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TOPOLOGICAL OPTIMIZATION OF A SYMMETRICAL ADHESIVE JOINT.
ISLAND MODEL OF GENETIC ALGORITHM

Modern additive technologies make it possible to create structures of variable thickness and of any shape.
Thus, designers face problems of optimal design of a new type, and these are problems of topological optimiza-
tion. Such problems are to determine the optimal form of the structure or the optimal distribution of material
over the structure. As a rule, the criterion of optimality is the mass of the structure. However, the structure
must retain its bearing capacity under a certain load. The symmetric two-shear adhesive joint of the main plate
with two overlays of the same shape on both sides is the object of study in this article. The main goal of this
study was to determine the optimal form of overlays with variable thicknesses under certain restrictions. The
main restriction is the strength of the structure. Furthermore, additional restrictions are imposed on the mini-
mum and maximum thickness of the overlay. Therefore, the solution to the problem is presented in the form of
a set of the following tasks: building a mathematical model of the adhesive joint, building a numerical solution
to the primal problem using the finite difference method, and building a genetic optimization algorithm. In the
presented article, to improve the convergence of the genetic algorithm is proposed to use an island model that
consists of several populations. The main feature of the proposed model of the genetic algorithm lies in the fact
that on one of the "islands" mutations occur more frequently and with higher dispersion than on the other two
"islands". On the one hand, this decision ensures a high rate of evolutionary selection, and on the other hand,
the stability of the results is achieved. Several modeling problems are solved in this article. The main results of
this research include the following: nonlinear dependence of the overlay length on the applied load was de-
termined; restrictions on the minimum thickness of the overlay, which cause the appearance of a certain “plat-
eau” at the edge of the overlay, the thickness of which is equal to the minimum allowable were defined.

Keywords: constrained optimization; finite difference method; genetic algorithm.

1. Introduction

Adhesive lap joints are an integral part of modern
composite structures. The widespread application of
adhesive joints in composite structures is due to high
manufacturability, tightness, lightweight and high aero-
dynamic efficiency. In addition, adhesive joints do not
violate the composite structure in consequence adhesive
joints allow to realize their high strength and mechani-
cal properties in the structures. However, a well-known
disadvantage of lap joints is the concentration of stress-
es in the adhesive layer at the edges of the gluing zone
[Ommo6ka! 3aknanka He onpenenena., 78]. To reduce
stress concentration and increase the strength of adhe-
sive joints, the following design solutions are used: in-
creasing the thickness of the adhesive layer at the edges
of the joint [3], decreasing the thickness of the plates at
the edge of the joint [4] (the sequence of the placement
of the layers in the composite package is very important
[5]), using of two or more types of adhesives [6], using
of the transversal bonds in the adhesive joint [7], etc [9,
10]. Moreover, using the symmetrical double-lap adhe-
sive joints makes it possible to eliminate the bending of
the structure and therefore reduce the tear stresses in the
adhesive layer [11, 12].

As a rule, mathematical models of three-layer rods
or beams with thin pliable filler are used to describe the
stress state of adhesive lap joints [1, 2]. The stress-strain
state of the joint can be described in an analytical form
in the case, if the elastic and geometric parameters of
the layers are constant along the length of the joint.
However, even in the trivial case, when the layer thick-
ness varies linearly, such a problem doesn't have an
analytical solution. Therefore, to find the stress state of
adhesive joints with thicknesses variable along the
length, such numerical methods as the finite difference
method [7], the Ritz method, and the finite element
method are used.

The problem of topological optimization of a struc-
ture is to find the optimal form of the structure [8]. It’s a
qualitatively more difficult problem compared to the
problem of classical parametric optimization. The main
reason for the problem is that the desired value will be
the function of the distribution material into the struc-
ture, but is not a set of a small number of unknown pa-
rameters. As a rule, the topological optimization of the
adhesive lap joint is to find the optimal length of the
adhesive joint, as well as to determine the dependence
of the change in the thickness of the joined plates on the
length of the adhesive zone. One of the possible way to
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solve this problem is the discretization of the desired
function. In this case, the problem is to find the thick-
ness of structural elements in a system of points [13].
The transition from continuous to discrete functions
makes it possible to optimize the joint with a stepped
thickness change [14, 15] (this solution is often used in
joints of layers composites). If the desired function is
implied to be continuous, in this case, it can be de-
scribed by known values in the system of points using
splines [16], of the Bezier functions [17, 18]. The search
for a sufficiently large number of unknowns by gradient
methods is rather difficult, that's why other methods, for
example, genetic algorithms are used to solve the opti-
mization problem. This approach implies finding the
optimal parameters of the problem by solving a se-
quence of primal problems. The primal problem of find-
ing the stress state of a structure at the defined parame-
ters of the problem is usually solved in a two-
dimensional problem setting by the finite element meth-
od [16 - 20]. Optimization can be also carried out for the
thickness of the adhesive layer at the edge of the adhe-
sive area [21], the size and shape of the squeezed-out
excess glue at the edge of the joint [22], and the struc-
ture of the composite [23, 24].

