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JUSTIFICATION OF TECHNOLOGICAL CONDITIONS
FOR HIGH-QUALITY FOLDING AND BONDING
OF INTEGRAL COVER FLAPS

The object of the study is the processes of folding and gluing
of flaps and edges of integral covers within a single technolo-
gical cycle of their forming. The purpose of the work is to sub-
stantiate the technological conditions for ensuring geometric
accuracy and reliable bonding of the structural elements
of integral covers based on controlling contact interaction
in the folding zone.
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Introduction

The quality of integral covers is
one of the key indicators of the con-
sumer and operational value of book
and magazine products. It is form-
ed not only at the stages of mate-
rial selection or graphic design, but
primarily during the processes of
forming and bonding of flaps as
structural elements of covers. The
accuracy of bend geometry, the ab-
sence of material defects, and the
reliability of gluing determine the
appearance of the product, its me-
chanical strength, and durability
during operation.

The processes of folding and
gluing of edges and flaps are in-
terrelated and technologically sen-
sitive. Violation of folding condi-
tions — such as the occurrence of
local stress concentrations, unsta-

ble material sliding, or non-uni-
form bend formation — directly
degrades bonding quality, since
the adhesive layer is usually ap-
plied prior to folding. Under such
conditions, even minor deviations
in the geometry of edges or flaps
can lead to incomplete contact bet-
ween the adhesive layer and the
substrate, displacement of ele-
ments, reduction in joint strength,
and the appearance of visible de-
fects in the finished cover.

The stability of the folding
process is largely determined by
the conditions of contact interac-
tion between the folding plate and
the cover material. Folding plates
define the bend trajectory, while
the geometry of their profile and
the microgeometric condition of
their working surfaces affect the
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distribution of contact stresses,
the nature of friction, and the re-
peatability of forming. During equ-
ipment operation, wear of the work-
ing surfaces of the plates alters
the contact parameters, which
results in deterioration of process
repeatability and an increased pro-
bability of defects in integral cov-
ers under mass production condi-
tions.

The analysis of scientific and
applied studies shows that ensur-
ing the quality of integral covers is
often considered fragmentarily,
with a focus either on material pro-
perties or on bonding regimes, with-
out sufficient consideration of the
role of contact interaction in the
folding zone. At the same time, a
comprehensive approach in which
the improvement of folding plate
profiles is combined with the con-
trolled formation of microrelief on
their working surfaces as a means
of stabilizing forming processes
remains insufficiently covered.

Under these conditions, the pro-
blem lies in the need to ensure such
technological folding conditions un-
der which stable forming of edges
and flaps is achieved without local
peaks of contact stresses and un-
stable sliding, which is a prerequi-
site for high-quality bonding and
predictable geometry of the ele-
ments of an integral cover. One of
the promising directions for solv-
ing this problem is the rational se-
lection of folding plate profiles in
combination with the formation of
a strengthening microrelief on their
working surfaces, which makes it
possible to reduce the influence of
defect-forming contact factors, sta-
bilize the process, and increase
the repeatability of results.

Thus, the scientific and practi-
cal problem consists in substanti-
ating the technological conditions
for high-quality folding and gluing
of edges and flaps of integral cov-
ers, taking into account the influ-
ence of the profile geometry and
microrelief of the working surfa-
ces of folding plates. Solving this
problem should ensure a reduc-
tion in forming defects, an incre-
ase in bonding reliability, and the
achievement of predictable quali-
ty of integral covers in mass pro-
duction.

The scientific novelty of the work
lies in the formalization of the flap
folding process of integral covers
as a problem of controlled contact
interaction with a quantitative rela-
tionship between the geometry of
folding plate profiles, the micro-
geometry of their working surfa-
ces, and the accuracy of element
alignment during bonding. For the
first time, defects of integral cov-
ers are interpreted through gener-
alized contact-mechanical criteria
(k(s), p(s), u(s), Ax, Ap, which ma-
kes it possible to move from em-
pirical adjustment to predictive
process control.

Modern scientific studies devo-
ted to folding and forming of pa-
perboard and paper materials are
primarily focused on investigating
the mechanics of creasing, the be-
havior of multilayer structures dur-
ing bending, and the causes of co-
ating defects. Thus, in study [1], it
is shown that the presence of cre-
ases and their geometric parame-
ters significantly affect the mecha-
nical behavior of a paperboard stru-
cture under load, particularly local
deformations and strength. Fur-
ther development of this research
direction can be observed in study

-
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[2], where the influence of creas-
ing tool misalignment on the fold-
ing process and strain distribution
in the bending zone was analyzed
using the finite element method.

A separate group of studies is
aimed at investigating the time-de-
pendent behavior of bending and
the influence of forming regimes.
In publication [3], it was establi-
shed that folding speed and dwell
time in the bent position signifi-
cantly affect relaxation processes
and shape recovery of coated pa-
perboard, which directly influen-
ces the stability of bend geometry.
This confirms the technological
sensitivity of the folding process
to contact interaction conditions
and loading regimes.

Considerable attention in the li-
terature is also paid to coating de-
fects and crack formation during
bending. Review studies [4, 5] sys-
tematize the causes of coating fa-
ilure and loss of barrier properties
of paperboard materials during
converting processes, particularly
creasing and folding. In studies
[6] and [7], it was experimentally
shown that local stress peaks and
the properties of surface layers de-
termine the material resistance to
fracture during bending, which is
crucial for maintaining the appe-
arance and functional properties
of the product.

Studies directly related to the
manufacture of covers and book
and magazine products are pre-
sented in work [8], where the te-
chnological features of semi-rigid
cover production are analyzed
and the dependence of edge ele-
ment quality on the stability of for-
ming and bonding is demonstrat-
ed. In more recent publications [9,
10], the influence of creasing and

bending processes on the conver-
tibility of modern multilayer and
bio-based paperboards is consid-
ered, which further confirms the
importance of controlling mecha-
nical forming conditions to ensure
the quality of finished products.

At the same time, in most of the
cited works, the main focus is pla-
ced on material properties, creas-
ing geometry, or deformation re-
gimes, whereas the conditions of
contact interaction between the
folding tool and the material re-
main outside comprehensive ana-
lysis. Studies in surface tribology
[4, 10] convincingly demonstrate
that the microgeometry of working
surfaces can significantly alter
friction behavior, contact stress
distribution, and wear; however,
this approach is practically not in-
tegrated into the tasks of stabiliz-
ing the folding processes of flaps
in integral covers.

