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This study investigates the process behind
the stressed-strained state of the thread stitching
of a spine part of book blocks at their multiple
opening. Most attention is on the spatial work
of the thread structure and patterns of load dis-
tribution in the spine zone of the block, predeter-
mined by the lack of generalized models for the
spatial organization of thread stitching; known
approaches mainly consider adhesive or simpli-
fied connections. This study is carried out based
on structural-mechanical and finite element
modeling of the thread structure of spine binding.

The proposed model takes into account the
spatial trajectory of the thread, the change in
direction and tension of the thread in places of
bending, as well as its contact interaction with
paper. The geometric, force, and finite element
models of thread stitching have been constructed.
It was established that the tension distribution
along the thread trajectory has an exponen-
tially decreasing character. At the same time, the
maximum values of the normalized contact pres-
sure p/po = 1.0 are observed in the surface stitches
of the spine part.

The calculations showed that the working
interval of thread tension within the T =
= 35-60 conditional units limits ensures stable
operation of the thread structure without notice-
able evolution of degradation processes in the
paper of the folds. At the same time, exceeding
the limit tension level of Tpeper =72 conditional
units is accompanied by the gradual development
of local damage in the areas of fold openings.
After 1000 load cycles, the damage parameter D,
for polyester threads reached 0.96, for cotton
threads - 0.87, and for polyamide threads - 0.78.

The results could be used to optimize the for-
mation modes of the spatial structure of a thread-
glue blinding of the spine part of book blocks
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1. Introduction

The mechanical reliability of thread stitching of the spine
of book blocks largely determines the durability and ser-
viceability of book products. This is especially important for
publications of intensive use, such as textbooks, scientific and
reference books, fine art books, pianos of musical works, etc.
The operating conditions of such products are associated
with repeated cyclic loads that arise when opening books and
turning pages.

In modern binding technologies, the spine of a book block
is formed as a multi-component system in which thread stitches
interact with an adhesive layer and reinforcing elements
in the form of paper tapes, gauze, or non-woven materials.
The joint operation of these components ensures increased
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joint strength, stabilization of the spine geometry, as well as the
redistribution of operational loads.

Despite the widespread use of thread-binding technology
for binding the spine of book blocks, its mechanical behavior
has not been studied in detail.

Most available research considers either adhesive joints
or the mechanics of stitching on thread-binding equipment,
or the operational characteristics of various types of binding
threads. The patterns in the formation of the adhesive-thread
structure, which make it possible to describe the mechanics
of thread stitching taking into account its spatial organization
and contact interaction with the paper material, remain to be
investigated.

Of particular relevance is the construction of structural-
mechanical models that take into account the interaction




between the thread and anisotropic paper in the areas of its
passage through the holes in the folds of notebooks.

The associated local mechanisms behind stress concentra-
tion in the areas of holes, their damage and penetration of the
adhesive composition through the areas of paper degradation,
allow for a more complete assessment of the operational char-
acteristics of book blocks.

The spatial configuration of thread bond determines the
features of the distribution of pre-tension and contact interac-
tion between the thread and paper material, which directly af-
fects the mechanical strength and durability of spine binding.

One of the factors reducing the durability of spine bind-
ing of book blocks is the uneven distribution of loads in the
spatial thread structure. Its consequence is the local concen-
tration of stresses in the areas of thread passage through the
fold holes, which is accompanied by damage to the paper
and a change in the conditions of contact interaction of the
bonding elements.

The durability of book block spines is largely determined
by the operational patterns of spatial thread structure under
applied loads. Lack of clarity regarding the patterns of load
distribution, contact interaction of the thread with paper, and
the evolution of local damage necessitates structural and me-
chanical research into this area.

2. Literature review and problem statement

The reliability of a book block’s spine largely determines
the durability of the publication and its capability to maintain
operational properties throughout its entire service life. To as-
sess the current state of research, we have analyzed a body of
research into the mechanics of spine joints of book blocks, their
strength, durability, fracture processes, as well as the influence
of design and technological factors, on the reliability of binding.

In work [1], the influence of various factors on adhesive
joints, such as the direction of loading, joint geometry, type of
glue, type of material being joined and the binding method,
were investigated. However, the study did not determine how
these factors can be applied to analyze the strength of binding
a book block’s spine. This is due to the fact that the study
focused on a much simpler joint geometry than in the thread-
glue binding of a book block.

In paper [2], a numerical analysis of the dynamic behavior
of adhesive joints is described, which is divided into the areas
of fatigue, deformation rate changes, and fracture. However,
the behavior of the thread-glue joint during prolonged open-
ing of book blocks remains uncertain. The main reason is that
most studies are focused on the dynamic behavior of struc-
tural joints that are different from the loading regimes of the
spine part of book blocks.

In [3], a method based on the finite element method (FEM)
was devised for a comprehensive analysis of process zones in-
side the glue layer and for predicting the strength of glue struc-
tures. At the same time, damage arising in a complex system
of simultaneous action of a spatial thread structure integrated
into the paper and the glue layer remains unstudied. This can
be explained by the fact that the model is built for the glue layer
as the main element of failure and therefore requires significant
adaptation to the multi-component structure of the spine part
of the book block.

A new strategy for identifying the laws of cohesion under
a mixed failure mode directly from experimental data is reported
in [4]. In this case, further research is needed on mixed failure

in thread stitching, where bending and friction of the thread
against the paper leads to local damage to the holes in the folds.
This is due to the lack of a homogeneous interface in the spine
of the book and the physical behavior of the adhesives, which
can be considered a drawback of the proposed method.

In [5], mechanical properties describing the onset and
development of damage were investigated, depending on the
type of adhesive and the current failure mode and the thickness
of the adhesive layer over 0.2 mm. Despite this, no features
were identified that affect the operation of thread stitches and
the redistribution of the load between them with a change in
the thickness of the adhesive layer on the surface of the folds.
The main reason is the positioning of the adhesive layer as an
independent structural element, in contrast to the block spine,
on the surface of which the adhesive partially fixes the external
areas of the thread stitches, changing their mobility.

The authors of work [6] highlighted the features of pre-
dicting the fatigue durability of adhesive compounds for var-
ious structural schemes. However, the mechanism of damage
evolution of thread-adhesive compounds during long-term
operational deployment of book blocks has not been deter-
mined. This is explained by the complex nature of the inter-
action between paper types, stitch formation schemes, thread
tension, types, and thickness of glue.

In [7], the fatigue of composite adhesive compounds is con-
sidered; and an attempt is made to classify them based on the
materials used and the thickness of the adhesive layer. Despite
this, the mechanism of fatigue behavior of not the adhesive but
the thread-adhesive layer remains insufficiently studied. This is
due to the limited industry-specific research on local damage in
places where the thread passes through the folds.

