sce-
narios were simulated: one with a
smooth surface and another with
a microrelief structure based on
FEM simulation results.

Results
Fig. 1 presents a functional dia-

gram of the interaction between
the ultrasonic burnishing tool and
the surface of a profiled metallic
component. The core element of the
system is the tool (pos. 4), equip-
ped with a spherical hard-alloy in-
denter (pos. 3), which receives high-
frequency vibrations in the range
of 20–40 kHz from a vibration gen-
erator. The working body main-
tains continuous contact with the
treated surface.

The profiled component (pos.
1), characterized by a curvilinear
geometry, is fixed in a position that
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Fig. 1. Schematic of the local surface strengthening process for a profiled me-
tallic component using ultrasonic burnishing with a spherical indenter: 1 —
profiled component; 2 — deformation zone (contact area); 3 — spherical

indenter; 4 — ultrasonic tool with vibratory drive; F — burnishing force; 
V — feed direction of the component



provides access to the spherical
indenter. The surface of the compo-
nent is subjected to the combined
action of static pressure (F), app-
lied vertically downward, and vib-
rational energy transmitted from
the tool.

During the feed motion of the
spherical indenter along the sur-
face of the profiled component at
a given feed rate (V), plastic defor-
mation occurs in the surface layer.
In the contact zone (pos. 2), a den-
sified microrelief is formed, char-
acterized by reduced roughness
and a wavy microstructure. This en-
sures localized surface strength-
ening without the application of
elevated temperatures.

The formed microrelief reduces
contact friction with paper or card-
board materials during operation
and enhances wear resistance.
This approach is particularly rele-
vant for thin-walled or complex-pro-
file components, where conven-
tional hardening methods cannot
be applied.

To quantitatively evaluate the
effectiveness of the generated
microrelief, analytical modeling of
surface wear was performed for a
profiled component under real ope-
rating contact conditions. For this
purpose, both classical and modi-
fied approaches to wear modeling
were used, allowing consideration
of the influence of the strength-
ened surface layer, microgeome-
try, and mechanical properties of
the surface.

One of the fundamental equa-
tions widely applied for wear pre-
diction under sliding conditions is
the Archard equation [9]. It estab-
lishes a quantitative relationship
between the volume of worn ma-
terial and the key parameters of

contact interaction, including load,
relative displacement, and materi-
al hardness. This relationship is ex-
pressed by the following formula:

(1)

where dw — incremental volume
of worn material; k — wear coeffi-
cient (empirical parameter); p —
contact pressure; ds — differential
increment of sliding distance; H —
material hardness.

The differential form of the Ar-
chard equation, adapted for use in
numerical modeling (particularly
FEM), enables the calculation of
the local wear rate as a function of
contact pressure, relative sliding
velocity, and material hardness.
This allows for dynamic updating
of the contact surface geometry
during iterative analysis.

(2)

where dV — elementary wear vol-
ume on a surface element of area
dA over a small time increment dt;
K — wear coefficient (dimension-
less); H — material hardness (Pa);
p(x, t) — contact pressure at point
x at time t (Pa); v(x, t) — relative
sliding velocity at point x (m/s); dA —
elemental area of the contact sur-
face (m2); dt — small time interval (s).

To transition from local analysis
to a generalized evaluation of wear
across the entire contact surface
of the profiled component, the in-
tegral form of the equation was used.
This form allows for the calcula-
tion of the total volume of material
loss over a specified operating pe-
riod. Such an approach enables
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the generalization of numerical mo-
deling results and makes it possi-
ble to assess the effectiveness of
surface strengthening across the
entire working zone.

