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The object of this study is the processes of
deformation of the root polymer plate reinforced
with stitches of threads with preliminary tension
in book blocks sewn with threads. The analytical
and experimental studies reported here are based
on the application of the methodology for develop-
ing a simulation model of the process of deforming
the adhesive polymer plate. The basic assumption
of the study is that the use of information sup-
port for simulation modeling will contribute to
the improvement of the structural and technologi-
cal parameters of the root part of the book blocks
sewn with threads. This cannot be achieved with-
out analyzing and decomposition of the technical
system of the book block, classifying subsystems
and describing them in the form of a finite set of
classes and the connections between them. A pro-
cedure for determining the mechanism of inter-
action of elements of the root part of book blocks
sewn with threads is proposed. It is shown that the
residual cyclic deformation of the adhesive plate
and the stitches of the implanted threads depends
on the strength of the bonds between the elements
of the joined structure of the materials. It also
depends on the number of cycles of discrete loads
heterogeneous in terms of dimensional indicators
and the place of their application. This is due to
the fact that stitches of threads are only partially
implanted into the structure of the adhesive plate,
the other part that fastens the folds of notebooks is
outside the adhesive plate. The influence of cyclic
loads applied at different angles relative to the
stitches of the threads was revealed. The angu-
lar discrepancy fluctuates, in the case of using
PVAD D51C glue, in the range of 0.735-0.907, and,
JSor Technomelt GE3636 thermal glue, 0.913—0.940.
The developed simulation model of the processes of
deformation of the root polymer plate makes it pos-
sible to determine the mechanism of interaction of
the elements of the root part of the book blocks and
predict the durability of the product
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1. Introduction

The quality of book products, like any other printing
products, first of all, depends on the quality indicators of
consumables, which affect not only the representativeness
of the publication but also the preservation of the strength of
the book block during long-term consumer use.

Book blocks, sewn with threads and connected to bind-
ings, belong to printing products of the highest degree of
complexity. The manufacture of such products involves the
use of a significant number of technological operations with
strict tolerances of dimensional deviations and materials of
different properties. Cardboard, offset and coated papers,
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threads, adhesive polymer compositions have heterogeneous
strength indicators.

The structure of the book consists of a significant number
of details (Fig. 1) — a book block, forzac and nahzats, fasten-
ing root elements, endband, cardboard sidewalls, finishing
material of binding, etc. Book details in the process of tech-
nological transformations take on the structural appearance
of each element of the publication’s construction. The inte-
gral spatial design of the book is formed using adhesive poly-
mer dispersions. For example, after joining with threads of
folded notebooks, edging with glue and paper tape, trimming
on three sides, a book block of the selected format is obtained.
The block is glued with forzats into a pre-made binding.
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Fig. 1. Spatial structure of the book:

1 — book block sewn with threads; 2 — forsatz; 3 — nahzats;
4 — fastening root elements; 5 — endband; 6 — cardboard
sidewalls; 7 — finishing material of the binding;

8 — the root part of the binding

Taking into consideration the heterogeneity in terms of
strength of binding materials and the peculiarities of the
movable spatial design of book blocks sewn with threads, it
is possible to observe an increase in damage in places of the
greatest impact of operational loads. First of all, it concerns the
destruction of adhesive polymer dispersion films of the root
part of the book blocks. In the structure of the films, on the
side of the inner surface, tangent to the folds of the notebooks,
the stitches of the threads of the pre-stitching of the block are
integrated. Paper tapes that increase the strength and surface
tension of the W-shaped root part of the block are integrated
from the outside of the adhesive films. Common compatible
components — adhesive dispersions, multi-fold threads, tear-re-
sistant paper — form a composite polymer dispersion plate with
anon-homogeneous anisotropic structure of components.

Stochastic or sequentially cyclic bending of such a root
dispersed polymer plate, during the period of reader turning
of the pages of the book, occurs under the mode of elastic-vis-
cous-plastic deformation. Specifications and industry stan-
dards for the manufacture of book products do not contain
indicators by which it is possible to predict the processes of
nonequilibrium deformation of adhesive dispersed materials
of the root part of book blocks sewn with threads.

To obtain such indicators and reliable results of research,
the structural, mechanical, and rheological parameters of the
components of the adhesive composite dispersed plate should
be taken into consideration [1]. In addition, to obtain the reli-
able results of numerical modeling of nonequilibrium processes
of deformation of composite adhesive plates, there are no
determining ratios for calculating the structural-mechanical
and rheological parameters of the corresponding materials [2].

Therefore, research aimed at developing a simulation mo-
del of the processes of deformation of the book root adhesive
dispersed plate, into the structure of which sewing threads
with pre-tension are integrated, should be considered relevant.

2. Literature review and problem statement

It is obvious that the period of use of book products and
the intensity of its wear are influenced by a number of factors.
Such factors may include the destruction of the root part of
the book block, fastened with sewing stitches of threads with
pre-tension. The crosslinking joint is reinforced with a layer
of glue of one of the used adhesive polymer compositions. As
a result, a composite anisotropic plate is formed, which, in the
process of opening the book blocks, is subjected to prolonged

bending in an indefinite predetermined sequence, frequency
and places of the applied destructive efforts.

A study reported in [3] has shown that the advantages of
adhesive compounds relate to the low dependence of the bond-
ing strength on the thickness of the fastened parts. In the ab-
sence of violations of the integrity of the joints, high elasticity
of most adhesive seams, satisfactory durability, and reliability.
However, the problems arising from the formation of aniso-
tropic adhesive compounds of materials of different physical
and mechanical properties, such as paper, adhesive polymer
compositions and binding threads, are not highlighted.