Within the study reported in [8], the importance of mod-
eling the thickness of the adhesive layer for predicting fatigue
delamination is shown, as changes in the thickness of the adhe-
sive layer can significantly change the nature of crack growth.
However, available studies do not provide an unambiguous an-
swer regarding the thickness of the adhesive layer on the spine
part of the book block and its influence on the development
of damage in the stitches of the threads and the paper of the
folds of the notebooks. The reason for the limited research is
the focus only on delamination of adhesive joints and the lack
of research on composite structures reinforced with threads.

The authors of [9] proposed an entropic approach for pre-
dicting the fatigue durability of adhesive joints and modeling
the influence of different thicknesses of the adhesive layer.
At the same time, there is no holistic idea of the application of
such an approach to the spine part of the book block, where
operational damage arises not only from energy factors, but
also from the structural features of the thread-adhesive bond.
This state of research is explained by the difficulty of main-
taining stable loading conditions for paper, thread stitches,
different thicknesses of the adhesive layer, and its capability
to penetrate into the fold holes.

Study [10] describes basic methods for increasing the
mechanical characteristics of adhesive compounds from com-
posites reinforced with natural fibers. At the same time, no
criteria have been defined for predicting the fatigue behavior
of the fibrous structure of paper in the area of holes in the
folds of notebooks of a book block where a spatial thread
structure with pretension is formed. This is explained by the
difficulty of identifying the composite structure of the folds
of notebooks, in the holes of which local thread pressure is
exerted, limited on the surface of the stitches by the adhesive
layer and the continuous structure of fibrous composites.



Work [11] shows the prospects of detecting the influence
of silicon dioxide and titanium dioxide nanoparticles on the
elasticity and aging resistance of polyvinyl acetate adhesive used
for edging the spine of a book. Despite this, there is no unified
approach to determining the influence of the elasticity of the
adhesive integrated on the surface of the thread stitches in the
folds of notebooks on the operational behavior of the spatial
thread structure with pretension. This is due to insufficient con-
sideration of the properties of the adhesive itself in the interac-
tion with the threads and paper of the spine part of book blocks.

In study [12], using the combined resistance model con-
structed for modeling the folding process by 180°, the behavior
of the deflection of the folds of folded sheets of cardboard and
coated paper was revealed. At the same time, the mechanism
of similarity of these processes to the behavior of a multilayer
system of notebooks in the spine part of a book block sewn
with threads remains insufficiently studied. This is explained
by the complexity of the experimental study on the bending of
individual notebooks sewn with threads, the tension of which
creates local pressure in the folds and the work of the glue on
the surface of the stitches.

In a limited number of papers [13, 14], the influence of
technological parameters on the strength of the spine con-
nection of book blocks sewn with threads, which form the
complex nature of the stressed-strained state of the spine, was
analyzed. However, the studies did not take into account the
spatial thread fastening with pre-tension and local mecha-
nisms of paper damage in the areas of thread passage through
the holes in the folds. This is explained by the fact that those
studies were performed for simplified models of the influence
of the adhesive layer on the surface of the folds on the de-
structive processes of the spine part of book blocks.

Our review of the literature [1-14] showed that, despite
the significant amount of research on the mechanics of ad-
hesive joints and spine joints of book blocks, the regularities
of operation of the spine part as a spatial thread-glue system
remain insufficiently studied. This is due to the complex in-
teraction of paper, threads, and the adhesive layer, as well as
the difficulties of experimental and mathematical description
of the processes of their joint deformation and destruction.
Therefore, mechanisms behind the formation of the stressed-
strained state and the evolution of damage to such a system
still require further investigation. This allows us to state that it
is advisable to conduct a study on the multicomponent struc-
ture of a spine joint, the distribution of thread pretension,
local contact stresses in the areas of fold openings, as well as
the related mechanisms behind paper damage.

3. The aim and objectives of the study

The aim of our work is to build a structural and mechani-
cal model of thread fastening of the spine part of book blocks
to establish regularities in the formation of its stressed-de-
formed state and mechanisms behind damage evolution
during operation. This will provide an opportunity to substan-
tiate ways to increase the strength, durability, and operational
reliability of book blocks sewn with threads.

To achieve the set goal, it is necessary to solve the follow-
ing tasks:

—to construct a geometric and force model of the spatial
thread structure of the spine part of a book block, taking into ac-
count the configuration of the thread trajectory and the features
of the spatial distribution of tension along the thread trajectory;

- to define a mathematical and finite element statement of
the problem for the analysis of spatial thread fastening, taking
into account the mechanical properties of sewing threads,
tension losses due to friction, contact interaction, and changes
in the force state when opening the book block;

- to investigate the contact interaction of the thread with
the paper in the area of fold holes, to establish regularities in the
formation of local stresses and the development of paper dam-
age under the conditions of cyclic opening of the book block;

- to determine conditions for the formation of the work-
ing pre-tension of sewing threads and to assess its influence
on the durability of the thread stitching of book blocks.

4. The study materials and methods

The object of our study is the processes that form the
stressed-strained state of the thread stitching of the spine part
of book blocks during their reader’s opening. The principal
hypothesis of the study assumes that the durability of the
thread stitching is determined not only by the mechanical
properties of the sewing thread, but it is also determined by
the spatial distribution of the pre-tension, contact interaction
with the paper of the folds, and the evolution of local damage
in the areas of thread passage through the holes of folds.

To verify the hypothesis put forward, methods of structural-
mechanical, analytical, and finite element modeling of the
spatial thread system of the spine part of a book block were
used. The application of these methods is due to the need for
a comprehensive description of the geometrically complex
thread trajectory, uneven tension distribution, local contact
interaction, and damage accumulation processes in the fi-
brous material of the paper.

The work adopts the necessary assumptions and simpli-
fications. The process of opening a book block is considered
as a slow process with kinematically specified movements of
extreme notebooks. The paper in the contact zone is described
as a non-uniform, in terms of properties, fibrous material with
a local damage parameter in the area of holes for stitching
threads in the folds of the notebooks. The influence of the
adhesive layer on the stitches of the threads on the surface
of folds is taken into account only due to the possibility of
penetration of the adhesive composition into the areas of local
damage to paper.

The thread bond is considered as a spatially organized me-
chanical system formed by the surface and internal sections of
the thread. For a quantitative description of the force state of
the system, a model of the distribution of thread pretension
was built, taking into account the tension losses due to friction
and a change in the direction of the thread trajectory.

To describe the change in tension along the thread trajec-
tory, an approach similar to the classical model of sliding of
a flexible element on a surface with friction according to the
Euler-Eitelwein formula was used: T, = Tje*? .

The mechanical properties of the thread were taken into
account on the basis of a nonlinear deformation characteristic
of the F-AL type. The distribution of stresses and strains in the
thread structure was determined on the basis of relations from
the mechanics of a deformable solid.

For a numerical analysis of the stressed-strained state of
the thread bond, a finite element model was used, in which
the thread is represented by a system of spatial rod elements.
The model takes into account the initial pretension of the
thread acquired during the stitching of the block, the contact



interaction with the paper, local friction forces, and the change
in the force state when the book block is opened.