A common disadvantage of using the finite element
method for solving topological optimization problems is
the relatively slow speed of the algorithm. This is due to
the fact that optimization problems are formulated in a
two-dimensional setting. In this case, the elements of
the adhesive joint are considered as a continuum. As a
result, at each iteration, it is necessary to build a new
finite element mesh, while the adhesive layer is divided
into sufficiently small elements.

The main goal of the research is to solve the prob-
lem of topological optimization of adhesive joints in a
one-dimensional setting. The use of well-established
mathematical models of joints [1], [25], which are used
to describe the stress state of adhesive joints in an ana-
Iytical form, makes it possible to reduce the dimension
of the problem without a significant loss of accuracy
and thereby increase the speed of calculations. In addi-
tion, the one-dimensional setting of the problem makes
it possible to use a fairly simple and efficient finite dif-
ference method to calculate the stress state of the adhe-
sive joint. This method is successfully used both for
solving one-dimensional problems [7, 13] and for solv-
ing two-dimensional problems of joint mechanics [28].

In order to enhance the rate of convergence of the
genetic algorithm, the improved island model of the
genetic algorithm (Island Model GA) [26, 27] is used in
this article. Island models can be classified according to
several features, such as possible migration directions
[26] and evolutionary selection conditions on islands.
The model is called homogeneous [27, 28] if conditions
are the same on all islands. The model is hetero-

geneous [29] if the conditions are different. In the ver-
sion of the evolutionary algorithm proposed in this arti-
cle, mutagenesis occurs more frequently and with higher
dispersion on one of the three islands than on the other
two islands. This combination has high variability on
one “island” and stability on the other two. In addition,
in combination with the regular migration of the best
individuals between the “islands”, it ensures a good rate
of the evolutionary algorithm and the stability of the
results achieved.

2. Problem Statement

Consider a structure which consists of two plates,
moreover, these plates are connected to each other by
symmetrical overlays, Fig. 1, a. This structure is sym-
metrical and does not experience bending under the ten-
sile-compressive loading therefore it is often used in
mechanical engineering. Since the structure is symmet-
rical, we can consider only its fourth part, Fig. 1, b. The
transverse displacements of the middle layer of the main
plate are equal to zero due to the symmetry of the struc-
ture. If we consider the deformation of this structure
within the framework of the theory of rods, then, due to
the symmetry of the structure, we can consider only the
adhesive area and leave aside the deformation of the
entire structure.
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Fig. 1. Scheme of a structure

The structure is loaded with longitudinal forces.
2F. The thickness of the overlay is variable along the
length, as shown in Fig. 1, b. We have considered, that
the thickness of the adhesive layer is constant along the
length of the adhesive joint and uniform in all sections.
The length of the adhesive area is L.

The differential element of the adhesive area and
the acting force factors are shown in Fig. 2.
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The equilibrium equations of the external (bearing) dw,
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where Ny, N, — longitudinal forces in the bearing lay-
ers; Qp — shear force in the overlay; M; — bending
moment in overlay; t and o - shearing and normal
stresses in the adhesive layer; s; — distance from the
neutral axis of overlay to adhesive layer, in the case of a
symmetrical overlay structure s; (x)=0.58;(x), where

81 (x) —thickness of the overlay.
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Fig. 2. Differential element of joining

The displacements of the bearing layers are de-
scribed by the following equations

d2W1

du v,
) 1 d

N1=Bld—xl’ Ny, =B, —= ™

=My, (2)

where U; and U, — longitudinal displacements of
bearing layers; W, — transversal displacements of over-
lay; By(x) and B, — tensile-compressive stiffness of
the layers, in a case, if the layers are uniform in thick-
ness, then By(x)=38;(x)E;, By =38,E,, where E;
and E, — the modulus of elasticity of the corresponding

layer; Dy(x) — the bending stiffness of overlay,

Dy (x) =383 (x)Ey /12.