The purpose of investigating adhesive polymer com-
positions [4] based on polyvinyl acetate (PVA) disper-
sions (PVA DF 51/15 VP (Ukraine), PVA Akzo Nobel (The
Netherlands)) is to identify the effect of activating surface
treatment of bonding on the strength of adhesive compounds.
The results of the research showed that when surfaces are
treated with activating substances, the roughness of the glu-
ing surfaces increases. Active centers are formed on the treat-
ed surface, which interact with the molecules of the adhesive
material, which leads to an increase in the adhesion strength
of the adhesive joint. However, despite the advantages in
the research results [4], the durability of the use of adhesive
compounds under the condition of their cyclic deformation
remains undetermined.

According to the authors of [5], the interfacial adhesion
of natural fibers to the adhesive polymer matrix remains
a critical problem, which generally affects the duration of
use of composites. To overcome this problem, studies have
been conducted on the chemical treatment of natural fibers
with alkalis before using them in the creation of composite
adhesive plates. It is shown that thanks to the proposed
technology for improving the surface properties of natural
fibers, a positive effect on their interphase adhesion becomes
possible. However, it should be noted that in the list of fac-
tors under study there is no consideration of profile adhesive
polymer plates in the structures of which stitches of threads
with pre-tension are implanted.

The problem of increasing the adhesion strength of the
adhesive joint is well considered in [6]. The researchers de-
scribe an effective method for obtaining high-strength adhe-
sive compounds, based on PVA dispersions, by exposing them
to electric fields of a given intensity and temperature. With
the same time of fixation of the edge wetting angle, its value
in the treated glue (34°13") is less than that of the untrea-
ted (39°47), thereby improving the wetting and spreading
of glue on the surface of the binding materials. Despite the
positive value of the above results, the influence of driving
factors on the duration of use of adhesive plates obtained in
this way remains unexplored.

In [7], the influence of the fractal structure of paper on
the formation of the adhesion seam of the root part of the
book block is investigated. The authors prove that the maxi-
mum strengthening of the adhesion seam is achieved with
the maximum filling of microdefects on the surface of the
paper. However, the presence of air cavities at the interface of
the adhesive substrate leads to the concentration of stresses
in these areas. As a result, not only does the actual contact
area decrease but potential areas for the destruction of the
adhesion bond also arise, which leads to a loss of strength and
destruction of the book. In addition, under such conditions,
the influence of stitches of the stitching threads of the root
part of the book blocks on the overall strength of the adhe-
sive seam has not been investigated.



A study into the properties of composite adhesive poly-
mer plates reinforced with natural fibers is reported in [8].
The authors consider the destruction of polymer composites
in terms of mechanical damage, such as impaired commu-
nication between the fiber and the matrix, cracks in the
matrix, fragments of reinforcing fiber, etc. However, unlike
the results obtained, studies of the processes of obtaining
mechanical damage and dimensional indicators of deforming
forces are not given.

It is known [9] that natural fibers, which are used for
the manufacture of sewing binding threads, have some
drawbacks. High moisture absorption, low wettability, low
thermal stability, and change in quality leads to deteriora-
tion of the properties of the composite. At the same time,
the cited work proved the positive effect of using natural
fibers as a successful reinforcing material in hybrid adhesive
composites. Nevertheless, despite the advantages of using
natural fibers for reinforcing polymer compositions, there
are no comparable studies of the use of artificial fibers for the
objectivity of the results obtained.

In particular, it was established [10] that due to the modifi-
cation of natural fibers, using special treatment, which focuses
on the use of functional groups of reagents. The ability to re-
spond to fiber structures and change their composition increas-
es. This suggests an improvement in the bond between natural
fibers and polymers. The causes of inefficient transmission of
stresses at the interface of the components formed by adhesive
composites due to different chemical structure of fibers and ma-
trices have been eliminated. However, the proposed description
of the functional bond in adhesive composites (fiber+matrix)
does not take into consideration the clustering parameter,
which requires the maximum volume fraction of the composite
fiber, which is the basis of the modification.

In [11], a comparative analysis of tensile strength indica-
tors of various adhesive composites reinforced with natural
fibers was carried out. The indicators obtained by means of
mathematical modeling and experimental means turned out
to be close to each other. However, only destructive factors
and their consequences arising in the process of stretching
the composite plates reinforced with fibers are taken into
consideration, and there are no indicators of the destructive
consequences obtained in the process of bending the plates.

Study [12] showed that adhesive polymer composites can
be obtained by adding light natural fibers to the polymer.
Using a wide range of methods, including spraying, casting
with melt transfer, etc. These methods involve wetting, or sa-
turating, reinforcing the fibers and creating a matrix together,
which leads to the bonding of the fiber and polymer matrix
into a rigid plastic structure through a chemical and thermal
reaction. At the same time, there are no studies of the advan-
tages of the above methods for obtaining adhesive polymer
composites on the root part of book blocks sewn with threads.

In order to study the processes of destruction of the
root adhesive plates that affect the operational duration,
the method of mathematical modeling of the calculation of
the stress-strain state of the root adhesive polymer plate is
proposed in [13]. The influence of various technological fac-
tors on the strength of the adhesive joint, which lead to the
occurrence of a stress state when opening the book, is taken
into consideration. In support of the results reported in [13],
work [14] used the method of modeling the deformation
processes of the book publication developed by the authors
when opening blocks. It was revealed and experimentally
confirmed that the geometric dimensions, types of glue, the

thickness of the adhesive film and its deforming characte-
ristics have a significant impact on the size of the opening
angles of the blocks. However, the approach used in [13, 14]
to model the process of deforming the root plates is based on
the technology of fastening book blocks with adhesive plates,
which do not have reinforcement with stitches of threads.
In addition, adhesive plates fasten sheets of pre-cut book
block, rather than rounded folds of book notebooks. Ac-
cordingly, the geometric cross-sectional shape of the studied
plates in [13, 14] has a linear, not a W-shaped form.