(3)

To provide a more detailed
description of local changes in the
structure of the surface layer, the
study transitions from a general
integral approach to characteris-
tics that account for the wear
intensity at a specific point. The
concept of wear density is further
considered:

(4)

To obtain a more accurate
assessment of the local wear of
the surface of profiled steel com-
ponents after ultrasonic burnish-
ing, a modified model has been
proposed. This model takes into
account the surface microgeome-
try, residual stresses, and the spa-
tial–temporal non-uniformity of
the stress–strain state. It repre-
sents a development of the classi-
cal Archard model and is formal-
ized as follows:

(5)

where w(x, t) — local wear rate at
point x and time t (m3/m2·s); K —
wear coefficient dependent on the
material pair in contact; p(x, t) — con-
tact pressure (Pa); n(x, t) — local

relative sliding velocity (m/s); H(x,
t) — local material hardness at point
x (Pa); Rq(x, t) — root mean squ-
are roughness of the microrelief (m);
sres (x, t) — residual stress after
plastic deformation (Pa); a, b —
empirical coefficients accounting
for the influence of microrelief and
residual stresses.

This model makes it possible to
estimate the wear rate at each point
on the surface, depending on the
actual condition of the treated zo-
ne. The inclusion of microgeome-
try (via Rq) and residual stress (sres)
enables a more accurate simula-
tion of the operational durability of
components treated using ultra-
sonic burnishing.

Unlike the classical Archard mo-
del, this modification allows for
the prediction of the effectiveness
of surface strengthening techno-
logies, in particular by evaluating
the influence of the induced mic-
rorelief and local plastic deforma-
tion on wear suppression.

For the full implementation of
the wear model, it is necessary to
describe the contact interaction bet-
ween the spherical indenter and
the surface of the profiled compo-
nent. One of the key parameters in
this context is the distribution of
contact pressure, which determines
the intensity of local loading and,
consequently, the wear rate within
the contact zone.

Let p(x) denote the distribution
of normal contact stress along the
x coordinate within the contact area
between the spherical indenter
and the surface of the profiled com-
ponent. For Hertzian-type contact
between a spherical indenter and
the component:
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(6)

where p0 — maximum contact pres-
sure; a — half-width of the contact
area.

Then:

(7)

By integrating over the entire
contact length:

(8)

Substituting x = asinq, dx =
= acosqdq, yields:

(9)

This variable substitution simpli-
fies the integration process, which
is particularly convenient for nume-
rical or analytical solutions, espe-
cially under conditions of Hertzian
contact symmetry.

Thus, the development of the con-
tact pressure distribution model using
classical Hertzian approaches and
their mathematical transformation
provides a fundamental basis for
further analysis of friction and wear
parameter changes during the im-
plementation of surface strength-
ening technologies.

Based on the derived analytical
relationships, it becomes possible
to assess how ultrasonic burnishing
influences the physico-mechani-
cal properties of the contact zone.

Ultrasonic burnishing affects
the following characteristics:

— hardness H ® H’ > H,
— coefficient of friction m ® m’ <

< m,
— pressure distribution beco-

mes more uniform, thereby reduc-
ing peak contact stresses p0 ® p0 <

< p0.
Therefore:

(10)

==> As a result, the overall wear
is reduced after ultrasonic burni-
shing.

A generalization of the effect of
ultrasonic burnishing on the para-
meters of contact interaction con-
firms its positive influence in the con-
text of wear reduction. For a deep-
er understanding of the underlying
mechanism, it is appropriate to
perform a differential analysis that
enables a quantitative evaluation
of wear variation as a function of
key factors — primarily, material
hardness.

A differential justification of the
effectiveness of ultrasonic burni-
shing in improving wear resistance
involves analyzing the dependen-
ce of wear on hardness, which can
be expressed in the form of a cor-
responding derivative:

(11)
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The differential analysis de-
monstrates that an increase in sur-
face hardness as a result of ultra-
sonic burnishing leads to a reduc-
tion in the wear rate. Additionally,
the decrease in the coefficient of
friction and the leveling of the sur-
face microgeometry contribute to
a more uniform load distribution,
which confirms the feasibility of
using this method to enhance the
durability of profiled components.

The results of the numerical mo-
del of the ultrasonic burnishing pro-
cess for a profiled steel compo-
nent, considering contact interac-
tion, vibration parameters, applied
force, and feed rate of the tool,
include:

1. Contact pressure:

(12)

where F — the applied normal
force and A is the contact area.