To analyze contact interaction of the thread with the
paper, the holes in the folds were considered as local stress
concentrators, and the development of damage was described
by the scalar parameter D, € [0; 1]. The evolution of damage
was analyzed under conditions of periodic opening of the
book block, taking into account the accumulation of local
deformations in the area of fold holes.

The calculations used the characteristics of offset paper
weighing 80 g/m? and sewing threads of three types: cotton,
polyester, and polyamide. The characteristics of the materials
were taken on the basis of modern reference and experimen-
tal data. A comparative analysis of the results allowed us to as-
sess the influence of the mechanical properties of the threads
on the tension distribution, contact pressure, the development
of paper damage, and the durability of the thread stitching of
book blocks.

The numerical experiment was carried out by parametric
modeling of the spatial thread structure for different values of
pretension and mechanical characteristics of cotton, polyes-
ter, and polyamide threads. The study analyzed 36 calculation
scenarios formed for three types of sewing threads at four
levels of pretension and different values of the friction coef-
ficient within g = 0.30-0.45. For each option, the parameters
of tension distribution, contact pressure, paper damage. and
predicted durability of the thread stitching were estimated.

During numerical modeling, changes in the stressed-
strained state, contact interaction, and damage accumulation
were analyzed depending on the level of pretension and me-
chanical properties of sewing threads. The results were used
to evaluate the influence of pretension and mechanical prop-
erties of threads on the durability of thread bonding.

The results from the numerical experiment were pro-
cessed by determining the characteristic parameters of the
stressed-strained state, contact pressure, and paper damage.
The findings were normalized relative to the initial pretension
and used to construct calculated relationships between the
parameters of contact interaction, paper damage, and dura-
bility of thread bonding. The values of pretension in the work
are given in conditional (normalized) units that correspond
to the relative load levels used in constructing the calculated
relationships and plots.

5. Results of investigating the structural
and mechanical regularities of thread stitching
of the spine part of book blocks

5. 1. Results of investigating the geometric and force
structure of the thread stitching of a book block

The spine part of a book block, formed in the process of
thread stitching with the subsequent application of an adhe-
sive layer and reinforcing materials, constitutes a complex
multi-component system. Its structure combines the folds of
notebooks, thread elements, an adhesive layer, and contact
interactions between them.

In order to provide a generalized representation of the
structure of thread stitching, a diagram of the spine part of the
book block is shown in Fig. 1. The diagram depicts the mutual
arrangement of the folds of notebooks, thread stitches, an ad-
hesive layer, and the directions of tension forces after stitching.

Our scheme allows us to qualitatively assess the general
organization of spine binding and establish that the forma-

tion of its mechanical strength is determined primarily by
the thread elements that provide connection between the
notebooks and perceive the main loads. The adhesive layer
performs an auxiliary function of stabilizing the structure and
redistributing loads; its influence is manifested mainly at the
stage of operation.

For further quantitative analysis, the thread fastening is
considered as an independent spatial mechanical system that
determines principal patterns in the formation of the stressed-
strained state of the spine part of a book block.

O
RsSsstetetets
LR
KRS
bosed

Fig. 1. The spine binding of a book block:
1 — folds of notebooks; 2 — adhesive layer; 3 — stitches
of threads; 4 — thread tension force after stitching
the notebooks

As a result of our analysis, it was found that the thread
stitching of the spine part of a book block forms a three-dimen-
sional organized force system. The distribution of pre-tension
in this system is significantly uneven and depends on the
spatial configuration of the thread and its interaction with the
notebook material. To illustrate the revealed patterns, Fig. 2, 3
show a spatial model of thread stitching, which reflects the
configuration of the thread trajectory and the nature of the
distribution of tension forces in different parts of the structure.

Fig. 2. Three-dimensional geometric model of the thread
trajectory in one row of thread stitching: A-B and C-D are the
edge surface stitches; a, ay, ..., ag are the points of thread
passage through notebooks; A1—Ag, C1—Cg are the nodal
points of stitch formation; the areas between the nodal
points determine the spatial configuration of the thread
trajectory

The spatial structure of a thread connection is formed
by the sequential passage of the thread through a system of
holes in the folds of individual notebooks. In general, the
trajectory of the thread can be represented as a continuous
spatial broken line

A—>a—>c—>C->C —>c—>a >
—>A >A —>a,>c,>C,—>--— D,

where the outer sections of the trajectory correspond to the
inter-book transitions of the thread, and the inner sections



correspond to its passage along the folds of the notebooks.
The alternation of the inner and outer segments forms
a continuous spatial thread system, which ensures the inte-
gration of individual notebooks into a single construction of
a book block.

Based on the geometric model shown in Fig. 2, a force
model of thread fastening was constructed, which reflects the
distribution of tension in individual sections of the thread
structure (Fig. 3).

Fig. 3. Spatial force configuration of one row
of thread stitching of the spine part of a book block
taking into account the pre-tension: A-B and C-D — surface

bearing stitches; T;, T,, T; — tension forces in the surface,
transitional, and internal sections of a thread structure

Since the diagram in Fig. 2, 3 shows one row of thread
stitching stitches, it is advisable to consider it as an elemen-
tary spatial force cell of the spine binding. In a real book
block, the number of such rows can be n=4-6 depending
on the format and volume of the publication. Therefore, the
integral bearing capacity of the thread stitching can be given
as the sum of the force contributions of individual rows

n
Ty =Y T, (1
k=1

where T is the total force perceived by the thread system of
the spine part of a book block; T} is the force contribution of
the k-th row of stitches; n is the number of parallel rows of
thread fastening.

Given the same geometry of all rows, the level of pre-
tension, and identical loading conditions, the total bearing
capacity of the system can be approximately determined as

Ty =nT, )

where T, is the force perceived by one row of stitches, mod-
eled in Fig. 2, 3.

For systems with non-uniform tension distribution and
different conditions of thread contact with the notebook ma-
terial in individual rows, the generalized form is used

n
T; = anTk’ ?3)
k=1

where 7, is the efficiency coefficient of the k-th row, which
takes into account the unevenness of tension, friction, local
losses of effort, deviations in the geometry of the thread

trajectory, and the patterns of interaction with the note-
book material.

The model of one row of stitches is considered as the
basic calculation unit. The entire thread fastening system of
a book block is represented as a set of parallel spatial thread
structures, the total work of which determines the mechanical
strength and durability of the spine binding. Further analysis
is focused on the geometric features of the elementary model
of one row of stitches, shown in Fig. 2.

The geometry of the thread trajectory is determined
by the set of characteristic nodal points A, B, C, D, which
form the edge rows of surface stitches. In particular, the seg-
ment A-B corresponds to the front (from the observer’s side)
row of surface stitches, while the segment C-D is the second
row; together, these elements form a closed three-dimensional
system of thread stitching. The three-dimensional trajectory
of the thread is represented by a broken spatial line that runs
both along the surface of the notebook folds and through their
internal volume, ensuring the integration of individual note-
books into a single structure.