Thus, existing scientific works
form a solid theoretical basis for
the mechanics of creasing and fold-
ing of paperboard materials [1-3],
analysis of coating defects and
crack formation [4-6], as well as
technological aspects of cover ma-
nufacturing and convertibility of mo-
dern materials [7-9]. At the same
time, the literature lacks a com-
prehensive approach to substanti-
ating the technological conditions
for folding flaps of integral covers
that would simultaneously consid-
er the profile of folding plates, the
microgeometric condition of their
working surfaces, and the stability
of contact interaction as determin-
ing factors of forming quality and
subsequent bonding. This gap de-
termines the necessity of further
research in the indicated direction.
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The purpose of the study is to
improve the quality of integral cov-
ers by substantiating the techno-
logical conditions of folding and glu-
ing of edges and flaps, ensured
through the improvement of the
profile and microrelief of the work-
ing surfaces of folding plates.

To achieve the stated purpose,
the following objectives are defined:

1. To analyze the structural and
geometric schemes of folding and
gluing of integral covers (symmet-
ric and asymmetric flaps, combi-
nations of flaps and edges) and to
identify typical geometric misalign-
ments leading to defects.

2. To develop quantitative cri-
teria for assessing the accuracy of
element alignment during gluing
in the form of linear and angular
deviations Ax and A¢g, and to sub-
stantiate the permissible ranges
of these deviations to ensure the
geometric quality of covers.

3. To establish cause-and-ef-
fect relationships between char-
acteristic defects of integral cov-
ers and dominant contact factors
in the folding zone, and to identify
the controllable parameters of fold-
ing plates that influence defect
formation.

4. To substantiate technologi-
cal approaches to defect reduc-
tion through the rational selection
of folding plate profiles and con-
trolled formation of microrelief on
their working surfaces in order to
stabilize contact interaction and
increase folding repeatability.

Methods

Experimental observations and
analytical generalizations were car-
ried out under conditions of mass
production of integral covers using
industrial equipment for folding

and gluing of flaps. Cover materi-
als included chrome-ersatz paper-
board with a thickness of 0.5-0.7 mm,
which is typical for the manufac-
ture of medium- and high-quality
integral covers.

Flap folding was performed using
interchangeable folding plates with
different profile geometries, which
made it possible to assess the in-
fluence of bend trajectory on the sta-
bility of forming. Gluing was car-
ried out according to a standard
technological scheme with prelim-
inary application of the adhesive
layer prior to the folding operation.
The technological parameters (fe-
eding speed, pressing force, con-
tact time) corresponded to indus-
trial settings and remained un-
changed within each production
series.

The quality of forming and bond-
ing was evaluated using geomet-
ric alignment indicators of flaps, in
particular the linear deviation Ax
and the angular deviation Ag, as
well as by the nature of visually ob-
servable defects (flap misalignment,
waviness of the fold line, local in-
complete bonding). To interpret the
experimental observations, ana-
lytical relations of contact mecha-
nics were applied, describing the
distributions of bending curvature
k(s), contact pressure p(s), and
friction coefficient u(s) along the
contact line.

Conceptual graphs and functi-
onal dependencies were constru-
cted in order to generalize the es-
tablished regularities and to iden-
tify the influence of controllable pa-
rameters of folding plates (profile
geometry and microgeometric con-
dition of working surfaces) on the sta-
bility of forming and compliance with
geometric tolerances of bonding.

-
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Results

The study establishes cause-
and-effect relationships between
the geometry of integral covers,
folding conditions, and the accu-
racy of bonding of their structural
elements based on the analysis of
structural schemes, experimental
observations, and geometric gen-
eralization of alignment deviations
of flaps and edges. The research
was conducted taking into account
the spatially interrelated formation
of integral covers within a single
technological cycle of folding and
gluing. Under such conditions, pro-
duct quality is primarily determin-
ed by the stability of bend forming
and the accuracy of alignment of
flaps and edges. It was found that
even small linear and angular de-
viations arising during folding ac-
cumulate and transform into bond-
ing defects, which determined the
structure of the subsequent analy-
sis — from geometric forming sche-
mes to quantitative assessment of
permissible alignment deviations.

The research results were sys-
tematized with regard to symmet-
ric and asymmetric flap schemes
as well as structures with edge bond-
ing, which made it possible to for-

S

a

mulate generalized criteria of geo-
metric accuracy of bonding and to
determine permissible linear and
angular deviations. Further analy-
sis was carried out based on the
structural and geometric schemes
of integral covers presented in
Figs. 1-3.

Analysis of the structural sche-
mes of integral covers (Figs. 1-3)
shows that the bonding of flaps
and edges is a geometrically sen-
sitive stage of forming, in which
the quality of the finished product
is determined by the accuracy of
spatial alignment of elements. In
integral covers, folding and adhe-
sive bonding are performed within
a single technological cycle, which
causes spatial displacement of
elements and their interaction with
the working surfaces of the equip-
ment. As a result, even minor lin-
ear and angular alignment devia-
tions lead to the formation of visi-
ble defects, such as overlaps, gaps,
misalignments, and zones of in-
complete adhesive contact.

Figures 1, a, b present schemes
of folding and alignment of sym-
metric flaps, for which high-quali-
ty bonding is ensured by coordi-
nated alignment along the fold

=2

Fig. 1. Geometric schemes of folding and alignment of symmetric flaps
of an integral cover: a — spatial position of the blank before folding; b —
scheme of flap alignment in the cover plane; 1 — cover base; 2 — flaps;

3 — adhesive contact zones
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Fig. 2. Geometric schemes of folding and alignment of asymmetric flaps
of an integral cover: a — spatial position of the blank before folding;
b — scheme of flap alignment in the cover plane; 1 — cover base; 2 —
flaps of different geometry and length; 3 — adhesive contact zones

lines without linear Ax and angular
A¢ deviations. The occurrence of
such deviations at the folding sta-
ge disrupts the coincidence of flap
edges with the contour of the co-
ver base and leads to local over-
laps, gaps, and a reduction in pres-
sure uniformity along the bonding
line.