The development of views on modeling the processes
of deformation of W-shaped root plates can be found in
work [15], which shows that the appearance of damage and
destruction of the plate is caused by the alternating nature of
the loads. Analysis of the stages of modeling the deformation
of the edging adhesive layer of the book block sewn with
threads revealed the processes of stretching and compression
necessary for practical consideration. Despite the apparently
correct identification and analysis of deformation factors and
recommendations for calculating the number of adhesive
compositions, W-shaped adhesive plates were investigated as
an isotropic body, without taking into account the reinforce-
ment with thread stitches.

Given this, it turns out that despite the practical signif-
icance of the research, the processes of deformation of book
root adhesive dispersed plates whose structure includes sewing
threads with preliminary tension are not sufficiently considered.

Therefore, there is reason to believe that the lack of
appropriate determining ratios of the phenomena of the
stressed-strained state of the root joints in the book blocks
sewn with threads, which were considered to a limited ex-
tent, necessitates research in this area.

3. The aim and objectives of the study

The aim of this work is to develop information support
for studying deformation processes of root book dispersed
edging polymer plates with a W-shaped contour geometry,
reinforced with stitches of binding threads with pre-tension.
The revealed physical and mechanical regularities of the
structure of the root plates of book blocks will contribute to
the formation of adequate elastic-viscous-plastic models of
materials of these elements in the process of their reader use.

To accomplish the aim, the following tasks have been set:

— to create model representations of the behavior of the
elements of the composite plate for typical operating condi-
tions, taking into consideration the existing structural and
technological parameters of the adhesive polymer edging
plates of the root part of the book blocks;

—to carry out simulation based on the formalization of
the description of the mutual influence of the deforming para-
meters of adhesive root plates reinforced with thread stitches.

4. The study materials and methods

The object of this study is the processes of deformation
of the root polymer plate reinforced with stitches of threads
with preliminary tension in book blocks sewn with threads.
The main assumption of study is that the use of information
support for simulation modeling will contribute to the im-
provement of the structural and technological parameters
of the root part of the book blocks sewn with threads. The



conducted analytical and experimental studies are based on
the application of the methodology for developing a simula-
tion model of the process of deforming the adhesive polymer
plate. Problems of destruction of the root adhesive plates
reinforced with stitches of binding threads with pre-tension
arise due to the physical and mechanical features of the ma-
terials forming the composite plate. Unfavorable features of
materials can be investigated and eliminated by simulating
the processes of deformation of the root polymer plate of
a sample of book blocks of common formats.

For the experimental part of our study, book blocks with a
spine length of 200 mm were used, selected and stitched from
notebooks made of offset paper by Amber Graphic (Arctic Pa-
per Group, Sweden) weighing 100 g/m?2 The volume of note-
books is 64 pages, 8.32 mm thick. Measurements were made
using a professional digital paper thickness gauge SK200
with a measurement range of 0—12.95 mm (0.01 mm) (Keli-
long Instruments, China). Polyamide multi-threaded threads
29 texx1x2 (TU U 17.1-00204048—-160:2006) were used for
sewing blocks. The root part of the blocks after stitching
with threads is fixed with adhesive polymer compositions —
polyvinyl acetate (PVA) dispersion PVAD D51C (Ukraine)
and Technomelt GA 3636 thermoglue (Germany). The listed
polymer compositions contribute to the observance of a fixed
thickness of the adhesive plate (in the variants provided for
by the research conditions). The compositions provide the
strength of the connection of the surface of the folds of note-
books, stitches of threads and edging paper tapes. Fig. 2 shows
the stages of testing the root book adhesive plate for strength:
a — longitudinal and b — angular stretching of the root adhe-
sive polymer plate opened in the middle of the book block.
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Fig. 2. Stages of testing the root book adhesive plate for
strength: @ — longitudinal stretching; b — angular stretching;
1 — book block; 2 — root adhesive plate reinforced
with threads, 3 — fixed clamps, 4 — movable clamps,

P, — clamping force of parts of the block, P, — stretching
force of the root plate, A— zone of destruction of the
adhesive plate; o, — variable stretching angle, R — angular
bending retainer of the adhesive plate

Testing and calculation of the specific force of destruction
of adhesive polymer root plates reinforced with stitches of
binding threads with pre-tension was carried out on an auto-
matic breaking machine Labthink XIW (EC) (China). Its
conditional scheme of work, in the process of breaking book
blocks between notebooks, is presented in Fig. 2. This device
meets the requirements of the international standard for the
quality of manufacturing printing products ISO 9001:2015.

The test was carried out with a maximum load of 2000 N
using clamps with a length of 250 mm and a working stroke
speed of 60 mm,/min.

3. Results of investigating the processes of deformation
of the root polymer plate in book blocks sewn
with threads

5. 1. Results of investigating the behavior of elements
of the root adhesive composite plate under typical operat-
ing conditions

In order to be able to take into consideration the maxi-
mum number of parameters of the structure and operation of
book root polymer plates reinforced with stitches of binding
threads with preliminary tension, a method for determin-
ing the mechanism of interaction of elements of the root
part of book blocks was proposed. Analysis of the relevant
parameters of this mechanism will make it possible to give
recommendations for increasing the durability of the book
block (Fig. 3). The analysis tool adopted in the developed
methodology is a simulation model of the process of deform-
ing the root polymer plate in book blocks sewn with threads.

In the development of the presented methodology (Fig. 3),
an object-oriented approach to conducting simulation com-
putational experiments was used [16]. This makes it possible
to effectively decompose the technical system of the book
block, classify subsystems, and describe them in the form of
a finite set of classes and connections between them. Forma-
lization of information about each element of the book block
is carried out as a separate object of research.