In the structure of thread fastening, three main func-
tional zones are distinguished. The first zone is the surface
stitches (sections A-B and C-D), located on the outer surface
of the folds and not covered with glue. It is these sections that
perceive the main tensile loads and act as the basic load-bear-
ing elements of the system. The second zone is the internal
sections of the thread (segments of the a-c, a;-c;, a,-cy,
as-Cs type, etc.), which pass through the notebooks and form
vertical and oriented along the plane of fold jumpers. They pro-
vide inter-booklet connection and perform the function of re-
distributing loads in the thickness of the block. The third zone
is the straight sections (the A-A;, Aj-A,, C-Cy, C;-C; type, etc.),
which provide thread transitions between adjacent folds and
are zones of deformation concentration and change in the
direction of force flows.

The force state of the thread structure in the figure is
represented as a system of tension vectors oriented according
to the local geometry of the thread. The main ones are the
tension forces T;, acting in the surface stitches and charac-
terized by maximum values, determining the strength of the
entire system. In the areas oriented mainly along the plane of
the folds, forces 7,, arise whose magnitude is smaller due to
the influence of friction and a change in the direction of the
thread, which is accompanied by partial tension losses. In the
internal vertical segments, forces T}, act that ensure the reten-
tion of notebooks and the transfer of load between the layers,
forming a damping component of the system. Additionally,
local forces T;, are taken into account that characterize the
stress state of individual internal sections of the thread. The
model also takes into account reaction components 7,,; and
T,mi» Which arise in the zones of contact of the thread with the
material of folds. These components reflect the influence of
contact interaction and local tension losses during bends and
passage of the thread through the paper structure.

The directions of all force vectors are consistent with the
local orientation of the thread. In the longitudinal sections,
they coincide with the direction of tension, while in the inter-
nal segments they have components oriented perpendicular
to the plane of the notebooks, which reflects the interlayer
interaction.

Our results indicate that the thread structure functions as
a spatially non-uniform force system with the localization of
maximum stresses in the surface stitches and their gradual
decrease in the internal sections. The established regularities



are the basis of the constructed mathematical model and are
used to analyze the force state of the thread bond. However,
the findings require clarification taking into account the lim-
itations associated with the interaction of the thread with the
paper material.

5.2.Results of mathematical modeling of tension
distribution in a spatial thread system

For a correct description of the stressed-strained state of a
spatial thread structure, it is necessary to take into account the
mechanical properties of the thread, which are determined by
its deformation characteristic of the F-AL type (Fig. 4).

To summarize the results of analyzing the estimation de-
formation diagrams of sewing threads, their basic mechanical
characteristics are given in Table 1.

Typical tension diagrams of sewing threads are nonlinear
and reflect the dependence of the load on elongation, which
determines the value of the permissible pre-tension and the
behavior of a thread under operational loads.

In the process of forming stitches, the thread interacts
with the material of the notebooks and changes the direction
of its trajectory, as a result of which the distribution of tension
along its length becomes uneven (Fig. 5). The loss of tension
occurs due to friction in the contact areas and the bending of
the thread in folds.

The basic parameters of the tension relaxation process in
the thread stitching of book blocks, as well as the generalized
results of modeling the thread tension distribution, are given
in Table 2.

To describe the change in tension along the thread, an
approach similar to the equation of sliding of a flexible el-
ement on a surface with friction according to the classical
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Euler-Eitelwein formula [15] was used. In differential form,
the change in tension can be written as

oLt @

where P(s) is the tension of a thread at a point with coordinate
s along its trajectory; w(s) is the local coefficient of friction
between the thread and the notebook material; N(s) is the
normal reaction occurring at the contact points; s is the curvi-
linear coordinate along the thread.

In the case of localized zones of thread bending with a
wrap angle &, the ratio of the tension at the entrance and exit
from the contact area can be given as

Pout :Pine_ﬂg’ ©)

where P;,, P,,; — thread tension before and after the contact
zone; @ - thread direction change angle (radians); u — effective
friction coefficient.

An exponential decrease in tension is formed along the
thread trajectory, which explains the decrease in forces in the
internal areas compared to the surface stitches.

Taking the above into account, the force contribution of
one row of stitches (equation (5) can be specified as an inte-
gral characteristic

P, :—'[P(s)ds, (6)

where L is the total length of the thread within one row of
stitches.
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Fig. 4. Estimation deformation diagrams of sewing threads in F-4L coordinates
Table 1
Basic mechanical characteristics of threads
Sewing thread type Working elongation interval ALk, mm Ultimate elongation ALy, mm | Force at AL = 6 mm, N
Polyester (PET) 2.0-6.0 7.2 35.0
Cotton (Cotton) 2.0-6.0 7.4 22.0
Polyamide (PA) 2.0-6.0 7.8 15.0
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Fig. 5. Estimation tension distribution of sewing threads of different types along a fragment of the spatial trajectory taking
into account friction, change of direction, and contact with the fold paper

Table 2
Basic parameters and results of modeling the distribution of thread tension in the spine part of a book block
Thread type To, N ATpenas % ATg, % T, N T/ To, % Characteristics
Polyester (PET) 100 —12 -9 30 70 Highest tension stability
Cotton (Cotton) 100 —15 —13 25 75 Average tension stability
Polyamide (PA) 100 -16 —14 21 79 Highest elasticity

Note: ATyeng — average tension decrease at the bends; ATy — average tension decrease at the folds; Ty - initial thread tension; Ty - ten-

sion at the final section of the thread trajectory.

The total load-bearing capacity of a multi-row sys-
tem (equation (6) is determined taking into account the un-
even distribution of tension

n 1 Ly
PZ :znk fIPk (S)ds N (7)
k=1 k o

For a quantitative description of the stressed-strained
state of the spatial thread structure of the spine part of a book
block, a finite element model is proposed, in which the thread
is represented by a system of spatial elements that work
mainly in tension.

The calculation scheme is formed according to the spatial
trajectory of the thread passing through the notebooks

A—»>a—>c—>C—>A;>a —>¢>C —>--->D, (8)
where sections A-B and C-D correspond to surface stitches,
and segments of the (ac), (a;cy), (axc,) type correspond
to internal sections of the thread passing through the
notebooks.

The thread is modeled by rod elements with axial stiffness

_EA

k
e L,

C)

where E, is the elastic modulus of the thread, A, is its cross-
sectional area, L, is the length of the element.

The axial force in the element is defined as

N, =E A, + Ny, (10)
where &, is the relative strain and Ny, is the initial force corre-
sponding to the pretension of the thread.
The pretension is introduced into the model in the form
of initial axial forces
Noe = Toe- 1)
In this case, the maximum tension value is assumed for
surface stitches

To,48 = To,cp = Tinaxs (12)
while for internal areas
TO,aa1 ’TO,bbl ’TO,ccl < Tmax7 (13)

which reflects the loss of tension due to friction and changes
in the direction of the thread.
The decrease in tension along the thread trajectory is de-
scribed by an exponential relationship
Tin=Te 1%, 14)
where u is the coefficient of friction between the thread and
the notebook material, 6; is the angle of bending of the thread



in the corresponding contact area. This causes an uneven dis-
tribution of tension along the thread structure.