2. Vibrational force component:

Fvib = Avib.sin(w),        (13)

where Avib — the vibration ampli-
tude and w is the angular frequency.

3. Total force considering vib-
ration:

Ftotal = F + Avib.sin(w).    (14)

4. Relative deformation (strain),
according to Hooke’s law:

(15)

where E — the modulus of elastic-
ity (Young’s modulus).

5. Condition for the onset of pla-
stic deformation:

(16)

where sy — the yield strength of
the material.

The resulting system of equa-
tions enables a comprehensive
analysis of the conditions under
which local plastic deformation
occurs in the surface layer of the
profiled component. In particular,
it makes it possible to determine
the parameters of the ultrasonic
burnishing process — such as
contact force, vibration amplitude,
and vibration frequency — at
which the formation of microrelief
begins. Moreover, by solving this
system, it is possible to quantita-
tively estimate the level of contact
pressure and to evaluate the influ-
ence of vibration parameters on
the improvement of the geometric
characteristics of the microrelief.

To illustrate the strengthening
dynamics of the surface layer
under different ultrasonic burnish-
ing forces, a graph was construct-
ed showing the dependence of re-
lative strain on time under varying
loading conditions applied by the
spherical indenter. This approach
allows for visualizing the effect of
contact force on the intensity of
plastic deformation and the devel-
opment of microrelief during pro-
cessing (Fig. 2).

The graph (Fig. 2) illustrates the
dependence of the relative strain
of the surface layer of a steel pro-
filed plate on time under different
contact forces during ultrasonic
rolling. For each applied force (10 N,
30 N, 50 N), the corresponding si-
nusoidal variation in strain is shown,
resulting from tool vibrations at a
frequency of 20 kHz. The amplitude
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of strain oscillations increases with
the rise in contact force, indicating
more intensive plastic deformation
of the material. The dashed hori-
zontal line marks the conventional
yield limit. The intersection of the
strain curves with this line indica-
tes the onset of residual deforma-
tion accumulation, which contri-
butes to surface strengthening.

The graph (Fig. 3) presents the
dynamics of the tool feed rate (blue
curve) and the corresponding chan-
ges in impact energy (orange cur-
ve) throughout the ultrasonic rol-
ling process of a profiled element.

The increase in feed rate simu-
lates the gradual acceleration of
the working body, which is accom-
panied by a quadratic rise in ener-
gy according to the following law:

(17)

where E — impact energy; m —
mass of the tool (or the equivalent
mass of the contact section); n —
instantaneous feed velocity of the
tool in the direction of deformation.

During the operation of the ge-
nerator producing high-frequency
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Fig. 2. Dependence of the relative strain of the surface layer on time 
under different ultrasonic rolling forces applied by a spherical indenter 

(10 N, 30 N, 50 N)

Fig. 3. Dependence of tool feed rate and impact energy on time during 
the ultrasonic burnishing of a profiled component
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oscillations, the feed velocity of the
tool varies depending on the tech-
nological settings, vibration ampli-
tude, and frequency. Accordingly,
the impact energy, which determi-
nes the depth of plastic deforma-
tion, also changes.

Thus, a direct quadratic depen-
dence of energy on feed velocity is
observed. This means that even a
slight increase in feed speed cau-
ses a significant rise in the energy
transmitted per unit of time, which
must be taken into account when
modeling the contact interaction in
FEM systems.

This behavior of the process pa-
rameters allows for evaluating the
influence of dynamic action on the
surface layer of the processed ma-
terial and identifying effective streng-
thening modes without exceeding
the permissible load threshold.

To describe the influence of ul-
trasonic burnishing parameters on
the stress–strain state, strengthen-
ing depth, and surface microge-
ometry, a differential calculus for-
malism was used that accounts for
local spatial (depth-wise and sur-
face coordinate) and temporal va-
riations during tool contact.