The schemes shown in Figs. 2,
a, b correspond to asymmetric flaps
of different geometry and length, for
which bonding accuracy is com-
plicated by differences in forming
trajectories and sensitivity to fric-
tion and elastic recovery. Even mi-
nor asymmetry of contact conditions
causes non-uniform alignment,

PSS

NS

flap skewing relative to the cover
axis, and the formation of zones of
incomplete adhesive contact.

Of particular interest are the sche-
mes shown in Figs. 3, a, b, which
reflect the forming and bonding of
flaps in combination with edges that
perform the function of spatial sta-
bilization of the geometry of the in-
tegral cover. The accuracy of align-
ment of edges with the base deter-
mines the planarity of the product
and the absence of warping, whe-
reas violations of folding repeatabili-
ty or instability of sliding along the
working surfaces result in waviness,
local stress concentrations, and the
formation of free gaps after bonding.

%3

Fig. 3. Schemes of forming and bonding of symmetric flaps and edges
of an integral cover: a — cover blank before folding; b — alignment of flaps
and edges in the cover plane; 1 — cover base; 2 — edges; 3 — flaps; 4 —
adhesive contact zones

Y,
%

ISSN 2077-7264. Tekhnolohiia i tekhnika drukarstva. 2025. # 4(90)




S

ISSN 2077-7264. TexHonoris i TexHika gpykapctea. 2025. N2 4(90)

10

TEXHOJNIOTINIYHI

NMPOUECMHU

From a technological stand-
point, in most schemes the adhe-
sive layer is applied prior to folding,
whereas the contact geometry is
formed after bending. Therefore,
bonding quality is primarily deter-
mined by the accuracy of alignment
of flaps and edges, which depends
on the stability of bend forming.
Local misalignments, non-uniform
deformation, or elastic recovery of
the material cause part of the ad-
hesive layer to be displaced from
the effective contact zone and ma-
nifest themselves as incomplete
bonding and potential debonding
during operation.

From the perspective of geo-
metric accuracy, the process of
bonding flaps and edges can be
characterized by permissible lin-
ear and angular deviations of their
alignment relative to the cover ba-
se. High-quality bonding is ensured
provided that the linear displace-
ment of an edge or a flap does not
exceed the specified tolerance

| AX| < AXjim, (1)

and the angular deviation of the ele-
ment relative to its design orienta-
tion satisfies the condition

[A@| < Ajim. (2)

Exceeding any of these toleranc-
es leads to misalignment of elements
and manifests itself in the form of
overlaps, free gaps, or local incom-
plete contact of the adhesive layer
with the base. Thus, the stability of
the folding process, which ensures
the minimization of Ax and Ag, is a
key prerequisite for spatially accu-
rate bonding of flaps and edges and
for forming integral covers without
geometric defects.

For mass production of integral
covers (chrome-ersatz paperboard,
0.5-0.7 mm, standard visual qual-
ity requirements):

Linear tolerance: Axjj, = 0.30-
0.60 mm.

Angular tolerance (for b = 200
mm):

Operating range: A@jim ~ 0.09°-
0.17°.

Increased quality requirements
(lacquered/laminated, dark-color-
ed materials):

— AXjim = 0.15-0.30 mm;

— AQjim = 0.043°-0.086".

Practically accepted limit: A@jm <
<0.1°.

Threshold beyond which the de-
fect becomes clearly visible:

— Ax > 0.6 mm;

— Ap >0.17".

For a flap length of approxima-
tely 200 mm, this already results in:

— visually noticeable skewing,

— non-uniform pressure distri-
bution,

— local areas of incomplete ad-
hesive contact.

Therefore, for typical integral
covers with a flap length of 195-
200 mm, high-quality bonding is
possible only under strict geomet-
ric alignment tolerances. In mass
production, acceptable linear de-
viations are Axjjyy = 0.3-0.6 mm,
which correspond to angular devi-
ations of only A@jj;m = 0.09-0.17".
For coated and laminated materi-
als, it is advisable to further narrow
the tolerances to Axjj;, < 0.3 mm
and A@jim < 0.1°. This explains the
increased requirements for the
stability of the folding process and
the symmetry of contact conditions
in the bending zone when manu-
facturing large-format integral covers.

Experimental results have shown
that violations of folding stability
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directly degrade the quality of bond-
ing of flaps and edges of integral
covers. Experimental observations
were carried out on serial produc-
tion equipment for integral cover ma-
nufacturing under industrial folding
regimes, which ensures the applied
relevance of the obtained regular-
ities. Non-uniform bend forming or
local geometric deviations result
in zones of incomplete adhesive con-
tact, which reduces joint strength
and leads to the appearance of vi-
sually noticeable defects during ma-
nufacturing and operation.

Generalization of the results con-
firms that the accuracy of element
alignment during bonding is deter-
mined by the spatial stability and
repeatability of folding. Rational se-
lection of folding plate profiles and
control of contact conditions in the
bending zone are key technologi-
cal factors in minimizing overlaps,
gaps, and spatial deviations that
reduce the operational quality of
covers.

Based on production observa-
tions and experimental results, cha-
racteristic defects of integral cov-
ers associated with folding insta-

Defects of
integral covers

Contact
stress peaks

Unstable
friction/slip

Profile
geometry of
the slats

bility and disturbances of contact
interaction in the bending zone were
systematized (Fig. 4). These de-
fects include:

— whitening of the material in
the fold zone;

— formation of microcracks in
the lacquered or laminated layer;

— tearing or local delamination
of the paperboard;

— non-uniformity of the fold line;

— partial or complete debond-
ing of flaps;

— skewing of flaps relative to
the cover base;

— waviness of edges after bon-
ding.

It has been established that the
characteristic defects of integral
covers have a common origin and
are caused by peaks of contact
stresses, unstable sliding of the ma-
terial along the working surfaces
of folding plates, and violations of
bend forming repeatability. This
confirms the decisive role of stabi-
lizing folding conditions in ensuring
uniform bonding of flaps and pre-
dictable quality of covers in mass
production.

Whitening the
scam

Microcracks in
the coating

Tears/
delamination

Uneven fold line

Ungluing valves

Fig. 4. Block diagram of cause-and-effect relationships between folding
contact factors and defects of integral covers

-
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To generalize the results and es-
tablish cause-and-effect relation-
ships, an analytical table (Table 1)
is presented, in which defects of
integral covers are correlated with
dominant folding contact factors
and controllable parameters of
folding plates.