Generalization and systematization of certain information
messages between the elements of this technical system makes
it possible to build an information model of the object of re-
search within the accepted problem orientation. The problem
orientation, for the above model, is to increase the durability of
consumer exploitation of adhesive composite polymer plates of
the root part of book blocks sewn with threads (Fig. 3). Phy-
sical and mechanical regularities of creation and operation of
composite polymer plates are considered. The components of
the destructive factors include the structural structure of the
plate, the parameters of the cyclic load, the modes of deforma-
tion, the features of adhesion and delamination in the system
«adhesive polymer — stitches of threads».

The next stage involves the justification of the choice and
expediency of improving the structural and technological pa-
rameters of the root part of the book blocks. This contributes
to the development of a reliable calculation scheme of beha-
vior of the root part of the book blocks under the conditions
of consumer exploitation.

The block of analysis tools takes into consideration the
methods of simulation modeling based on the sequential
creation of an analytical model, an algorithmic model, a digi-
tal model that contribute to full-scale and simulation com-
putational experiments. The proposed information model
makes it possible to determine the mechanism of interaction
of the elements of the root part of the book blocks and pre-
dict the durability of the product with the reliable indicators
necessary for production use.

The procedure of technological process of forming
book root polymer W-shaped composite plates reinforced
with binding threads with pre-tension is different from the
formation of other polymer composite plates in the print-
ing industry.
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Fig. 3. Scheme of procedure for determining the mutual influence
of the parameters of the root part of book blocks

First of all, for the root bonding of book blocks in an un-
stitched way, adhesive polymer compositions with high surface
adhesion to different types of paper are used. In addition, the
peculiarities of their application to the root end surfaces of
the book blocks cut into a certain format are also taken into
consideration. In addition, to increase the surface area of gluing
in the cut root part of the book block, profile depressions are
formed. After applying an adhesive polymer composition to the
profile surface of the root part of the book block, some of its
insignificant part, tightly fitted, is integrated into the thickness
of the glue. Such a polymer plate, on the one hand, has a part of
the block integrated into the thickness of the glue, on the other
hand, a solid adhesive polymer structure free from paper rein-
forcement. For polymer plates with a relative division into the
reinforced part and into parts with no reinforcement, they form

the number and types of binding stitches
used are affected by the elasticity of the pa-
per in book notebooks and the quality indi-
cators provided by the accuracy of folding.
The next part of the preliminary tension of the stitching
threads occurs in the process of attaching notebooks to each
other in the root part. The adjustment of the stitching ap-
paratus should provide the necessary and sufficient tension
of the threads for strong fastening of the root part of the
blocks without destroying the holes previously formed by
puncture needles. Thus, after the stitching of the book blocks
is completed, before the start of their reader’s opening, the
pre-tension is acquired with stitching threads, which ensures
the relative strength of the fastening of the blocks.
Additionally, to enhance the bonding strength of the root
part of the book blocks, a profile layer of adhesive polymer
compositions is applied to the surface of the folds of book
notebooks. The thickness of the adhesive layer is adjusted
in proportion to the format of the publication, the number



of notebooks, the mass of paper, the types of sewing stitches
and the threads used to create them. In such circumstances,
the design of the book block is determined by the elasticity
and flexibility provided by the materials involved in the
manufacture of a particular publication. Before the opening
of the book block, its strengthening root part is presented in
the form of a wavy W-shaped adhesive plate in the structure
of which the stitches of the stitching threads are partially
implanted. The rest of the stitches of the threads are located
outside the adhesive plate, preserving the integrity of the
stitching joint with the implanted part.

Fig. 4. The cross-section of the book block partially opened
in the middle: a—g — coordinates of the stitches
of threads in the root part

Fig. 5 shows a fragment of the cross-section of the root
part of the book block sewn with threads with preliminary
tension (a — with fragments of notebook folds, b — without
fragments of notebook folds, 1 — a fragment of the fold of
a separate notebook; 2 — sheets; 3 — part of the stitches
of threads partially implanted in the adhesive polymer plate,
4 — part of the stitches of threads for fastening the folds of
notebooks 5 — adhesive W-shaped polymer dispersed plate;
6 — section of the fold of the notebook).

It should be noted that part of the stitches of the threads,
which fastens the sheets of folded paper hg (Fig. 5, pos. 4),
and part of the stitches of the threads implanted in the
adhesive polymer plate (Fig. 5, pos. 3), before the start of
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consumer use, have the same pre-tension anywhere in the
stitches. In addition, part of the elongation of threads (from
the maximum possible, before the beginning of destruction),
which occurs in thread sewing equipment, is achieved in
the process of stitching book blocks. Therefore, the reader’s
operating loads on the stitches of the threads and the adhe-
sive plate are distributed to the residual elongation of the
threads. The residual elongation is due to the materials for
the manufacture of threads, the number of folds, preliminary
surface destruction and a decrease in strength during the
stitching of blocks. From this it follows that the book blocks
in the root part, fastened in the above way, have a more rigid
compositional connection than the initial properties of the
materials that are included in the compound. First of all, it
is the plasticity and stretchability of the root adhesive poly-
mer plates and threads made of natural and artificial fibers.

3. 2. Results of simulation modeling based on the forma-
lization of the description of the mutual influence of deforming
parameters of adhesive root plates reinforced with threads

In the process of stitching book notebooks, the efforts
applied to the tightening of the folds of notebooks are directed
perpendicular to the root part of the stitched blocks, as shown
in Fig. 6. The shown fragment of the root part of the stitched
threads is isolated from the book block, which is in a static
state before the reader’s turning of pages. Therefore, the geo-
metry of the adhesive plate and the stitches of the threads have
a rectilinear balanced shape. In such circumstances, the nu-
merical values of the thread tension vectors in different parts
of the root part of the block fluctuate. From the minimum —
Pua-t, Puant (part of the stitches of threads in the adhesive
plate) to the maximum — Py, Pu, P (part of the stitches
of the threads that connects the folds of the notebooks).