Depending on the pressing for-
ce F, indenter geometry, and ma-
terial properties, the local contact
stress s was calculated using a mo-
dified Hertz equation and can be
expressed in differential form as:

(18)

where x — coordinate along the
surface of the workpiece; R — in-
denter radius; E — Young’s modu-
lus and Poisson’s ratio; f1 — stress
distribution function accounting for
the shape of the contacting body.

Plastic deformation in the sub-
surface layer occurs when the stress
exceeds the yield strength sy:

(19)

where z — depth from the surface;
t — processing time; H(.) — Heavi-
side function, accounting for the
plasticity condition.

The Heaviside function [13, 14]
(unit step function) in the model of
microrelief formation during ultra-
sonic burnishing acts as a condi-
tional switch that considers only
the effective contact periods when
the contact pressure exceeds the
plastic deformation threshold. It
allows exclusion from the calcula-
tions of the phases in which no pla-
stic strengthening occurs, thereby
enabling a more accurate descrip-
tion of the dynamics of deforma-
tion accumulation and local wear.
Thus, the Heaviside function en-
hances the accuracy of the simu-
lation by filtering out the ineffec-
tive components of the vibrational
load.

The strengthening depth is de-
fined as the region where residual
plastic deformations exceed the
threshold value emin:

hs(x) = max{z:e(x, z) ³ emin}. (20) 

The change in surface profile
due to plastic deformation is de-
termined by the integral of local ma-
terial subsidence:

(21)



where h0(x) — the initial surface
profile (before processing). The resi-
dual stresses in the model are calcu-
lated based on the balance between
elastic and plastic deformations:

(22)

where u(z) is the displacement of
material elements at depth z, de-
termined by the prior action of the
indenter.

Thus, mathematical relation-
ships (20)–(22) enable a quantita-
tive description of the influence of
ultrasonic burnishing on microstru-
ctural changes in the subsurface
zone of the profiled part. Special
attention is given to the evaluation
of the residual stress distribution
formed as a result of localized pla-
stic settlement of the material un-
der the indenter load.

To visualize the modeling re-
sults, a graph of the residual stress
variation in the direction of depth
from the treated surface was con-
structed (Fig. 4).

This graph (Fig. 4) illustrates the
variation of normal residual stress
(s) along the depth from the treat-
ed surface of the profiled compo-
nent. The results indicate that in the
near-surface zone (up to 0.05 mm),
a peak compressive residual stress
is observed, which gradually decre-
ases with increasing depth. This
type of distribution is typical for
cold plastic deformation process-
es, particularly ultrasonic burnish-
ing, and contributes to the forma-
tion of a hardened layer with enhan-
ced fatigue and wear resistance.
With increasing depth, the stress
approaches zero, indicating the
boundary of the deformation-af-
fected zone.

To evaluate the effect of the ul-
trasonic burnishing process on the
surface microrelief, a graph was
constructed to show the variation
in microprofile depth along the
cross-section of the part (Fig. 5).

The graph (Fig. 5) shows the
variation in the surface microge-
ometry of the profiled component
along the depth direction after tre-
atment using ultrasonic burnish-
ing with a spherical indenter. The
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Fig. 4. Residual stress distribution along the depth of the treated layer 
of the profiled part after ultrasonic burnishing



X-axis represents the indentation
depth (Depth, mm), while the Y-axis
indicates the values of surface mic-
roirregularities (Microgeometry,
mm), characterizing the wavy relief
of the surface.

In the upper section of the graph,
harmonic oscillations of the mic-
roprofile are observed, with ampli-
tudes gradually decreasing with
depth. This indicates that the influ-
ence of vibration is most intense at
the surface and decays progres-
sively with increasing depth. Such
a pattern is typical for localized pla-
stic deformation induced by ultra-
sonic oscillations, enabling the for-
mation of a hardened wavy mic-
rorelief that improves the opera-
tional performance of the treated
surface — particularly wear resist-
ance and friction characteristics.