We have considered, that the stresses in the adhe-
sive layer are uniformly distributed over the thickness
and proportional to the difference in displacements of
the inner sides of the bearing layers

where K, P — tensile-compressive and shear stiffness
of the adhesive layer, which can be calculated, for ex-

in turn
Ey and
Gy — modulus of elasticity and shear modulus of the

ample, as K:E0851, P:G085l, where,

89 — thickness of the adhesive layer,

adhesive, respectively.

The system of equations Eq. (1) - (3) is reduced to
a system of three differential equations relative to the
longitudinal displacements of both layers U;, U, and

the transversal displacements for the overlay W,

ﬁdﬁ lﬁ%_ufruz_slh:o’ (4)
P dx2 P dx d
2
Up Bady gy +slh=o, (5)
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Dld Wy 2dD1dW1
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_1ds, 08 B d%,; 1dY;
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dSl dU2
Uy +s =0,
dx 17l dx

The boundary conditions have the following form

N2(0)=F, Nz(L)=0, Ny(0)=0
0

U (L)=0, Q(0)=0, M;(0)=0, ©)
dw.
Q,(Ly=0, — =o0.
1( ) dx el

The boundary conditions (7) can be written in dis-
placements as well as system (4) - (6),

du,
dx
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dW there should be high adhesion of the adhesive to the
1 . . .
s(L)P| up—uy +51(|—)d—x - joined surfaces, so that the destruction of the joint oc-
x=L curs along the adhesive, and not along the interface be-
d b dzw1 B (L ds; dU; o tween the materials. It was shown in [25] that such a
Ty 1(X) 2 + 1( )__ =4 criterion is the criterion of maximum normal stresses.
dx dx L dx dx |,
X=
d?w, dwW, 2 2
U (L)=0; Dy(0 —o, M g, o (x)] | yo? (x)+47* (x)
1( ) 1( ) dX2 - dx L cl(x)z 5 + > < Gpmax - (10)

The optimization problem was formulated as fol-
lows — it is necessary to find the length of the adhesive
joint L and the dependence of the overlay's thickness

on the longitudinal coordinate &;(x), which provides

the extreme value of a certain optimality criterion. Such
a criterion can be, for example, the mass of the overlay
or the cost of the adhesive joint. The mass of the over-
lay, up to an arbitrary multiplier, is proportional to the
cross-sectional area of the overlay. Thus, the optimality
criterion can have the form

L
M=I61(x)dx—>min. 8)
0

On the other hand, the cost of the structure can be
an optimality criterion. The length of the adhesive joint
can also be used as an optimality criterion. Since a sig-
nificant contribution to the cost of the adhesive joint is
made by the cost of the adhesive and the technological
processes

L — min. 9

The desired values L and the function 3&;(x)

must be such that the structural strength restrictions are
fulfilled, as well as the geometric and technological
restrictions are fulfilled.

There are various ways of the adhesive joint fail-
ure, such as rupture of the overlay, destruction of the
adhesive layer, delamination and pulling away from the
laminated composite, delamination of the adhesive layer
from the bonded plate, etc. In this article, only one re-
striction is used. It's the condition of the strength of the
adhesive layer. However, this is not principal for the
running of the genetic optimization algorithm which is
proposed in the article. The strength of the adhesive
criterion and the adhesive adhesion to the joining sur-
faces depends on a lot of factors, such as the composi-
tion of the adhesive, the chemical composition and the
quality of the joining surfaces processing, the tempera-
ture and curing time of the adhesive, etc. The strength
criterion of the formed adhesive layer is determined as a
result of physical experiments. Obviously, in this case,

where xe[0;L]; op(x) — the first principal stress;
Oomax — the ultimate strength of an adhesive.

It should also be noted, in this case, due to the
symmetry of the structure, the normal stresses in the
adhesive layer are assumed to be several times less than
the shear stresses. Therefore, the influence of normal
stresses was ignored in the adhesive joint strength eval-
uation. The criterion of strength was taken as the crite-
rion of maximum shear stresses:

T(X) < Tmax - (12)

where x €[0; L]; tya — the shear ultimate strength of

an adhesive.

Criteria (10) and (11) assume that the adhesive has
high adhesion to the joined surfaces. In addition, there
isn't occur the tear-off failure of the adhesive from the
surface along the interface between materials. Other-
wise, it is also necessary to impose restrictions on the

maximum normal stresses in the adhesive c(x).