The residual cyclic deformation of such a root W-shaped
adhesive plate, the stitches of the threads implanted in its
structure, as well as the folds of the notebooks depends on the
strength of the bonds between the elements of the connected
structure of the materials.
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Fig. 5. A cross-section of the root part of the book block sewn together with threads,
a — with fragments of folds of book notebooks; 6 — without fragments of folds of notebooks, 1 — fragment of the fold
of a separate notebook, 2 — sheets, 3, 4 — parts of thread stitches, 5 — adhesive W-shaped plate, 6 — cross-section
of the notebook fold, s — size of the free stitch fragment



In addition, residual deformation depends on the number
of cycles of discrete loads that are heterogeneous both in
terms of dimensional indicators and the place of their appli-

cation in each cycle.
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Fig. 6. Scheme of direction of vectors of tension forces
of thread stitches after stitching the root part of book
blocks, ﬁmfm, Poas — vectors of tension forces of threads
in the median (deltoid) part of the adhesive plate;
ﬁm, ﬁsr, P, — vectors of tension forces of thread
stitches in the central part of the sewn folds of notebooks;
hs — height of the stitch of the seam fastening threads

Since the initial reader turning pages and opening the
book block, the straightforwardness of the root part of the
book changes. The W-shaped adhesive plate of the book
block and the root part of the binding begin to bend in oppo-
site directions. The spatial design of the root part of the book,
obtained as a result of opening the block, forms the shape of
an arched vault with a constantly variable curvature of the
adhesive plate while maintaining its linear length (Fig. 7).

Fig. 7. Cross-section of the root part of the book block:
1 — fragments of notebooks; 2 — adhesive W-shaped plate;
3 — forzats; 4 — the root part of the binding; y — angular
bending zone of the adhesive plate

The strength of the stitches of the threads and the con-
nections between them, after stitching the blocks, in the
areas of contact with the paper of the notebook folds, as well
as in the places of interweaving, depends primarily on the
friction forces and the adhesion of the threads. In addition,
the strength of the thread stitches is proportional to the
number of stitches, the quantitative composition of which
depends on the format and thickness of the publication and
the destructive loads that increase with the growth of the
size indicators of the book block. Additionally, it is necessary
to take into consideration the fact that the threads in the
process of passing the mechanism of the sewing apparatus
undergo a significant elongation, at the limit of breaking
force, and mechanical friction, on the verge of destruction of
the surface layer.

Therefore, under the influence of long discrete reading
loads, the structure and properties of all materials of the root

part of the book block change: paper, threads, adhesive poly-
mer plates. It should be noted that the change in the struc-
ture and properties of materials occurs not only in proportion
to the time of their use in the structure of the book block.
It also occurs in proportion to the co-dependent destructive
effect of one material on another.

For folds of notebooks and a root adhesive W-shaped
plate, loads that are applied for a long time at different
angles relative to the stitches of the threads lead to the
accumulation in them of a different proportion of residual
deformation (Fig. 8). If the load is directed at a small angle
other than the angle of 90° (angle oy, Fig. 8, b) of the initial
direction of the thread stitches, it is transmitted mainly to
the system of thread stitches and the structure of the adhe-
sive plate located in the direction of the active force. Thanks
to this, there is a slight change in the structure of the threads
and a relatively slow accumulation of residual deformation in
the root adhesive plate.

During the sequential numerical turning of the pages
of the book block, a spatial change in the orientation of the
notebooks occurs (Fig. 7), and, accordingly, that part of the
stitches of the threads that fasten their folds. Depending
on the sequence of turning pages, from beginning to end, or
from end to beginning, the angles of inclination of the thread
stitches change: the angle o, 1 — from 180° to 0°, and the
angle o, — from 0° to 180° (Fig. 8).

In addition, there is a rotation of the stitches of the
threads, the part that fastens the folds (4;, Fig.6), with
a change in the angles between the stitches and the W-shaped
adhesive plate. With discrete cyclic loads (vectors of stitch
tension forces P,, P, ,, P, ,, (Fig.6), which are direc-
ted in the ranges of angles of 135°-180° (Fig. 8, a, d) and
45°-0° (Fig. 8, ¢, e), a process occurs that leads to the rapid
accumulation of residual cyclic deformation in the root
adhesive plate. Moreover, the closer the loads are directed,
the vectors of which approach the angles of 45° and 135°,
the more intensive is the process of accumulation of residual
cyclic deformation in the W-shaped adhesive layer.

Thus, during long and sequential stretching of the stitches
of the threads at angles in different directions (alternating
loads) and stretching of the root adhesive plate, there is
a gradual delamination and separation of the fibers of the
threads and plate (Fig. 8, d—f).

The formation of destructive zones in adhesive W-shaped
plates and delamination zones with thread stitches is dis-
crete, relatively predictable, for the general case, but unsys-
tematic in nature. In notebooks close to the middle part of
the book block, the delamination of the adhesive plate, in the
area with implanted stitches of threads, is directed relative
to the center of the stitch along the vector of destructive
forces P, (Fig. 8, e). Accordingly, the linear size of the de-
lamination area L,y is also distributed relatively symmetri-
cally to the center of the stitch.

In the part of the notebooks, the counting of which is pos-
sible from the beginning, or from the end of the book block
to the middle, the delamination of the adhesive plate occurs
in the direction of vectors of destructive forces P, , and P, _,
directed at angles 0,1 and o, o (Fig. 8, d, f). Linear dimen-
sions of the delamination areas L,gy—1y and Lyger—2) are also
formed in accordance with the direction of the vectors of
destructive efforts. In addition, it should be noted that the
dimensional values of the vectors of the destructive forces P,,

P ., P, ,, theangles of their direction oLy, Oy, Oty—2, linear

or=27

and vertical sections of delamination of adhesive W-shaped




plates LZd(Sl)7 de(vr—i), de(vr—Z)v Lty Lor-1, Lor-2 take stochastic
values determined by the operating conditions of each book
block. Accordingly:

Rt ’ })Z/r—i ’ RW—Q # COnSt;

L L L # const;

zd (st)? zd (or-1)? ~zd (vr-2)

t,,t, t, ,#const;

oo, 0, , — change range (0°—180°).