Analytical modeling has shown
that the application of ultrasonic
vibrations during burnishing sig-
nificantly alters the distribution of
residual stresses and the micro-
geometry of the subsurface zone
of the profiled component. Table 2
presents the results of theoretical
calculations regarding the influen-
ce of vibrational loading on the pa-

rameters of the surface layer, ba-
sed on numerical analysis perfor-
med in the ANSYS environment.

Analysis of the data indicates
that as a result of the simulation,
the residual stress on the surface
of the profiled component under
ultrasonic loading increases from
300 MPa to 320 MPa, indicating
an intensification of plastic defor-
mation and material strengthening.
With increasing depth from the sur-
face, the stress gradually decre-
ases; however, at all calculated
levels (up to 0.5 mm), it remains
higher compared to the case with-
out ultrasonic influence, indicating
a deeper hardening effect. Simul-
taneously, a consistent reduction
in surface roughness is observed
under ultrasonic loading — from
1.2 mm to 0.122 mm — which
reflects an improvement in sur-
face microgeometry and, conse-
quently, enhanced potential wear
resistance.

To achieve a more accurate
interpretation of the effect of ultra-
sonic burnishing, it is necessary to
consider the nature of the dynam-
ic loading acting on the contact zo-
ne during processing. Ultrasonic
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Fig. 5. Surface microgeometry profile as a function of depth after ultrasonic
surface burnishing



oscillations significantly alter the
mechanics of contact interaction:
they increase the intensity of local
plastic deformation, promote a mo-
re uniform pressure distribution,
and generate a microrelief with im-
proved geometrical characteris-
tics. Therefore, to construct a reli-
able mathematical model of sur-
face strengthening, it is essential
to integrate ultrasonic parameters
into the corresponding equations.

In particular, the variable con-
tact force should be represented
as a time-dependent function F(t),
which reflects the amplitude, fre-
quency, and phase of ultrasonic
oscillations acting in the contact
zone between the indenter and
the workpiece.

During the simulation, it was
taken into account that ultrasonic
loading generates high-frequency
oscillations of the indenter at a fre-

quency f (e.g., 20–40 kHz), result-
ing in the emergence of a time-
varying contact force:

F(t) = F0 + DF . sin(2pft).    (23)

The resulting expression for
the force was substituted into all
equations where the variable F is
involved, in particular into:

— the equation for stress cal-
culation;

— the equation for determining
plastic deformation.

Each contact impulse from ul-
trasonic vibration acts as a short-
term micro-load. In FEM-based si-
mulations, this is accounted for
through cyclic micro-impacts, which
cumulatively generate plastic de-
formation:

(24)
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Table 2
Influence of ultrasonic vibrations on the distribution of residual stresses

and microgeometry of the surface layer of the profiled component

Depth (mm)
Stress without

vibration (MPa)
Stress with vibra-

tion (MPa)

Surface rough-
ness without

vibration (mm)

Surface rough-
ness with vibra-

tion (mm)

0.0 300.0 320.0 1.2 0.9

0.056 227.24 229.29 1.016 0.721

0.111 172.13 164.29 0.86 0.577

0.167 130.38 117.72 0.728 0.462

0.222 98.76 84.35 0.616 0.37

0.278 74.81 60.44 0.522 0.296

0.333 56.66 43.31 0.441 0.237

0.389 42.92 31.03 0.374 0.19

0.444 32.51 22.23 0.316 0.152

0.5 24.63 15.93 0.268 0.122



where N — the number of impuls-
es during time t.