Under real production condi-
tions, defects usually have a com-
bined nature; however, the table
presents the dominant factors that
are most controllable through the
profile geometry and microgeom-
etry of the working surfaces of fold-

ing plates. The indicated control-
lable parameters are technologi-
cally feasible to implement during
the manufacturing and surface tre-
atment of plates and can be con-
sidered as tools for the targeted
improvement of the quality of inte-
gral covers.

Violations of folding conditions
or non-uniform bonding of cover
elements at the stage of blank for-
ming lead to the accumulation of
geometric deviations, which are ge-
nerally not compensated during
subsequent joining with the book

Table 1

Relationship between defects of integral covers and folding
contact factors

Defect of integral
cover

Dominant factor
in the folding zone

Mechanism
of occurrence

Controllable parame-
ters of folding plates

\Whitening of materi-
al in the fold zone

Peaks of contact
stresses + profile
geometry

Abrupt curvature
change, small radius —)|
local excessive defor-
mation of outer layers
— optical whitening

Increase of profile ra-
dius; smooth transi-
tions; absence
of sharp breaks

Microcracks in lac-
quered/laminated
layer

Stress peaks + fric-
tion

Concentration of sur-
face deformations +
microsliding during
contact — coating
cracking

Optimization of mic-
rorelief (reduction of
peak roughness); sta-
bilization of friction
coefficient

Tearing or local
delamination of
paperboard

Peaks of shear
stresses + profile
geometry

Interlayer overload un-
der rigid bending —
initiation of tearing or
delamination

Reduction of deforma-
tion gradients; selec-
tion of profiles with
gradual bend forming

Non-uniform fold
line

Unstable friction +
profile geometry

Stick-slip sliding —
variation of bend tra-
jectory

Formation of controlled
microrelief for stable
sliding; surface unifor-
mity

Partial or complete
debonding of flaps

Non-uniform bend-
ing (friction + stress
peaks)

Deformed or elastically,
recovered flap — in-
complete contact in

bonding zone

Increased repeatability

of bend geometry; re-

duction of residual de-
formations

Skewing of flaps rel-
ative to cover base

Friction asymme-
try + profile geo-
metry

Non-uniform contact

conditions — angular

displacement during
folding

Profile symmetry; sta-
ble sliding conditions
on both sides of the
flap

Waviness of edges
after bonding

Residual stresses +
friction

Non-uniform post-
bending deformations
— edge warping after

adhesive fixation

Reduction of residual
stresses; microrelief
equalizing contact
loads
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block. Such deviations manifest
themselves as skewing, non-uni-
form turn-ins, local overlaps, and
zones of incomplete adhesive con-
tact, which directly reduce the ope-
rational and visual quality of the fi-
nished book.

Figure 5 presents a structural
scheme of an integral cover as-
sembled with a book block, in which
the geometry of turn-ins Ky1, Ky2
(vertical) and Kp 1, Kn2 (horizontal)
is used as a quantitative indicator
of the accuracy of cover alignment
relative to the block.

In practical terms, high-quality
joining is ensured provided that the
difference between paired turn-ins
is minimized (Ky1 = Ky2; Kh1 = Kpo)
and that they correspond to the
nominal values determined by the
publication format.

Uniformity of turn-ins along the
perimeter of the cover is a neces-
sary condition for stable position-
ing of the book block, absence of
skewing, and ensuring predictable
quality of the finished product in

accordance with the requirements
of applicable standards for book
publications. In quantitative assess-
ment of the geometry of the book
casing, it is advisable to rely on nor-
malized accuracy indicators esta-
blished in related standards. The
absence of standards that directly
regulate the permissible devia-
tions of integral covers has neces-
sitated the development of quanti-
tative criteria that link folding and
bonding parameters with the qual-
ity of the finished product (Table 2).

For correct application of the
tolerances presented in Table 2,
book publications were classified
into three groups according to the
level of requirements for geomet-
ric accuracy and visual appear-
ance:

— Group 1 — mass-market bo-
ok publications (educational and
fiction literature in large print runs),
for which moderate geometric de-
viations are permissible without loss
of functionality.

Fig. 5. Scheme of an integral cover with a book block and turn-in elements:
1 — integral cover; 2 — left part of the cover before bonding with the book
block; 3 — right part of the cover with the bonded book block; K,y — left
vertical turn-in; Ko — right vertical turn-in; K1 — upper horizontal turn-in;
Kh2 — lower horizontal turn-in

-
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Table 2

Permissible geometric deviations of integral covers and turn-in
parallelism (per 100 mm length)

No.

Type of geometric deviation

Tolerance
(limit deviation),
mm — Group 1

Tolerance
(limit deviation),
mm — Group 2

Tolerance
(limit deviation),
mm — Group 3

Non-parallelism of external

1 |contours of the integral cover <0.50 <0.40 <0.30
(turn-ins)
Skew (angular misalignment)
2 | of the book block bonded to <1.00 <0.80 <0.50

the integral cover

Note: The values are given per 100 mm length; for a length L, the permissible devia-

tion is Ajm(L) = Ajm(100)-L/100.

— Group 2 — mid-range publi-
cations with increased requirements
for visual appearance and geome-
tric stability of the casing.

— Group 3 — gift, image, al-
bum, and representative editions,
for which strict tolerances are es-
tablished to ensure high visual and
operational quality.

Figure 6 presents a mock-up of
a book in a casing, illustrating that
deviations formed at the stages of
folding and bonding of flaps and
edges of an integral cover are di-
rectly reflected in the geometry of
turn-ins and can become visually
noticeable already in the finished
product.

This confirms the decisive role
of bend forming stability and the
accuracy of spatial alignment of co-
ver elements in ensuring high bo-
ok quality. For a clear interpreta-

tion of the established regularities,
it is expedient to consider charac-
teristic visual manifestations of vio-
lations that arise when stable fold-
ing and bonding conditions are not
maintained.

Typical manifestations of these
defects occurring at different sta-
ges of folding and bonding of flaps
of integral covers are shown in Fig. 7.

Other defects (material whiten-
ing, microcracks of the coating,
delamination) have a microstruc-
tural nature and are considered in
this work from the standpoint of
deformation mechanics and con-
tact interaction without being pre-
sented as separate illustrations.