Moreover, restrictions on the function from below
and from above are imposed. In the first case, the thick-
ness of overlay should not be less than some certain
value

61 (X) 2 8min : (12)

where 3,j, — some technologically minimum possible

overlay thickness, which can be equal, for example, to
the thickness of one monolayer of the laminated compo-
site.

On the other hand, in some cases, a restriction is
imposed on the maximum thickness of the overlay

81 (X) < 8pmax - (13)
Such arestriction is dictated, for example, by some
considerations such as aerodynamic efficiency, quality
control capabilities, manufacturing technique etc.
In addition to the above restrictions (10) - (13), re-
strictions on the maximum stresses in the overlay itself
can also be introduced. This is due to the fact that the
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destruction of the connection can occur in the form of a
rupture of the lining. Using such additional restrictions
does not introduce principal changes in the algorithm
for solving the problem and, therefore, is not covered in
this article.

3. Numerical solution
of the primal problem

The primal problem is to determine the stress state
of an adhesive joint at a defined length L and known
function &, (x). For the numerical solution of a system
of ordinary differential equations with variable coeffi-
cients Eq. (4)-(6) different methods are applied. The
direct finite difference method is the simplest and fastest
in the case of software implementation. This method has
shown high efficiency in calculating the stress state of
adhesive joints this method [7, 30].

If there is a function & (x), therefore, the follow-
ing functions s;(x), Bi(x) and D;(x) are also
known. The adhesive zone x €[0;L] is divided into a
system of nodal points with numbers from zero to
Nfem - The partition interval is h=L/Ngy,. Points
with numbers 0 and Ng,, are boundary points (x =0
and x =L and respectively). The coordinates of a point
with a number i is calculated using the formula
Xj =h-i. Let us also introduce points to the left and
right of the region, which lie outside the region
x €[0;L] and have numbers —1 and Ng¢gy, +1, respec-

tively. The displacements of the bearing layers at the
1 2
L) =ul,  Uy(x)=u?

i i and

points

W (xj) = ng) are denoted.
Thus, the solution of the system of differential
equations Eq. (4)-(6) is reduced to finding displace-

ments ugl), ugz) and Wi(l). The boundary conditions
(7) allow us to introduce displacements at external
nodes outside the adhesive zone as unknowns. Howev-

er, the function ;(x) and related functions s;(x),

B1(x) and D;(x) are defined only in the adhesive
zone x €[0;L]. That is only the values 881),..,6(1)

Nfem '
a..80 ool
fe fem

0 B, + Dol are defined. Therefore,

the extreme points xo and Xy~ derivatives of dis-

placements in Eq. (4)-(6) and in the boundary condi-
tions (7) are written in the difference form according to
the symmetric finite-difference pattern.

However, to write the derivatives of the s;(x),

B;(x) and Dy (x) in the difference form at the bound-

ary points, one-sided templates should be used. We
write in difference form the differential equations
Eq. (4)-(6) for the points 0,1,...,N¢gy,, as well as the

boundary conditions (7), we obtain a system of linear

equations for the unknowns ugll),ugl),ugl),... u(l)

" Nfgm+1’
2 2 Yow wlt y
u(,l)l""ug\lf)em+1’ and W(72)’W(*:|)-’WE))7".,W$\l3‘el’n+27

which consist of 3N, +11 equations. Having solved

the system of linear equations, we find the displace-
ments of the bearing layers at the nodal points. This
makes it possible to determine stresses in the adhesive
layer (3) (i.e. a set of stress values and at the nodal
points), the longitudinal forces in the bearing layers, as
well as all other force factors in the joining elements.

4. Solution of the optimization problem.
Island genetic algorithm

As mentioned above, the solution of the problem
of topological optimization of an adhesive joint in an
analytical form is associated with significant difficul-
ties. Therefore, to solve this problem, a genetic optimi-
zation algorithm is proposed. The length of the adhesive
joint L and the thickness of the overlay at the nodal

points Sgl) are accepted as the desired variables. It

means to determine the optimal values, which provide,
for example, a minimum mass of the overlay (8) when
the strength restrictions (10) are fulfilled. However, in
contrast to the problem of finding the optimal distribu-
tion of the material along the beam [13], if the thickness

values Sgl) at neighboring points differ significantly

(this may occur due to crossing or mutations during the
execution of the genetic algorithm), then the stresses in
the adhesive layer (3), calculated using the finite differ-
ence method will have implausible peaks. This suggests
that the mathematical model is losing its adequacy.
Therefore, it is proposed to determine the optimal de-

pendence Sgl) among functions that a priori have
smoothness. This should be from the intuitive consid-
erations that, most likely, the desired function &;(x) is

smooth, and hasn't discontinuities, corner points, and
peaks. In articles, devoted to topological optimization,
as a rule, Bezier functions or splines are used [16]. In

this article, a function 8, (x) is proposed in the form of
a Fourier series expansion in cosines on the interval
€ €[0;1] and further scaling along the horizontal axis to
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the segment x [0;L].