The deformation of the element is determined by the
change in its length

L,—L,
[ —

L 15)

where L, and L, are the initial and deformed lengths of the
element, respectively.

The global system of equilibrium equations takes the
following form

[K Jfuf={F}+{Fo}.

where [K] is the stiffness matrix, {u} is the displacement vec-
tor, {F} is the external loads corresponding to the process of
opening a book block, {Fy} is the equivalent forces from the
pre-tension.

In the places of contact of the thread with the paper, the
condition of one-sided contact and friction is taken into account

(16)

P.20, 8,20, p,g, =0, |T| < UPy> (17)
where p, is the normal contact pressure, g, is the gap, z is the
tangential friction force.

The proposed finite element statement allows us to take
into account the spatial geometry of the thread trajectory,
the uneven distribution of the pre-tension, and the contact
interaction of the thread with the material of the notebooks.
This provides a description of the stressed-strained state of the
spine part of a book block.

The opening of a book block is considered as a slow
process, accompanied by the rotation of the notebooks rela-
tive to the spine line and the occurrence of relative displace-
ments between their folds.

Within the framework of the finite element model, the
opening process is given by kinematic boundary conditions in
the form of displacements of the extreme notebooks

(18)

which corresponds to the symmetrical opening of the block.
The equivalent opening angle is defined as

24
h

where h is the thickness of a book block.

To eliminate the rigid motion of the system, minimal con-
ditions for fixing the nodes on the spine line are introduced,
which do not affect the stressed-strained state but ensure the
correctness of the solution.

The preliminary tension of the thread is taken into ac-
count as the initial state of the system

, 19)

N, 0e= TOe’ (20)
after which the opening load is applied. Thus, the solution to
the problem is implemented in two stages: the formation of
a preliminary stressed state and the modeling of the opening
of a book block.

The system of equilibrium equations takes the follow-
ing form

[K Ju=Fopen + Fy. (21)

The proposed boundary conditions make it possible to
reproduce the real unfolding process, in which the extreme
notebooks undergo the largest displacements, the surface
stitches perceive the main tensile forces, and the internal
sections of the thread perform the function of spatial redistri-
bution of loads.

The results of numerical modeling show that the thread
tension along its spatial trajectory has a monotonically de-
creasing character. The maximum values of the tension are
localized in the surface stitches (sections A-B and C-D), while
when passing through the folds of the notebooks, its exponen-
tial decrease is observed.

The results are consistent with the adopted theoreti-
cal model

T =Te %, (22)
which confirms the decisive influence of friction and geome-
try of the thread trajectory on the tension distribution.

A tension gradient is formed along the spine part of a book
block, in which the extreme sections of the thread work in
the most stressed state, while the internal segments function
under conditions of reduced tension.

The influence of the mechanical characteristics of sewing
threads on the formation of the stressed-deformed state and
the parameters of the contact interaction of the thread fasten-
ing was estimated by comparing the estimation dependences,
the generalized values of which are given in Table 3.

Table 3

Influence of mechanical properties of sewing threads
on thread bonding parameters

Modulus | Maximum | Maximum .
. Relative
Sewing thread of elas- | rated contact | damage durabil-
type ticity E;, pressure parameter ity L, %
GPa pmax/pO Dp n
Polyester (PET) 4.8 1.00 0.96 100
Cotton (Cotton) 2.4 0.84 0.87 118
Polyamide (PA) 1.8 0.72 0.78 136

The study of contact interaction showed that an increase
in the stiffness of the thread is accompanied by an increase in
the local contact pressure and the paper damage parameter.
The most uniform load distribution and the highest predicted
durability are observed for polyamide threads, which are char-
acterized by increased deformability and a lower level of stress
concentration in the contact interaction zone.

Taking into account the constant cross-sectional area of
the thread, the stress distribution is determined by the ratio

(23)

The maximum stresses occur in the surface stitches, as
well as in the areas of thread entry and exit from the folds of
the notebooks. These areas are potential areas of local wear,
thread damage, and loss of binding integrity.

The analysis of displacements reveals that the largest
deformations are observed in the outer notebooks, while the
inner notebooks are characterized by limited displacements.
This indicates that the thread system performs the function of
a spatial limiter of deformations, providing control over the
opening of a book block.



The modeling showed that stress concentrations are local-
ized in the surface stitches, thread bending zones, and places of
its entry into the fold. This is due to a sharp change in thread
direction, local contact with the notebook material, and uneven
tension distribution. Generalization of the modeling results
made it possible to determine that the thread stitching of a book
block functions as a spatially anisotropic mechanical system.
The surface stitches (A-B and C-D) act as the main supporting
elements, while the internal sections of the thread provide load
redistribution and deformation damping.

The localization of stresses in the areas of bending and
contact of the thread with the paper determines potential ar-
eas of damage initiation, which is of fundamental importance
for assessing the durability of the spine part of a book block.

5.3. Results of modeling the contact interaction be-
tween thread and paper and evolution of local damage

Analysis of modeling results and thread tension diagrams
reveals that the maximum value of pretension T, can be real-
ized in the thread structure without destruction. It is limited
not only by the thread breaking load Fy,.x, but also by the
strength of the paper material in the areas of contact of the
thread with the folds of the notebooks.

In the process of stitching a book block, the thread passes
through holes formed in the folds of the notebooks during the
preliminary, before stitching, needle puncture. These holes
are local stress concentrators that significantly reduce the
effective strength of the paper in the contact zone.

When the thread pretension increases to levels close to its
ultimate strength, contact stresses arise in the paper around
the holes, which may exceed the local strength of the material.

The regularities of change in the contact state in the zone
of interaction of the thread with the paper depending on the
magnitude of the pretension were established on the basis of
parametric numerical modeling of the spatial thread structure.
The generalized calculation characteristics are given in Table 4.

The results show that with the same initial tension, dif-
ferent types of sewing threads form different levels of nor-
malized contact pressure in the fold zone. The highest values
are characteristic of polyester thread, which is explained
by its greater rigidity and lower ability
to deformatively redistribute the load.
Polyamide thread, on the contrary,
provides lower contact pressure due
to its greater elasticity, which reduces
the local concentration of stresses in
the area of interaction of the thread
with paper.

Exceeding local contact stresses
above the structural strength limit of
the paper is accompanied by the de-
velopment of irreversible deformations
in the area of fold openings, local dis-
ruption of the fibrous structure of the
material, and a gradual increase in the
geometric dimensions of the contact
area (Fig. 6).

Fig. 6 shows a diagram of local
damage to the folds in the spine part of
a book block. The formation of stress
concentration zones D, in the places
where the thread passes through the
paper, local angles of deviation of the
thread trajectory a;, a; and penetration

of adhesive composition G into the degradation zones of the
paper structure are shown.