In order to quantitatively sub-
stantiate the established cause-and-
effect relationships and to explain
the mechanisms by which control-
lable parameters influence defect

Fig. 6. Mock-up of a book in an inte-
gral casing with indicated turn-in ele-
ments: 1 — integral cover (casing);
2 — book block; 3 — turn-ins of the
integral cover; 4 — external contour
lines of the turn-ins
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formation, the folding process should
be considered from the standpoint
of a differential description of con-
tact interaction and material defor-
mation in the bending zone. The
subsequent analysis is explanato-
ry in nature and is aimed at inter-
preting the experimentally estab-
lished regularities in terms of con-
tact mechanics and material de-
formation, without claiming to pro-
vide a complete analytical model
of the process.

1) Profile curvature — defor-
mation of outer layers — whiten-
ing/cracking/tearing.

The bend trajectory defined by
the folding plate profile is describ-

ed by the rotation angle of the cross-
section 0(s) along the contact arc
s. Then, the curvature is defined as:

The rational selection of the fold-
ing plate profile ensures a control-
led trajectory of flap bending, which
can be formalized through limita-
tions on the curvature k(s) and its
gradient K'(s). Figure 8 presents con-
ceptual distributions of the bending
curvature k(s) along the contactlength
for different types of folding plate
profiles.

T
11
]
] 11
i a i b
|
|
]
1
1 ¢ d
e S
— 1
. \
\% R

Fig. 7. Typical defects of folding and bonding of integral covers: a — cover
blank in the normative state; b — cover after folding and bonding without
geometric deviations; ¢ — flap skew relative to the cover axis; d — asymme-
tric alignment of flaps; e — flap waviness after folding; f — non-uniform fold
line; g — flap skew caused by non-uniform bend forming; 1 — adhesive
contact zone
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Conceptual distribution of bending curvature k(s) for different folding plate profiles
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Fig. 8. Conceptual distribution of bending curvature k(s) along the contact
length for different folding plate profiles: V-shaped, U-shaped, involute,
and combined; s — coordinate along the contact line ‘folding plate—flap’;
k(s) = d0/ds — local bending curvature

As can be seen from Fig. 8, the
V-shaped profile is characterized
by sharply localized curvature peaks,
whereas the involute profile provides
the most uniform distribution of k(s)
with minimal curvature gradients.
This constitutes a prerequisite for
stable bend forming and reduction
of contact-induced defects.

For a plate—shell blank of thick-
ness h, the longitudinal strain of a
fiber located at a distance z from
the neutral layer is given by:

(s, z) = zk(s),

h
lEmax (S)| = EK(s). (4)
Accordingly, the bending stress
(linear elastic approximation) is ex-
pressed as:

(s, z) = Eg(s, z) = Ezk(s), (5)

where E is the Young’s modulus of
the cover material.

These relations reveal an impor-
tant regularity: if the profile contains
regions with a sharp increase in cur-
vature k(s) (i.e., with a large curva-
ture gradient k'(s), local values of

strain |emax| and stress |s| incre-
ase significantly, creating condi-
tions for the defects listed in Table 1.
In practice, this effect is convenien-
tly formulated in terms of thresh-
old criteria:

|3max(5) > gwh = bleaching, (6)

| €max(8) > £or = microcracks
in the coating, (7)

|o(s, z) > 64elam = dela-
mination/tears.

(8)

Here, ewh, €crs Odelam are the ef-
fective critical values for a specific
paperboard/coating system.

2) Local peaks of contact pres-
sure — defect-forming contact zones.

The contact interaction between
the folding plate and the material
is described by the distribution of
normal contact pressure p(s) along
the contact line. Peak pressure va-
lues are of particular importance,
as they determine the occurrence
of local material damage:

Prmac=Maxp(s). (9)
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In the context of the conclusion
regarding ‘local peaks of contact
stresses’, not only the maximum pres-
sure value pmax iS mathematically
significant, but also the pressure

gradient % , Which characterizes

the rate of change of contact load-
ing along the contact length.

Figure 9 presents a compari-
son of the contact pressure distri-
bution p(s) for the working surface
of a folding plate without control-
led microrelief and for a surface with
strengthening microrelief, illustrat-
ing differences in the localization of
contact loads in the folding zone.

Large pressure gradients |dp/ds|
indicate abrupt changes in loading
conditions along the contact, which
intensify local stress concentra-
tions in the material and promote
the initiation of cracks or tearing in
the fold zone.

3) Friction and unstable sliding
— non-uniform fold line and flap
skewing.

The friction forces at the con-
tact are given by:

T(s) = u(s)p(s), (10)

where p(s) is the local coefficient
of friction, which depends on the
microgeometry of the folding pla-
te surface (roughness/microrelief)
and the condition of the coating.

Conditions of unstable sliding
(stick—slip) are described through
the dependence of the friction for-
ce on the sliding velocity v:

F(v)=[u(v)p(s)ds, (11)
and in a criterial form:

% <0 = tendency to jerky slide. (12)
\%

It is precisely the jerky transi-
tions between the ‘sticking-sliding’
states that generate non-uniformi-
ty of the fold line and flap skewing
(angular displacements), i.e., the
defects identified in the above list.

4) Elastic recovery (springback)
and residual deformations — de-
bonding and waviness.

Conceptual distribution of contact pressure p(s) in the folding zone

— | Surface without controlled microrelief
— | Surface with strengthening microrelief

0.6

[ Normalized contact pressure, p(s) J
S
@

0.4

0.2

0.0 0.2 0.4

06 08 10

| Normalized coordinate along the contact length, s/L |

Fig. 9. Conceptual distribution of contact pressure p(s) along the contact
length in the folding zone: s — coordinate along the contact line; p(s) — local
contact pressure
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After unloading, part of the cur-
vature is elastically recovered. In a
simplified form:

Kfin(S) = Kioad(S) — Ax(s), (13)

where AK(S) is associated with the
elastic component of deforma-
tion. If Ak(s) is non-uniform along
the flap length, residual deforma-
tions arise, which manifest them-
selves as edge waviness and de-
terioration of the bonding zone geo-
metry.