(14)

M
s (g) = a70+ > a, cosmn,
n=1

If we divide the interval £e[0;1], as well as the

interval x €[0;L], into N+1 points & numbered from

0 to N, then the thickness of the overlay at the nodal
points can be calculated as follows:

M
sl —8o > apcosmngy, |, (15)

i
n=1

where M - the number of terms of the Fourier series
used.

The description of the geometric shape of the over-
lay in the form of a Fourier series (15) makes it quite
easy to calculate the mass of the overlay (8)

L
apglk
M:J'ESl(x)dx=°T.
0

To implement a genetic algorithm, it is necessary
to create a fitness-function that would make it possible
to rank various sets of desired parameters L and
ag,dy,....ap by quality (each set in the terminology of

genetic algorithms is called an individual).

If the mass of the structure (8) is used as an opti-
mality criterion, and restrictions on the maximum first
principal stresses in the adhesive layer (10) and the min-
imum overlay thickness (12) are added, then the fitness-
function will have the following form:

®=05aL+

2
Zy M—l ,miax(csgl)) >

Smin
+ “ miin(ESi(l))_1 :

0, miin(é‘)i(l)) -

where Z;, Z, —some large numbers that determine the
size of the penalty for leaving the solution out of the

allowable area; cgl) — the first principal stresses in the
adhesive layer at nodal points, which are calculated ac-

cording to (10); max[‘cgl)D — maximum principal
I

stresses; m_in(éii(l)) — respectively, the minimum value
1

of the overlay thickness.

Thus, if the solution (i.e., the set of values L and
ag, aq,...,a)) IS valid, then the value of the fitness-
function is equal to the cross-sectional area of the over-
lay 0.5agL . However, if at least in one node the stress-

es in the adhesive layer exceed the allowable values, or
(and) the thickness of the overlay at least in one node is
less than the permissible value, then penalty compo-
nents are added to the specified area, the value of which
is the higher, the higher the violation of the correspond-
ing restriction.

Genetic algorithms have some disadvantages, the
most significant of which is the complexity of customi-
zation. It is necessary to strike a balance between varia-
bility and stability. At high variability, convergence is
violated and even good values of the desired parameters
found are at risk of being lost as a result of mutations.
An approximate solution, at low variability is found
quickly, after that the convergence slows down and the
population degenerates. In the future, the value of the
objective function will change little even at the large
number of iterations. One of the possible ways out of
this contradiction is to use the island model of the evo-
lutionary algorithm. In this case, the total population is
divided into several isolated subpopulations (islands).
On each of the islands, the evolutionary process occurs
independently and in parallel with other islands. At reg-
ular intervals, the best individuals migrate randomly
from island to island. In this article, a model with three
islands is proposed. On the one of them the probability
and dispersion of mutations is higher than on the other
two. This combination of two relatively stable islands
with one island, where the mutation rate is higher, al-
lows you to combine the speed of finding good solu-
tions with the stability and preservation of the best solu-
tions in the general population.

The flowchart of evolutionary selection on the one
island is shown in fig. 3.

1) Creation of the initial population of vectors

h(j), where j=1,..,Ng, (Ng — number of individuals
in a population). Each vector h() (individual) which
contains components L) and agj), agj),...,ag\jl). Ac-
cording to the sets of parameters, we calculate the corre-

sponding values @; = Q(H(D) using the formula (15).
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To achieve this, it is necessary to find the thickness of
the overlay at the nodal points from the values of the

coefficients agj),agj),...,agl) and L), then calculate

the discretization step h() = LN and solve the pri-
mal problem of finding displacements in the carrier lay-
ers. By which to calculate the stress in the adhesive lay-
er.