It should be noted that the main destructive components
that arise in the process of reader application of book blocks
sewn with threads are characterized by various factors affect-
ing operational durability. It should be noted that the use of

an information approach in the formation and identification
of destructive components that affect the duration of use of
book products implies an understanding of their consistent
accumulation. As a result of the generalization of this fact,
it is possible to determine the projected final indicators [17]
of the destruction of book blocks sewn together with
threads. Indicators are distinguished from the determin-
ing set of factors related to systematization and ranking.
To such a set of factors affecting the duration of use of book
blocks stitched together by threads, according to an indi-
rect assessment of the impact, it is possible to attribute the
components shown in Fig. 9. The main components indicate
the structural structure of the adhesive plate reinforced
with stitches, the parameters of the cyclic load on the plate,
the modes of its deformation, and the features of the adhe-
sion of the plate materials.
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Fig. 8. Stages of destruction of the composite plate reinforced with stitches of threads, r,; — radius of folds of book
notebooks; L,4(st), Lza(vr—1), Lza(vr—2) — linear dimensional indicators of the fracture zones, ty, t,-1, t,— — dimensional

indicators of the delamination zones of thread stitches and adhesive polymer plate;

})st’ Pz‘r—1’ Pvr—Z

— vectors of tension

forces of thread stitches; o, o.,,—1, 0.,,—2 — angles of direction of vectors of tension forces of thread stitches
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Fig. 9. The scheme of formation of the strength of the root adhesive polymer plate reinforced with stitches
of threads with pre-tension under cyclic load conditions



According to the information approach procedure [17],
to predict the processes of destruction of the root part of
book blocks sewn with threads with preliminary tension
and formalized interpretation of the results, it is possible to
introduce the following symbols. The result of the interpre-
tation of destructive factors for the components of simulation
modeling (CS-1, CS-2, CS-3, CS-4), each of which is a frac-
tion of the total assessment, is indicated by the information
indicator of destruction IDF;, (indicator destructive factor).
Where i=1...4, and n; determines the number of factors of
each component (Fig.9). Accordingly, a separate indicator
of destruction is indicated as SID. At the output and input
of each block of destruction components (1, 2, 3, 4), we de-
note the current destruction indicator CDI (1-2, 2—-3, 3—4).
With dimensional indicators corresponding to the moment
of fixing the results of the indicator measurement. For each
isolated component of destruction, it is possible to apply suc-
cessive mathematical dependences:

SID, = IDE,, UIDE,, U...UIDF,,, = OIDFLJ.; (1)
j=1

SID, = IDE,, UIDF,, U...UIDE,,, =01DF2J; 2)
j=1

SID, = IDE,, UIDF,, U...UIDF, , = OIDFSJ; 3)
j=t

SID, =IDF,, UIDF,,U..UIDF,, = OIDFLL " (4)

j=t

which, in general, for a separate indicator of destruction of
each component of the total assessment of the destructive
effect on the thread-reinforced root adhesive plate is:

SID, =| JIDF,,. (5)

J=1

Given that the structural structure of the plate is the first
component of the factors of destructive influence, the first
separate indicator of destruction coincides with the current
indicator of destruction (CDIy_5):

CDI,, =SID, =| JIDF, . (6)

Jj=1

After each subsequent component of the destructive ef-
fect on the adhesive root plate, the following current indica-
tor of destruction CDI5_3 and CDI3_4 is added to obtain the
total result. It should be noted that the accumulation of de-
structive factors during the period of reader use of the book,
transportation and storage conditions is a dynamic process
that is carried out in successive stages, as shown in Fig. 9.
In the case of violation of the sequence of stages of opening
book blocks, certain destructive factors will affect the oper-
ational strength of the book block with higher dimensional
indicators than others. Therefore, the vectors of influence of
current indicators of destruction (CDI) in Fig. 9 are aimed
at meeting the neighboring components of destruction. In
each case, for each book block, the sequence of influence of
destructive factors may be different. In addition, the dimen-
sional definition of each component is associated with a set of
factors that determine the distinctive features, the measure of
influence, and the final result.

To determine the force of breaking the block (destruction
of the root adhesive polymer plate reinforced with stitches
of threads), one notebook, or part of the block opened in the
middle, is fixed in a fixed clamp (Fig. 2) of the breaking ma-
chine. Accordingly, another part of the book block is fixed in
the movable clamp, which with the previous part form an an-
gle of 180° (Fig. 2, a). After turning on the breaking machine,
the forces that led to the destruction of the root adhesive
plate of the binding threads reinforced with stitches are re-
corded. The specific tensile force is determined from the for-
mula P=Q/L, where Q is the breaking force, N; L — the length
of the block root, mm. Tests simulating the angular tension
of the stitches of the threads, to determine the tensile force
of the parts of the block fixed in the breaking machine at an
angle to each other, are carried out according to the scheme
presented in Fig. 2, b. The direction of stretching the parts of
the block at an angle of o, (Fig. 2, ), which can be changed
during the experiment, is provided by the angular retainer R.

Indicators of the specific forces of rupture of book
blocks (root adhesive polymer plates reinforced with stitches
of threads with pre-tension) are presented in Table 1.