The bonding quality can be for-
malized through the effective con-
tact area between the flap and the
base:

A=JH(-g(s))ds,  (14)

where g(s) is the local gap bet-
ween the flap and the base, and
H(-) is the Heaviside function. If un-
stable bending or elastic recovery
leads to regions where g(s) > 0,
the effective contact area A; de-
creases, which is consistent with
the observed incomplete contact
of the adhesive layer with the base
and the resulting debonding de-
fects.

The performed analysis of the
technological features of folding
and bonding of flaps in integral co-
vers shows that the dominant for-
ming and bonding defects have a
common contact-mechanical ori-
gin and are caused by a combina-
tion of peak contact stresses, un-
stable friction, and violation of bend
repeatability. It has been establish-
ed that these factors are directly
related to the geometry of folding
plate profiles and the microgeome-
tric condition of their working sur-
faces, which are technological-ly
controllable process parameters.

The rational selection of the fol-
ding plate profile ensures a con-
trolled bending trajectory of flaps,
which can be formalized through
limitations on the curvature and its
gradient:
de

k’(s)|= ds

do
k(S) = E,

2

—min. (15)

where Kk(s) is the local curvature of
the bending trajectory; 6(s) is the
rotation angle of the flap cross-
section; k'(s) is the curvature gra-
dient characterizing the ‘sharp-
ness’ of the profile.

Minimization of |k'(s)| corre-
sponds to smooth bend formation
without local deformation peaks.

Limitation of bending curva-
ture:

AL

where k., is the maximum allow-
able curvature; ¢, is the critical
(allowable) strain and stress level
of the cover material; h is the ma-
terial thickness; E is the Young’s
modulus.

This limitation prevents exceed-
ing the allowable strains and stres-
ses in the outer material layers,
thereby reducing the probability of
whitening, coating microcracking,
and tearing of the paperboard. Thus,
the application of profiles with smo-
oth curvature variation (involute or
combined profiles) ensures a re-
duction of peak values gmax(s) and
omax(S) and stabilizes the bend-
forming process.

The formation of controlled mic-
rorelief on the working surfaces of
folding plates leads to stabilization
of contact conditions in the bend-
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ing zone. This effect is manifested
by a reduction in spatial variations
of the coefficient of friction:

Var(u(s)) » min,

%‘—)min, , (17)
ds

where p(s) is the local coefficient
of friction in the ‘plate-material’
contact; Var(-) denotes the varian-
ce characterizing the dispersion of
values along the contact length;
|du/ds| represents friction non-un-
iformity along the contact.

Figure 10 shows a comparison
of the working surface of a folding
plate without controlled microre-
lief and a surface with strengthen-
ing microrelief, illustrating a redu-
ction in spatial variations of the
friction coefficient u(s) and stabi-
lization of sliding conditions along
the contact line in the folding zone.

A reduction of these values cor-
responds to stable sliding and re-
peatable bending, as well as to the
equalization of the contact pres-
sure distribution:

Pmaxt, max (18)

d_p‘¢
ds|

where p(s) is the normal contact
pressure; Pmax is its maximum
value; max|dp/ds| is the maximum
pressure gradient reflecting local
load peaks.

A reduction of these quantities
corresponds to stable sliding and
repeatable bending. This condition
ensures that critical levels of strain
and stress in the outer material
layers are not exceeded.

As aresult, the unstable ‘stick—
slip’ sliding regime is suppressed,
which mathematically corresponds
to a reduction in oscillations of tan-
gential contact forces:

SF= fép(s)p(s)ds — min,
0 (19)

where &F; is the amplitude of oscil-
lations of the resultant friction for-
ce; L¢ is the contact length; 5u(s)
represents local fluctuations of
the friction coefficient.

A decrease in 6F; corresponds
to the elimination of the stick-slip
regime and stabilization of the be-
nding trajectory, and also ensures
a uniform fold line without local
breaks or flap skewing.

Conceptual distribution of the friction coefficient u(s) in the folding zone

Surface without controlled microrelief
Surface with strengthening microrelief
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Fig. 10. Conceptual distribution of the friction coefficient u(s) along the con-
tact length in the folding zone: s — coordinate along the contact line; u(s) —
local friction coefficient
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Stabilization of bending curva-
ture and friction conditions is di-
rectly reflected in a reduction of
geometric deviations in flap align-
ment:

Var(Ax)V, Var(Ap)d,  (20)

where Ax is the linear deviation of
element alignment (edges/flaps)
from the design position; Ag is the
angular deviation (skew) relative
to the cover axis.

Stabilization of bending curva-
ture and friction conditions direct-
ly leads to a reduction in geomet-
ric alignment deviations of flaps,
which is formally described by a
decrease in the variances Var(Ax)
and Var(Ae). Figure 11 presents a
conceptual correlation between
the geometric deviations Ax and
Ao and the bending stability index.

As can be seen from Fig. 11, an
increase in process stability is ac-
companied by a monotonic decre-
ase in both linear and angular de-
viations, which creates prerequi-
sites for meeting the bonding tol-

erances of integral covers. A re-
duction in variances indicates im-
proved repeatability and tolerance
compliance in serial production.
Owing to this, strict bonding toler-
ances established for integral co-
vers of medium and high quality
classes can be ensured.

In addition, a reduction in elas-
tic recovery and residual deforma-
tions contributes to an increase in
the effective adhesive contact area,
which enhances the strength of the
adhesive joint and reduces the risk
of partial or complete debonding
during operation:

n.= 1_[H(go—g(s))ds — max,
K (21)

where 1 is the coefficient of effec-
tive adhesive contact fraction; L is
the length of the bonding line (zo-
ne); g(s) is the local gap between
the flap and the base; gg is the al-
lowable technological gap; H(+) is the
Heaviside function (identifying re-
gions where the contact is effective).

Conceptual dependence of Ax and 4¢ on bend formation stability
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Fig. 11. Conceptual dependence of geometric alignment deviations Ax and A
on the bending stability index S: S — normalized indicator of bend-forming
stability (0...1); Ax — linear alignment deviation; Ap — angular deviation;
the curves are presented in a normalized form
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An increase in n¢ corresponds
to a larger area of adhesive inter-
action and higher strength of the
adhesive joint.