The evolution of damage causes the formation of micro-
channels in the area of contact of the thread with the paper,
which ensure capillary penetration of the adhesive composition
into the internal areas of the notebooks, their fragmentary glu-
ing and destruction of the pages when the block is opened. The
obtained patterns of local damage to the paper are consistent
with the nature of the destruction of the folds, which is ob-
served in real book blocks after prolonged use (Fig. 7).

Table 4

Effect of sewing thread pretension on the normalized contact
pressure in the fold area

soving [ 6l [ pnar | pimat | pia
type T, N T/To=0 | T/Ty=0.5 | T/To=0.78 | T/To=1.0
Polyester | 100 0.14 0.46 0.75 1.0
Cotton 100 0.11 0.36 0.64 1.0
Polyamide | 100 0.08 0.28 0.54 1.0

Note: p/pp — normalized contact pressure; py — contact pressure
at T/To = 1.0
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Fig. 6. Scheme of local damage to the folds in the spine
part of a book block at thread stitching: a4, a, — angles of
local deviation of the thread trajectory; D, — zones of local
damage to the paper in the fold holes; G — penetration of

the adhesive composition through locally damaged holes

in the folds of the notebooks

Fig. 7. Characteristic stages in the degradation of thread stitching of the spine
part of a book block: a — local destruction of holes in the folds; b — penetration of
the adhesive composition through damaged holes and destruction of pages when
opening the block; ¢ — weakening of the inter-book thread connection




As aresult, local gluing of pages occurs, which reduces the
flexibility of a book block and impairs its ability to fully open.

Parametric modeling of the spatial thread structure al-
lowed us to determine the features of the development of local
paper damage and changes in the durability of thread stitch-
ing. The corresponding results, depending on the type of sew-
ing thread and the level of pre-tension, are given in Table 5.

Table 5

Effect of pretension on damage parameters
and durability of thread fastening

Damage ‘Working Ultimate paper
Sewing thread | parameter D, | tension interval | breaking tension
type after 1000 cy- | Twork> condi- | Tpaper, conditional
cles tional units units
Polyester 0.96 30-52 68
Cotton 0.87 34-58 72
Polyamide 0.78 38-64 77

More elastic polyamide threads provide a decrease in the
local concentration of contact stresses and allow for higher
values of working tension without intensive development of
paper damage. Stiff polyester threads are characterized by in-
creased localization of loads and a lower limit level of tension.

Our parametric analysis made it possible to establish that
exceeding the recommended pre-tension interval is accompa-
nied by an intensive increase in the parameter of local paper
damage and a decrease in the durability of the thread bond.
An insufficient level of tension leads to a loss of stability of
the spatial thread structure and a deterioration in the me-
chanical integrity of the spine binding.

The permissible level of thread pre-tension is determined
by the following condition

TO < min(Fmax’Tpaper )s

(24
where Tpaper is the limit value of tension corresponding to the
beginning of paper destruction in the area of the fold holes.

The holes formed in the folds of notebooks during stitch-
ing are considered as local stress concentrators in the paper
layer. The thread passing through the hole transfers to its edge
the contact force caused by the pre-tension T, (Fig. 8).

Table 6 gives generalized characteristics and basic param-
eters for the normalized contact pressure modeling, which re-
flect the evolution of local paper damage in places of contact
of sewing threads with the folds of notebooks.

Table 6

Basic parameters and results of modeling the normalized
contact pressure in the spine part of a book block

Thread type | To, N Tp/%’;’ : t0 T;) I{Op():a(;A T/%p:O ?;75 T7 ;fozaf.o
Polyester (PET) | 100 0.14 0.46 0.75 1.00
Cotton (Cotton) | 100 0.11 0.36 0.64 1.00
Polyamide (PA) | 100 0.08 0.29 0.54 1.00

Note: Ty - initial thread tension; T/T, — normalized pre-tension of
the thread; p/po — normalized contact pressure in the contact zone
of the thread with the fold paper.

In the first approximation, the contact pressure in the
zone of interaction of the thread with the edge of the hole is
defined as

b= > (25)

dh,

where d, is the effective diameter of the thread, h, is the thick-
ness of paper in the fold zone.

With increasing thread pretension, the contact pressure in
the hole zone increases nonlinearly, which leads to local stress
concentration in the paper.

Taking into account the geometric stress concentration, the
maximum local stress in the paper is determined by the ratio

Omax = KiGpnom> (26)
where K, is the stress concentration coefficient.

The onset of paper damage in the hole area is described
by the condition

pcKt 2 o-p,cri[’ (27)
where X, .,y is the limiting level of local stresses in the paper.

Hence, the permissible level of thread pretension is de-
fined as

O peritdih
1.0 T Tpaper =0T P (28)
Sewing thread type : K,
—eo— Polyester (PET) i
§ 0.8 || = Cotton : and the general criterion takes the form
|
g | —— Polyamide (PA) [~~""""7""TTTTTTTTTTTITTTIIITIII OS2 s
2 : Ty < mln(Fmax,T paper ) (29)
& 06 1 |
fé : To describe the evolution of damage,
S : a variable D, € [0, 1] is introduced, which
T | haracterizes the d f dest
z U Start characterizes the degree of paper destruc-
s i« of local tion. The effective strength of the material,
£ 1 damage o . X
S 02 : taking into account the damage, is defined as
i !
i Opefl = (1 - Dp )Gp,crit' (30)
0.0 . .
0.0 0.2 04 0.6 0.8 1.0

Normalized pre-tension of the thread 7/7,

Fig. 8. Estimation dependences of contact pressure in the fold opening area
on the pretension of sewing threads of different types

The increase in D, is accompanied by
the expansion of holes and the formation of
microchannels in the paper structure, which
promotes the penetration of the adhesive



composition into the inner areas of the notebooks. This can
be described by a change in permeability

ky =kpo (1+BD,). (31)

The destruction of paper in the area of the holes not
only limits the permissible level of pre-tension but also de-
termines further degradation processes in the thread system
of a book block.

To describe the accumulation of paper damage in the area
of the fold holes (Fig. 9), a scalar damage variable D, € [0, 1]
is introduced, where D, =0 corresponds to the undamaged
state, and D), = 1 - local material destruction.

The evolution of damage during cyclic opening of a book
block can be described by the generalized law

de:A<pc-pcr> (AMJ (1-D,)"
dN Per Au,, v
where N is the number of opening cycles, p. is the contact
pressure of the thread on the edge of the opening, p, is the
pressure at the beginning of damage, Au is the amplitude of
notebook movements.

The results of calculating the normalized damage param-
eter for sewing threads of different types, as well as the main
characteristics of the process of accumulation of local paper
damage, are given in Table 7.

The dependences shown in Fig. 9 reflect the accumulation
of local damage to the paper due to repeated cyclic loading of
the spine part of a book block.

Physically, this means that when p. < p., the damage does
not accumulate, while when the limit level is exceeded, its
progressive growth occurs.