Table 1

Indicators of the specific forces of the angular gap of book
blocks, depending on the thickness of the adhesive layer

Specific tensile force, N/mm
No. of A(}heswe Adhesive PVAD Thermoglue Tech-
adhesive | ¢ D51C nomelt GA 3636
Javer thickness
Y t,mm | Angle | Angle CI Angle | Angle I
180° | 45° 180° | 45°
1 t,=0.20 | 1,470 | 1,313 | 0.893 | 2,058 | 1,926 | 0.935
2 t,=0.30 | 1,519 | 1,352 | 0.890 | 2,107 | 1,982 | 0.940
3 t3=0.40 | 1,568 | 1,370 | 0.873 | 2,156 | 2,023 | 0.938
4 t4,=0.50 | 1,617 [ 1,375 | 0.850 | 2,401 | 2,192 | 0.913
5 t;=0.60 | 1,682 | 1,479 | 0.879 | 2,460 | 2,283 | 0.928
6 t6=0.70 | 1,715 | 1,547 | 0.902 | 2,479 | 2,292 | 0.925
7 t;=0.80 | 1,813 | 1,646 | 0.907 | 2,597 | 2,411 | 0.928
8 ts=0.90 | 2,274 | 1,862 | 0.818 | 2,744 | 2,516 | 0.917
9 t9y=1.00 | 2,430 | 1,911 | 0.786 | 3,136 | 2,872 | 0.916
10 t1p=1.10 | 2,665 | 1,960 | 0.735 | 3,283 | 3,076 | 0.937

The comparative indicator (CI) (Table 1), showing the
angular divergence of indicators of the specific forces of
rupture of book blocks, varies depending on the stretch-
ing angles. In the case of using PVAD D51C adhesive — in
the range of 0.735-0.907, and in the case of using Tech-
nomelt GA 3636 thermoglue — 0.913-0.940, which shows
the adhesive difference between the composite joints of the
applied adhesives and thread stitches.

6. Discussion of results of the development of information
support for simulation of the process of deformation of
the root polymer plate in book blocks sewn with threads

The results of our study of the processes of deformation
of the root polymer plate in book blocks sewn with threads
showed that from the point of view of spatial structure, book
blocks belong to printing products of the highest degree of
complexity. The manufacture of such products involves the



use of a significant number of technological operations with
strict tolerances of dimensional deviations.

This is due to the heterogeneity of the strength indicators
of binding materials and the peculiarities of the movable spa-
tial design of book blocks sewn with threads shown in Fig. 1.
In places of greatest influence of operational loads, which
include adhesive polymer plates of the root part of the blocks
reinforced with stitches of threads with pre-tension, an in-
crease in damage can be observed. Dimensional indicators
of damage to adhesive root plates are partially described and
published according to the results of research in works [1, 2].

In order to take into consideration the maximum number of
parameters of the structure and operation of the root adhesive
plates, a procedure for determining the mechanism of interac-
tion of the elements of the root part of the book blocks is pro-
posed, shown in Fig. 3. Analysis of the structural design of the
plate, parameters of cyclic load, modes of deformation, as well
as features of adhesion and delamination in the system <«adhe-
sive polymer — stitches of threads», expands the list of recom-
mendations given in[6,7]. When developing the presented
methodology (Fig. 3), an object-oriented approach was used,
which makes it possible to effectively decompose the technical
system of the book block, classify subsystems, and describe
them in the form of a finite set of classes and connections bet-
ween them. Formalization of information about each element
of the book block is carried out as a separate object of research.

Formalization of information contributes to the develop-
ment of a reliable calculation scheme of behavior of the root
part of book blocks under the conditions of consumer ex-
ploitation. In this sense, of particular interest is the block of
analysis tools, taking into consideration the methods of sim-
ulation modeling. Simulation methods involve the sequen-
tial creation of an analytical model, an algorithmic model,
a digital model that contributes to full-scale, and simulation
computational experiments.

It should be noted that the widespread structure of com-
posite polymer plates reinforced with artificial and natural
fibers implies the presence of a spatial mesh structure woven
from filaments of cells of various sizes filled with polymer melt.
Accordingly, the reinforcing fibers are dispersed proportion-
ally in the thickness of the polymer plate.

Therefore, the stretching or bending of such composite
plates and the phenomena of elastic-plastic deformation,
which occur during this, occur taking into consideration
the spatial homogeneity of reinforcement with threads. The
given circumstances do not diverge from the results of stud-
ies known from works [10, 11], the authors of which carried
out a comparative analysis of the tensile strength of adhesive
composites reinforced with natural fibers in proportion to the
thickness of the plates. However, it is impossible not to note
that the process of forming book root adhesive plates rein-
forced with stitches of threads with pre-tension is different
from the formation of any other polymer composite plates in
the printing industry.

Before the opening of the book block, its strengthening root
part is represented in the form of a wavy W-shaped adhesive
plate in the structure of which the stitches of the stitching
threads are partially implanted. The rest of the stitches of the
threads A, (Fig. 5) is located outside the adhesive plate, preserv-
ing the integrity of the stitching joint with the implanted part.

The numerical values of the thread tension vectors (Fig. 6)
in different parts of the root part of the block, under such cir-
cumstances, range from the minimum — Poai, Pnast (part of
the stitches of the threads in the adhesive plate) to the maxi-

mum — Py, Py, Puu (part of the stitches of the threads
that connects the folds of the notebooks).

For folds of notebooks and a root adhesive W-shaped
plate, loads that are applied for a long time at different angles
relative to the stitches of the threads lead to the accumula-
tion in them of a different proportion of residual deforma-
tion (Fig. 8). If the load is directed at a small angle other
than the angle of 90° (angle o, Fig. 8, of the initial direction
of the thread stitches, it is transmitted mainly to the thread
stitch system and the adhesive plate structure located in the
direction of the active force.

During the sequential turning of the pages of the book
block, a spatial change in the orientation of the notebooks
occurs (Fig. 7), and, accordingly, that part of the stitches of
the threads that fasten the folds. Depending on the sequence
of turning pages, from beginning to end, or from end to begin-
ning, the angles of inclination of the thread stitches change:
the angle oy, — from 180° to 0°, and the angle o, » from 0°
to 180° (Fig. 8).