The obtained results allow con-
cluding that the combination of a
rational folding plate profile selec-
tion methodology with the tech-
nology of surface strengthening of
their working surfaces by microre-
lief guiding structures provides:

— reduction of peak contact
stresses and deformation gradi-
ents in the bending zone;

— stabilization of friction and
elimination of unstable sliding;

— improved repeatability of
folding geometry (minimization of
Ax and Ao;

— enhanced bonding condi-
tions of flaps and edges due to an
increased effective contact area;

— reduction in the number of vi-
sual and operational defects of in-
tegral covers in serial production.

Thus, the proposed integrated
approach creates a scientifically sub-
stantiated basis for targeted con-
trol of folding and bonding proces-
ses of integral covers and can be
recommended for implementation
in industrial production lines with
increased requirements for geome-
tric accuracy and quality of book
products.

Discussion

The obtained results correlate
with the existing body of research
devoted to the mechanics of cre-
asing and folding of paperboard
materials and, at the same time,
extend the available understand-
ing of the technological problem
of bonding flaps and edges of in-
tegral covers. Previous studies have
predominantly focused on the in-
fluence of material properties,

creasing geometry, and bending
regimes on local deformation, co-
ating cracking, and material whi-
tening during folding processes
[1-3, 6]. The results of the present
study confirm these findings and re-
fine them by establishing a direct
relationship between defect for-
mation and the spatial distribution
of curvature k(s) and its gradient n
along the folding trajectory.

In contrast to earlier investiga-
tions that mainly analyzed abso-
lute curvature values or bending
angles, this study shows that the
curvature gradient can be consid-
ered a parameter sensitive to the
conditions of deformation local-
ization in the bending zone. Sharp
curvature gradients generated by
V-shaped folding plate profiles are
associated with localized defor-
mation peaks, which is consistent
with mechanisms described in the
creasing mechanics literature. At
the same time, the present results
demonstrate how deformation lo-
calization is transferred into geo-
metric consequences at the prod-
uct level, namely misalignment of
flaps and edges and the formation
of bonding defects in integral cov-
ers. Such a link between folding
mechanics and bonding accuracy
has been addressed only to a lim-
ited extent in previous studies.

Several authors have pointed
out the role of process speed, dwell
time, and viscoelastic recovery in
shaping the final geometry of fold-
ed paperboard elements [3, 8].
The results obtained in this study
indicate that elastic recovery and
residual deformations influence the
effective adhesive contact area af-
ter folding. The introduction of the
effective adhesive contact coefficient
hc allows this effect to be formalized
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and provides a quantitative con-
nection between mechanical form-
ing stability and bonding perform-
ance. Unlike approaches where
bonding quality is mainly attributed
to adhesive properties or surface
preparation, the present analysis
shows that mechanical instability
during folding may act as a limit-
ing factor for bonding reliability.

The influence of friction on fold-
ing processes has been considered
in tribological and converting-re-
lated studies [4, 9], where the ef-
fects of surface roughness and co-
ating properties on frictional beha-
vior and wear were analyzed. How-
ever, in most of these works, fric-
tion was treated as an averaged
parameter without accounting for
its spatial non-uniformity along the
contact line. In the present study,
it is shown that not only the mean
friction coefficient p, but also its
spatial fluctuations and gradient
du/ds, are associated with the
emergence of unstable stick—slip
sliding. This interpretation provides
an explanation for irregular fold li-
nes and flap skewing observed in
industrial practice.

The use of strengthening mic-
rorelief on the working surfaces of
folding plates is considered in this
study as a technological means of
influencing contact conditions. While
earlier studies on surface textur-
ing mainly addressed wear resist-
ance and tool life, the present re-
sults indicate that controlled mic-
rorelief can be used to stabilize fric-
tion conditions and reduce mani-
festations of stick-slip sliding. This
is associated with improved repe-
atability of bend formation and re-
duced geometric deviations Ax and
Ao, which are critical for bonding
quality in serial production.

Another outcome of the study
is the formalization of linear and
angular alignment deviations as
indicators linking folding stability
with bonding quality. Although stan-
dards and guidelines typically reg-
ulate acceptable visual tolerances
of finished book products, the pro-
posed approach shows that these
tolerances can be interpreted and
controlled already at the folding
stage. In contrast to studies where
defects are mainly evaluated at the
final product level, this approach
enables technological control at
earlier stages of the process and
reduces the accumulation of devi-
ations in subsequent operations.

Overall, folding, friction, and bond-
ing processes are considered in
this work within a unified contact-
mechanical framework. This makes
it possible to interpret the influen-
ce of folding plate profile geome-
try and surface microgeometry on
bend repeatability and bonding
reliability. At the same time, the pre-
sented relationships are concep-
tual and explanatory in nature and
do not constitute a fully predictive
numerical model. Material aniso-
tropy, moisture effects, time-de-
pendent adhesive behavior, and
high-speed industrial conditions
require further investigation using
combined experimental and nume-
rical approaches.

Thus, the results of this study
allow a systematic and quantita-
tively grounded interpretation of
the relationship between folding
stability and bonding quality of in-
tegral covers and form a basis for
targeted technological optimizati-
on beyond the scope of previously
reported approaches.
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Conclusions

1. The structural and geomet-
ric schemes of folding and bonding
(symmetric and asymmetric flaps,
their combination with edges) were
analyzed, which made it possible
to identify critical alignment zones
and typical manifestations of geo-
metric disturbances such as over-
laps, gaps, misalignments, and in-
complete contact.

2. Quantitative criteria for align-
ment accuracy in the form of lin-
ear deviation Ax and angular devi-
ation Ag were proposed, and their
permissible ranges were substan-
tiated. This enabled the formaliza-
tion of requirements for the geo-
metric quality of integral covers and
provided a basis for technological
control of bonding process stability.

3. Cause-effect relationships
of the type ‘defect-contact factor’
were established, and controllable
parameters of the folding zone (fold-
ing plate profile and the condition/
microgeometry of the working sur-
face) were identified. This made it
possible to directly link observed de-
fects with the mechanisms of their
formation and with directions for their
minimization in serial production.

4. The application of folding pla-
te profiles with a smooth curvature
variation and surface-strengthen-
ing microrelief of the working sur-

faces was substantiated. This re-
sulted in stabilization of contact in-
teraction, including a reduction of
peak contact pressures p(s), equ-
alization of the friction coefficient
distribution p(s), improved repea-
tability of bend formation, and
compliance with the tolerances Ax
and Ae. Consequently, uniform
bonding and predictable quality of
integral covers were achieved.