(32)

The increase in damage is accompanied by relaxation of
the pre-tension of the thread and a decrease in the effective
stiffness of the thread connection, which leads to an increase in
the amplitude of movements of the notebooks when opening.

A positive feedback loop is formed in the system

D, =T, kyl=auT=D,1, (33)
which causes the self-accelerating nature of the degradation
of the spine part of a book block upon repeated opening.

5. 4. Results of determining the working tension and
assessing the durability of thread bonding

The pre-tension of the thread cannot be determined only
by the condition of thread strength but must take into account
the local strength of the paper in the area of holes and the
evolution of damage under cyclic loading. The working ten-
sion of the thread T, is introduced, which ensures sufficient
rigidity of the thread bonding and the absence of progressive
destruction of the paper.

The working tension is determined by the condition

Twork < min(Fmax’Tpaper’Tfatigue )’ (34)
where Fpay is the thread breaking force, Tpqper is the ultimate ten-
sion under the condition of local paper destruction, Thatigue is the
ultimate tension taking into account cyclic degradation.

To ensure the durability of the system, it is necessary to fulfill
the condition

pzo’

(35)

which is equivalent to limiting the contact

1.0
Sewing thread type

—e—Polyester (PET)

pressure

Pe <Dy (36)
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<— development
of local damage

Taking into account the relationship be-
tween tension and contact pressure, a practi-
cal condition was obtained

Twork < pcrdthp' (37)

The optimal operating mode of thread
fastening is determined by the interval

Tmin < Twork <T,

paper> (38)

0 200 400 600
Number of book block opening cycles N

Fig. 9. Estimation dependences of the evolution of paper damage
in the fold hole area on the number of book block opening cycles for sewing

threads of different types

800 1000

where Ty, is the minimum tension required
to form a stable structure.

Based on the obtained relationships, es-
timation dependences of the durability of
thread fastening on the value of pre-tension
of sewing threads of different types were

Basi . . Table 7 constructed (Fig. 10). Our dependences re-

asic parameters ar;dI reslults of rcr;odellng the accumulation flect the change in the operational stability

oflocal paper damage of a book block under conditions of cyclic

opening. They make it possible to determine

Thread type To, N D, at D, at D, at D, at D, at p g y ¢ p 4 —

N=200 | N=400 | N=600 | N=800 | N=1000 the optimal working tension zone, within

Polyester (PET) 100 0.16 0.42 0.69 0.88 0.96 which the stability of the spatial thread

Cotton (Cotton) 100 012 032 0.56 0.74 0.87 structure is ensured without the 1ntt.3n51ve

- development of local paper damage in the
Polyamide (PA) 100 0.07 0.21 0.38 0.60 0.78 folds of notebooks.
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Fig. 10. Estimation dependences of the durability of a book block on the pretension of sewing threads of different types
with the identification of the optimal working zone

Table 8 gives the results of calculating the optimal range
of pretension of sewing threads and the basic parameters for
modeling the durability of thread fastening.

The working tension of the thread is an important con-
trollable parameter that determines the balance between the
strength of the connection and the durability of a book block.
Exceeding this level leads to progressive damage to the paper,
relaxation of tension, and an increase in deformations, which
together form the mechanism of accelerated destruction of
the spine part.

It has been established that the durability of a book block
has a nonlinear dependence on the value of the preliminary
tension of the threads. At low tension values, the thread struc-
ture does not provide sufficient rigidity of the spine binding,
which leads to an increase in the movements of the notebooks
when opening and an accelerated accumulation of damage.
With increasing tension, a working interval is formed, within
which the stabilization of the spatial thread structure is en-
sured without initiating the destruction of the paper in the
area of the holes. It is this interval that corresponds to the
maximum durability of a book block.

Further increase in tension is undesirable, as it leads to an
excess of the local strength of the paper, the expansion of the
holes in the folds, relaxation of tension and the launch of the
degradation mechanism.

The constructed structural-mechanical model has made
it possible to establish regularities in the spatial distribution
of thread tension, the features of its contact interaction with
the paper of the folds, as well as the mechanisms of local
damage development in the spine part of a book block. The
proposed approach lays a theoretical basis for predicting the
stressed-strained state and durability of thread fastening un-
der operational loads.

6. Discussion of results based on investigating
the structural and mechanical regularities in the
thread fastening of the spine part of book blocks

Our results indicate that the thread fastening of the
spine part of a book block forms a spatially organized
mechanical system. The stressed-strained state of such
a system is determined by the interaction of threads, paper
of the folds, and contact connections between them. Geo-
metric and force modeling (Fig. 1-3, relations (1)-(3)) made
it possible to establish that individual sections of the thread
trajectory form a single spatial system. Its functioning is
accompanied by the redistribution of loads between the
surface, internal, and transitional segments of the thread.
Analysis of the geometric structure of the thread fastening

made it possible to distinguish three functionally

Table 8 differ ent zones. Surface stitches perform the role

Basic parameters and results of thread stitching durability modeling of the main load-bearing elements and perceive
maximum loads. The internal sections provide

Thread type | To, N | Tmin N | Topo N| Tmaw N | Tinax/To. % | Dmav % | jnter-book connection and spatial redistribution
Polyester (PET) | 100 15 35 60 72 100 of forces, and in the transitional segments there is
Cotton (Cotton) | 100 12 30 55 72 100 a local concentration of stresses and tension losses.
Polyamide (PA) | 100 10 25 < 7 100 Such a spatial organization exple.uns the non-uni-
form nature of the stressed-strained state of the

The resul ts could be used to substantiate rational tech-
nological modes of thread stitching of book blocks, in par-
ticular the choice of permissible thread pretension, which
significantly affects the stability of the spatial structure
of the spine binding and increases the durability of book
products.

spine part of a book block.

The results of mathematical modeling showed that the
mechanical behavior of the thread fastening significantly
depends on the elastic-deformation properties of the sewing
threads. Analysis of the deformation diagrams (Fig. 4) and
data in Table 1 reveals that polyester threads can perceive
loads up to 35 N at an elongation of 6 mm, cotton threads - up



to 22 N, and polyamide threads — up to 15 N. At the same time,
polyamide threads are characterized by the greatest ultimate
elongation (7.8 mm), which ensures their higher ability to
adapt to conditions of variable load.

It was found that the tension distribution along the spatial
trajectory of the thread has an exponentially decreasing char-
acter (Fig. 5, Table 2, relations (4)-(22)). Due to friction and re-
peated changes in the direction of the thread in places of passage
through folds, a gradual decrease in its tension along the traject-
ory is observed. For the studied types of threads, the final tension
values are 30 conditional units for polyester threads, 25 con-
ditional units for cotton threads, and 21 conditional units for
polyamide threads at the initial value T, = 100 conditional units.
In this case, the average tension decrease at the bends is 12-16%,
and in the zones of contact with the folds — 9-14%. The results
explain the localization of maximum stresses in surface stitches
and indicate a significant influence of the geometry of the trajec-
tory and friction on the tension distribution in the thread system.