In addition, there is a rotation of the stitches of the
threads, the part that fastens the folds (4, Fig.6), with
a change in the angles between the stitches and the W-shaped
adhesive plate. With discrete cyclic loads (vectors of tension
forces of stitches P,, P, P,_,, Fig 6), which are direc-
ted in the ranges of angles of 135°-180° (Fig. 8, a, d) and
45°—0° (Fig. 8, ¢, /), a process occurs that leads to the rapid
accumulation of residual cyclic deformation in the root
adhesive plate. Moreover, the closer the loads are directed,
the vectors of which approach the angles of 45° and 135°,
the more intensive is the process of accumulation of residual
cyclic deformation in the W-shaped adhesive plate.

Thus, during long and consecutive stretching of the
stitches of the threads at angles in different directions (alter-
nating loads) and stretching of the root adhesive plate, there
is a gradual delamination and separation of the fibers of the
threads and plate (Fig. 8, d—f).

In the part of notebooks, the counting of which is possible
from the beginning, or from the end of the book block to the
middle, the delamination of the adhesive plate occurs in the
direction of vectors of destructive forces P, and P,_, direc-
ted at angles o, 1 and oy,o (Fig. 8, d, /). LlIl(,dI" dimensions
of the delamination areas L,g- 1y and Lq,—2) are also formed
in accordance with the direction of the vectors of destructive
efforts. In addition, it should be noted that the dimensional
values of the vectors of the destructive forces P,, P, |, P, ,,
the angles of their direction oLy, 01, Oy9, linear and vertical
sections of delamination of adhesive W-shaped plates L, g,
Loty Lad@r2y s tor1, tor—2 take stochastic values deter-
mined by the operating conditions of each book block.

Attention should be paid to the fact that the accumulation
of destructive factors in the period of reader use of the book,
transport and storage conditions is a dynamic process carried
out in successive stages, as shown in Fig. 8. Therefore, the vec-
tors of influence of current indicators of destruction (CDI)
in Fig. 8 are aimed at meeting the neighboring components
of destruction. The sequence of components of destruction
in each individual case for each book block may be different.
In addition, the dimensional definition of each component is
associated with a set of factors that determine the distinctive
features, the measure of influence, and the final result.

Comparative indicators (CI) (Table 1), calculated on the
basis of the results of experimental studies of modeling the
angular tension of the stitches of threads to determine the
breaking force of book blocks, show dimensional differences



depending on the angles of stretching. In the case of using
PVAD D51C adhesive — in the range of 0.735-0.907, and in
the case of Technomelt GA 3636 thermoglue — 0.913-0.940,
which shows the adhesive difference between the composite
joints of the applied adhesives and thread stitches.

The discrepancy in the specific forces of breaking book
blocks formalizes the features of operational loads and con-
ditions for angular discrete destruction of adhesive polymer
plates. The obtained indicators of destruction of the root
adhesive plate will assist in the selection and technological
planning of the thickness of the adhesive layer for book
blocks of the selected formats, based on the conditions of
application of the publication.

On the basis of the conducted analytical and experimen-
tal research, information support for simulation modeling was
developed to justify the choice and expediency of improving
the structural and technological parameters of the root part
of the book blocks. This makes it possible to increase the
durability of consumer exploitation of adhesive composite
polymer plates reinforced with threads with pre-tension.

At the same time, it should be noted that the proposed
procedure of simulation modeling of the process of deforma-
tion of adhesive plates does not take into consideration some
important criteria for studying the mechanism of interaction
of elements of the root part of book blocks, namely:

— properties of materials for book blocks and edging ribbons;

— indicators of pre-tension of fastener thread stitches, their
thickness, number of twists, material, and breaking capacity;

— indicators of deforming cyclic loads arising in the pro-
cess of operational use of book blocks sewn with threads.

Therefore, these circumstances indicate the existing short-
comings of the proposed method. The main purpose of the
information model of the root part of the book block is to
develop its (or its components) estimation scheme. There-
fore, further research will be aimed at the development of
estimation schemes for the elements of the root part of the
book block, followed by the creation of appropriate simula-
tion models for specified scenarios of consumer exploitation.

7. Conclusions

1. An information model and a scheme for determining
the mutual influence of operational parameters on the root

adhesive polymer plate in the structure of which stitches of
threads with pre-tension are implanted have been developed.
A distinctive feature of the model is that it is based on an
object-oriented approach to conducting simulation computa-
tional experiments. In accordance with it, the peculiarities of
the formation of W-shaped adhesive edging composite plates
have been identified.

Unlike composite plates, in which the reinforcing fibers
are dispersed proportionally in the thickness of the plate,
stitches of stitching threads are only partially implanted into
the structure of the W-shaped adhesive plate. The rest of
the stitches of the threads are located outside the adhesive
plate, preserving the integrity of the stitching joint with the
implanted part. In accordance with this, the stages of the
elastic-deformed state of the plate in the process of its opera-
tional bending and the factors influencing its transformation
were determined.

2. Simulation modeling was carried out on the basis of
formalization of the description of the mutual influence of
deforming parameters of W-shaped adhesive root plates
reinforced with stitches of threads with pre-tension. The de-
pendence of the delamination of the adhesion joint, which oc-
curs in the direction of the vectors of destructive forces with
a change in the angles between the stitches of the threads
and the adhesive plate, was built. It was established that
the closer the directed loads, the vectors of which approach
the angles of 45° and 135°, the more intense the process of
accumulation of residual cyclic deformation in the adhesive
plate. A scheme for the formation of the strength of the
root adhesive plate reinforced with stitches of threads with
pre-tension under cyclic load has been developed. A compari-
son of the angular rupture forces of book blocks depending on
the thickness of the adhesive layer found that in the case of
using PVAD D51C adhesive, the discrepancy is in the range
of 0.735-0.907, and in the case of Technomelt GA 3636 ther-
mal glue, the discrepancy is 0.913—-0.940.
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