Given the complexity of real-ti-
me numerical modeling of high-
frequency vibrations, an equivalent
average force was applied:

(because ),       (25)

To account for the influence of
ultrasonic vibrations on the stress–
strain state, a correction coeffici-
ent h was introduced into the cal-
culated stress value:

seff = h.s(F0),            (26)

where h — accounts for the local
increase in deformation due to vib-
ration. Thus, the combination of
the equivalent force approach and
the correction coefficient enables
an adequate consideration of the
accumulated effect of ultrasonic im-
pulses on the plastic deformation
of the material’s surface layer. Ta-
king these adjustments into account,
a generalized equation can be for-
mulated to describe the evolution
of plastic deformation in the sur-
face layer of a profiled steel com-
ponent under ultrasonic vibration:

(27)

The proposed study confirmed
the effectiveness of ultrasonic bur-
nishing as a method for forming a
strengthening microrelief on pro-
filed components of bookbinding
equipment to enhance their wear

resistance. Numerical modeling
was conducted for profiled com-
ponents made of AISI 1045 steel.
A hard-alloy spherical indenter was
applied to the surface under load
and subjected to pulsed ultrason-
ic vibrations.

A mathematical model of the con-
tact interaction was developed, ta-
king into account residual stresses
and surface microgeometry. This
model made it possible to evalu-
ate wear intensity using both clas-
sical and modified friction laws.
The results of the numerical mod-
eling can be used to develop tech-
nological guidelines for surface tre-
atment and to predict the service
life of components in printing pro-
duction. Future research will focus
on the experimental validation of
the formed microrelief and the in-
vestigation of its influence on per-
formance characteristics under
real operating conditions of book-
binding systems.

Discussion
The results of the numerical ana-

lysis of the ultrasonic burnishing
process applied to the surface of
profiled components made of AISI
1045 steel confirm the feasibility
of forming a strengthening micro-
relief in the near-surface layer. The
obtained distributions of residual
stresses, plastic deformations, and
changes in surface microgeome-
try correspond to the known pat-
terns of high-frequency loading ef-
fects on metallic structures, parti-
cularly the formation of a wavy stru-
cture typical for vibratory streng-
thening processes.

Unlike classical approaches that
are primarily focused on macrosco-
pic friction parameters, the propo-
sed study implements an analytical-
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numerical model combining resid-
ual stress evaluation, surface rough-
ness parameters, and local hard-
ness with wear prediction using a
modified local wear model that in-
corporates the effects of microre-
lief. This approach enables a com-
prehensive assessment of the wear
resistance of working surfaces of
profiled components under variable
frictional conditions. This is espe-
cially relevant for printing equip-
ment, where components are sub-
jected to cyclic mechanical load-
ing during contact with paper and
cardboard materials.

A comparison of the results ob-
tained using the classical Archard
model and the developed modi-
fied model of local wear revealed a
significant reduction in wear rate
in cases where a microrelief with a
hardened layer was pre-formed.
In particular, the adaptation of the
Archard model for numerical im-
plementation made it possible to
transition from an integral to a dif-
ferential formulation, accounting
for the local distribution of load,
hardness, and surface roughness.
The incorporation of residual stress
(sres) and the microrelief parame-
ter (Rq) into the model increased
its sensitivity to local variations in
contact geometry.

The obtained relationships are
consistent with findings reported
in the literature [5, 10], which high-
light the positive effect of compres-
sive residual stresses on the tribo-
logical performance of surfaces.
The proposed model demonstrat-
ed a higher sensitivity to microge-
ometry variations and provided
a more accurate representation
of real operating conditions com-
pared to the simplified Archard ap-
proach.

Numerical results were obtain-
ed in the ANSYS Mechanical envi-
ronment using the finite element
method (FEM), enabling precise
simulation of plastic strain accu-
mulation and residual stress distri-
bution in the surface layer of the
profiled component. The simulation
results show that the wavy micro-
relief not only reduces contact
friction but also promotes the lo-
calization of residual compressive
stresses in the near-surface zone,
which has a beneficial effect on
wear resistance.

The obtained graphs (Figs. 4,
5) confirm the characteristic dis-
tribution of residual stresses and
the formation of the microrelief
resulting from ultrasonic burnish-
ing with a spherical indenter. The
spherical indenter enables concen-
trated localization of load, facilitat-
ing the formation of a wavy mic-
rorelief structure that enhances
wear resistance and reduces the
coefficient of friction.