The results of finite element modeling of the contact in-
teraction of the thread with paper allowed us to quantitatively
assess the influence of the mechanical properties of the threads
on the contact state of a spine joint. It was found that an in-
crease in the thread stiffness is accompanied by an increase
in the contact pressure and the intensity of local damage to
the paper. Thus, for polyester threads, the maximum normal-
ized contact pressure iS pmax/pPo = 1.00, the damage parame-
ter D,=0.96, while for polyamide threads these indicators
decrease to 0.72 and 0.78, respectively. At the same time, the
predicted relative durability of the thread bond increases from
100% for polyester threads to 136% for polyamide ones. This
indicates that the durability of the spine joint is determined
not only by the strength of the thread but also by its ability to
reduce the concentration of contact stresses in the paper.

According to the results of the contact state model-
ing (Fig. 6, Table 4), the maximum normalized contact pres-
sure p/py = 1.0 is localized in the surface stitches and areas of
thread passage through the fold holes. These areas are char-
acterized by an increased probability of damage initiation.
For the same level of pretension, polyester threads form the
highest contact pressure, while polyamide threads provide its
lowest values due to greater deformability.

The results allowed us to establish the mechanism of evo-
lution of local paper damage in the spine part of a book block.
Exceeding the local strength of the paper by contact stresses
is accompanied by degradation of the fibrous structure in the
fold hole areas, an increase in their size and the formation of
microchannels for the penetration of the adhesive composi-
tion. As shown in Fig. 6, 7, this creates prerequisites for local
gluing of pages, deterioration of a book block opening, and
gradual weakening of the inter-book thread connection.

Parametric analysis of the effect of pre-tension (Tables 5, 6,
relation (24)) allowed us to determine a limited working ten-
sion interval within which a rational relationship between the
strength and durability of binding is ensured. For polyester
threads, this interval is 30-52 conditional units, for cotton
threads — 34-58 conditional units, and for polyamide threads —
38-64 conditional units. At the same time, the beginning of
intensive paper destruction is observed when the ultimate
tension Tpgper = 6877 conditional units is reached, depending
on the type of thread. After 1000 loading cycles, the damage
parameter reaches Dy, = 0.96 for polyester threads, D, = 0.87 for
cotton threads, and D, =0.78 for polyamide threads. The re-
sulting dependences indicate that the pretension belongs to the
parameters that significantly affect both the bearing capacity of

the spine binding and the intensity of the development of local
paper damage in the folds.

Our results are consistent with the general principles in the
mechanics of flexible elements, and they further advance ap-
proaches based on the use of Euler-Eitelwein-type dependences.
In studies [3-5], most attention is paid to adhesive connections.
In this work, the spatial thread structure is considered as an
independent mechanical system with a non-uniform tension
distribution and contact interaction with paper. In [13, 14|, atten-
tion focused on the integral strength indicators of spine bindings.
Instead, in this study, local mechanisms of contact stress forma-
tion, paper damage development, and tension losses in individ-
ual sections of the thread trajectory have been analyzed. This
became possible due to the combination of geometric, force, and
finite element modeling, which takes into account the contact in-
teraction of the thread with paper, tension losses due to friction,
as well as local mechanisms of material damage. The proposed
approach could be used to predict the durability of spine joints,
reasonable choice of sewing thread type, and optimization of
technological modes for thread stitching of book blocks.

However, our study has certain limitations. In the work,
the process of opening a book block was considered as qua-
si-static, while real operational loads have a complex cyclic
and dynamic nature. In addition, the paper was modeled as
an anisotropic fibrous material with a simplified parameter
of local damage, without detailed consideration of the micro-
structure of fibers and interfiber bonds. The direct effect of
the adhesive layer was also not modeled but was taken into
account only indirectly through the possibility of glue pene-
tration into the damaged holes of the folds of notebooks. This
must be taken into account in the practical application of the
results to predict the durability of specific book block designs.

The shortcomings of the study include the lack of ex-
perimental verification of the obtained numerical results for
different types of paper and book block designs. In addition,
the work did not take into account the influence of aging of
polymer adhesive compositions, changes in paper moisture
content, and relaxation processes in thread materials. These
factors can significantly affect the durability of the spine bind-
ing during long-term operation.

Further studies should be directed towards the construc-
tion of a complex multi-component model of the spine part
of a book block, taking into account the joint operation of the
thread structure, adhesive layer, and reinforcing elements.
It is also promising to combine numerical modeling with ex-
perimental studies on the processes of cyclic destruction and
accumulation of damage to holes in the folds of notebooks.
This would improve the accuracy of predicting the durability of
book blocks and compile scientifically based recommendations
for optimizing the technological modes of thread stitching.

7. Conclusions

1. The geometric and force models of the spatial structure
of the spine part of a book block have been built, taking into
account the trajectory of the sewing thread and the features
of tension formation in individual sections of the binding.
It has been established that the thread stitching forms a spa-
tially non-uniform mechanical system in which the maxi-
mum loads are localized in the surface stitches, while the in-
ternal sections provide a redistribution of forces between the
notebooks. For multi-row binding, the total bearing capacity
is determined by the total work of individual rows of stitches.



2. The mathematical and finite element models of the

thread stitching have been constructed, taking into account
the mechanical properties of the threads, tension losses due
to friction, and contact interaction with the material of the
folds. An exponentially decreasing nature of the tension dis-
tribution along the thread trajectory has been established. For
the initial tension T =100 conditional units, its final values
are 30 conditional units for polyester, 25 conditional units for
cotton, and 21 conditional units for polyamide threads. The
average tension losses at the bends are 12-16%, and in the
areas of contact with the folds - 9-14%.

3. The contact interaction of the thread with the paper in
the area of the fold holes was investigated and the regularities
of the evolution of local damage during the cyclic opening of
a book block were established. It was determined that the max-
imum normalized contact pressure reaches the p/po=1.0 value
in the surface stitches and areas of thread passage through the
fold holes. For polyester, cotton, and polyamide threads, the
maximum damage parameter after 1000 load cycles is D, = 0.96;
0.87; and 0.78, respectively. It was shown that exceeding the
permissible level of pretension leads to local destruction of the
paper, expansion of the holes in the folds, and the formation of
microchannels for the penetration of the adhesive composition.

4. The nonlinear effect of pretension on the durability of the
thread bond was established. The working tension intervals that
ensure the stability of the thread structure without intensive
development of paper damage were determined: 30-52 condi-
tional units for polyester, 34-58 conditional units for cotton, and
38-64 conditional units for polyamide threads. The limit values
of tension corresponding to the beginning of paper destruction
in the area of fold openings are 68, 72, and 77 conditional units,
respectively. It has been established that polyamide threads
provide the lowest level of contact damage and the highest
predicted durability (136% compared to polyester threads). Our
results could be used to substantiate technological modes of
thread stitching and predict the durability of book blocks.
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