The obtained results can be
used for the selection and design
of folding plates with controlled pro-
files and strengthening microrelief
of working surfaces in order to re-
duce bonding defects, increase
process stability, and ensure pre-
dictable quality of integral covers
in serial production.

Further research should be fo-
cused on experimental verification
of the influence of specific folding
plate profile types and strength-
ening microrelief parameters on
the distribution of contact stress-
es, friction coefficient stability,
and repeatability of geometric
deviations Ax and Ao for different
cover materials and thicknesses.
In addition, the development of nu-
merical modeling methodologies
for contact interaction and opti-
mization criteria for folding plates
under industrial serial production
conditions is considered promising.
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OGrpyHTYBaHHS TEXHOJIOTNYHUX YMOB BUCOKOSIKICHOIrO
danbUIOBaHHA Ta NPUKJICIOBAHHS KanaHiB iHTerpanbHux
00KnaanHokK

OO0’eKTOM AoChigXeHHs € npouecu danbulOBaHHA Ta Npu-
KJIeIOBaHHS KNanaHiB i Kpaok iHTerpasbHMX 00KIaAUHOK y MeXax
€AUHOro TEXHOJIOrYHOro uukny ix opmoyreopeHHsi. MeToto po-
60TH € OGrpYHTYBAHHS TEXHOJONYHUX YMOB 3a0e3ne4eHHs reo-
METPUYHOI TOYHOCTI Ta HaAINHOCTI NPUKIeIOBaHHA KOHCTPYKTUB-
HUX esieMEeHTIB iHTerpasibHuxX o0K/IaANMHOK Ha OCHOBI KepyBaHHS
KOHTaKTHOIO B3aEMOAIEI0 B 30HI panbLOBaHHS.



TECHNOLOGICAL PROCESSES

BcTtaHoBneHo, WO SKICTb NMPUKJIEIOBaHHSA nepeaycim BU3Ha-
YaeTbCH TOYHICTIO MPOCTOPOBOro 3BeAEeHHS efleMeHTIB, ka ¢pop-
MYETbCS Ha eTani danbuioBaHHS. ANa KiNIbKiCHOT OLLiHKM reome-
TPUYHOI IKOCTI 3anpornoHOBaHO JIiHINHWIA | KYTOBUI KpUTEPIi 3Be-
OEHHS Y BUrNaAi BiaxuneHb Ax Ta A@ i 06rpyHTOBaHO iX AONYyCTUMI
Aiana3oHu ong pi3HUX piBHIB BUMOr A0 SKOCTI iHTerpanbHux o6-
knaguHok. Ha ocHOBI aHani3y ekcnepMMeHTasibHUX CNOCTEPEXEHb,
BUKOHAHUX Ha cepiiHOMY BUPOGHMYOMY OGnagHaHHI 3a NnpoMuUc-
JIOBUX pexxumiB ¢panbLIOBaHHS, a TAKOX Fr€eOMETPUYHOro y3arasb-
HEHHS BigXuneHb, CUCTEMATU30BaHO TUNOBI AedeKTU iHTerpaJsb-
HUX OOKJIAANHOK i BCTAHOBJIEHO X MPUYUHHO-HACANIAKOBMIA 3B’H-
30K i3 AOMiHYBaJIbLHUMN KOHTAaKTHUMU YUHHUKAMU Y 30Hi Ppanb-
LLIOBaHHS.

Moka3zaHo, Wwo GinbLwicTb gedekTiB 3yMOBJIeHa NikaMu KOHTaK-
THUX HaMNpyXXeHb, HecTabiIbHUM KOB3aHHAM i 3HWXKEHHSAM NOBTO-
proBaHOCTi GOpMOYTBOpPEHHSA 3ruHy. NMpouec panbulOBaHHA PO3-
MISHYTO 3 No3uuiin audepeHuiasiibHOro ONNCY KOHTaKTHOI B3aEMO-
Ail, Wwo a[os3Bonuno oOrpyHTyBaTM BMJIMB reomeTpil npodinio
danbuUlOBaNIbHMUX MIAHOK | MIKPOreoMeTPUYHOr o CTaHy iX po6o4Ymnx
MOBEPXOHb Ha PO3NOAIN HanNpPyXeHb, XapakTep TepTs Ta NpyXxHe
BiAHOBNEHHA MaTepiany. BctaHOBNEeHO, WO 3acTOCyBaHHS MpoO-
¢diniB i3 NnaBHOO 3MiHOIO KPUBU3HU Y NOEAHAHHI 3 KEPOBaHUM
dopMyBaHHAM 3MiLHIOBaNIbHUX MiIKpoOpenbeEPHUX HANPAMHUX Ha
po6ou4nX NOBEPXHAX CTabiNi3ye KOHTaKTHi YMOBU, 3MEHLUYE MiKOBi
HaBaHTaXXeHHS, NiABULLYE NOBTOPIOBaHICTb ¢danbLlOBaHHSA Ta 3a-
Oe3neyye AOTPUMaHHA reOMETPUYHUX A0NYCKIiB NPUKJIeIOBaHHS.

MpakTuyHe 3HaYeHHS oAepXXaHUX Pe3ybTaTiB NONSra€ y MoXx-
JINBOCTiI BUKOPUCTaHHS 3arnpornoHOBaHUX KpUTepIiiB i pekoMmeHaa-
Wi/ ANS NPOEKTYBaAHHA Ta BUrOTOBJIEHHS danbLUloBasIbHUX MJ1aHOK
i3 NigBULLLEHOI0 reOMEeTPUYHOIO CTabiNbHICTIO, WO 3a0e3nevye Npo-
rHO30BaHYy AKiCTb iHTErpasibHUX OOKJIAANHOK Yy CepiiHOMY BUPOO-
HULTBI.

KniwouyoBi cnoBa: iHTerpanbHa oOknaaunHka; danbulOBaHHS
KJlanaHiB; NPUKJ/IEIOBAHHA; F€eOMEeTpPpUYHa TOYHICTb; KOHTAKTHAa
B3aemopgisa; danbuloBanbHi nnaHkn; mikpopenbed; pnedekrtun
danbuoBaHHS.
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