The scientific novelty of this
study lies in the development of a
numerical-analytical model of the
ultrasonic burnishing process that
simultaneously accounts for the in-
fluence of the formed microrelief,
residual stresses, and wear para-
meters. This approach provides a
comprehensive assessment of the
durability of profiled component sur-
faces and can be used to predict
the service life of elements in bo-
okbinding equipment.

At the same time, certain limi-
tations of the theoretical model
should be acknowledged. It is ba-
sed on the assumption of material
isotropy and homogeneity, which
does not take into account poten-
tial effects of structural anisotropy
induced by cold plastic deforma-
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tion. The computational scheme
does not consider thermal effects,
although local heating due to inten-
sive friction may occur, which could
affect the structure and hardness
of the hardened layer. The lack of
experimental validation limits the
complete verification of the theo-
retical assumptions under real ope-
rating conditions. These limitations
can be addressed in future work
through experimental investiga-
tions and the incorporation of ad-
vanced physical models of the ma-
terial.

Conclusions
1. The operational wear char-

acteristics of profiled components
of bookbinding equipment operat-
ing under contact friction and vib-
ration conditions have been iden-
tified. The feasibility of applying ul-
trasonic surface rolling as an effec-
tive method of local surface streng-
thening without thermal influence
has been substantiated.

2. A numerical model of the ul-
trasonic surface rolling process
for profiled components made of
AISI 1045 steel has been develop-
ed, taking into account the geom-
etry of the spherical indenter, vib-

ration parameters, contact force,
and feed rate. The model is imple-
mented using the finite element
method, allowing for the determi-
nation of the stress–strain state,
surface microgeometry, and streng-
thening depth.

3. Based on the simulation re-
sults, it was established that an
increase in the contact force and
vibration amplitude of the spheri-
cal indenter promotes more inten-
sive formation of plastic deforma-
tions in the subsurface layer of the
profiled components, increases
residual stresses, and reduces sur-
face roughness. The formed wavy
microrelief contributes to a reduc-
tion in the friction coefficient and
improves the stability of contact
interaction with binding materials,
signatures, and printing semi-fin-
ished products.

4. The application of the modi-
fied Archard wear model for com-
parative analysis showed that a
surface with a microrelief formed
by ultrasonic rolling exhibits lower
wear rates compared to a smooth
surface. This confirms the effec-
tiveness of the method for improv-
ing the wear resistance of profiled
components in bookbinding systems.
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Оá’ºêòîì äîñë³äæåííÿ º ïðîöåñè ï³äâèùåííÿ çíîñîñò³éêîñò³
ïðîô³ëüíèõ äåòàëåé áðîøóðóâàëüíîãî îáëàäíàííÿ øëÿõîì

ôîðìóâàííÿ çì³öíþâàëüíîãî ì³êðîðåëüºôó ìåòîäîì
óëüòðàçâóêîâîãî íàêàòóâàííÿ. Рîçãëÿíóòî ìîäåë³ êîíòàêò-

íî¿ âçàºìîä³¿ ñôåðè÷íîãî ³íäåíòîðà ç ïîâåðõíåþ ñòàëå-
âèõ äåòàëåé äëÿ âèçíà÷åííÿ çàêîíîì³ðíîñòåé óòâîðåííÿ

ì³êðîðåëüºôó òà éîãî âïëèâó íà çíîñîñò³éê³ñòü. Пðîâåäå-
íå äîñë³äæåííÿ ìàº àíàë³òè÷íèé òà òåîðåòè÷íèé õàðàêòåð 
³ áàçóºòüñÿ íà ìàòåìàòè÷íîìó ìîäåëþâàíí³ êîíòàêòíîãî

íàâàíòàæåííÿ, ì³êðîïëàñòè÷íî¿ äåôîðìàö³¿ òà ïàðàìåòð³â
øîðñòêîñò³ ïîâåðõí³, ùî ôîðìóþòüñÿ âíàñë³äîê

óëüòðàçâóêîâîãî íàêàòóâàííÿ.
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