2) Selection. We rank the vectors that are present
in the population ﬁ(j) according to the corresponding
values of the fitness-function ®; and select from the

population 2k (where 2k < Ng) elements ﬁ(j). In this

case, the probability of getting into the sample depends
on the number in the ranked list, or on the values of @,

The sample should include mainly the best individuals

) of the population, which have lower values of the

fitness function.
< Start >
N4

1. Creation of the starting population

\4

2. Selection
\4
3. Dividing the individuals into pairs
\4

4. Hybridization
V4

5. Mutations
\4

6. Return of new individuals to
the population
N
7. Extinction

Y

8. Checking the
Stop Criterion

- D

Fig. 3. Flowchart of a simple genetic algorithm
(single population)

End

3) Division of the parents into pairs. We divide
2k the selected individuals into pairs and get k pairs of
“parents”. We can divide individuals into pairs accord-

ing to different strategies, according to similarity, or
vice versa according to differences in vectors ﬁ(j). A
measure of the similarity-difference of individuals h)

and h() is, for example, the scalar product of vectors,
which is related to the product of the norms of both vec-
tors

ﬁ(J)’ﬁ(i))
Cos0; i =7—"—7,
" ‘ﬁ(l)‘. ﬁ(')‘
Another criterion of similarity-difference of indi-
viduals h() and h(") is the root-mean-square deviation
of functions (14) in the range & €[0;1]

Afj=

1,00 m . M m

=J‘ aL+Za$]J) cosmng &, Zaﬂ)cosmg de.
0 2 n=1 2 n=1

However, such a criterion does not take into ac-
count the difference in the length of individuals. For

each pair (i,j), the values of the selected criterion are

calculated. After that, k pairs are selected from this set.
After that, pairs are selected from this set. In this work,
the principle of outbreeding is applied, according to
which pairs are selected randomly. However, the proba-
bility of being selected from a pair is higher, the more

individuals differ h) and K. This is a certain guar-
antee against the degeneration of the population.

It should also be noted that the algorithm proposed
in the article assumes the occurrence of pairs in which
one of the “parents” is common. That is, the best indi-
viduals will create descendant of several different part-
ners at the same stage of reproduction.

In the simplest case, individuals are randomly
paired.

4) Hybridization. For each new individual, pa-

rameters L(') and ag), a('),...,a(,\',? are randomly selected

from both parent individuals. The result of this opera-
tion is a population k of new individuals, that is, “de-
scendants”.

5) Mutations. In the version of the algorithm pre-
sented by the authors, mutations occur only in some of
the "descendants" and only with a small fraction of the

vector components hO). I this case, a mutation is a
change in the values of the vector components by a
slight deviation. The magnitude of random deviation is
described, for example, by a Gaussian distribution with
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zero mathematical expectation. In this case, the distribu-
tion dispersion depends on the absolute value of the
coefficient a,,. In this way, the Fourier coefficients that

are large in absolute value mutate with a larger disper-
sion, and the smaller ones mutate with a smaller one. If
the coefficient a, is zero, then the standard deviation

for mutations has a certain non-zero value o .

6) Return of new individuals to the population.
New individuals are returned to the main population,
which increases from Ny to Ng+k individuals after

changes are made to the gene code.

7) Extinction. After the return of new individuals
to the population, all individuals are again ranked ac-
cording to the values of the fitness function ®; and k

individuals are removed from the population. There are
also several ways to remove excess individuals. In the
simplest case, individuals k with the worst values of
the fitness function are removed. In a more complex
case, individuals are selected randomly. Moreover, the
worst values of the fitness-function increase the proba-
bility of removing an individual from the population.
Both approaches are used in the program proposed by
the authors. The selection of approach is random for
each reproducing -extinction cycle.

8) Checking the Stop Criterion. If the Stop Crite-
rion (for example, the number of reproducing cycles is
equal K) is not reached, then return to step 2.

But since several populations are considered in the
island model of the evolutionary algorithm, the above
algorithm is applied to each of them separately. Thus, in
each of the subpopulations (islands), evolutionary selec-
tion occurs in parallel with the others.

The flowchart of the island model of the evolu-
tionary algorithm is shown below in Fig. 4.

Three islands are considered in the proposed ver-
sion of the island model of the genetic algorithm. On
one of the islands, mutations occur with a higher proba-
bility and higher dispersion than on the other two. After
K cycles of generation change, two islands are random-
ly selected and the best individuals (migrants) are ex-
changed. This provides an influx of new genetic infor-
mation into the population. The number of migrants
must be significantly less than the total number of indi-
viduals on a given island. The Stop Criterion can be, for
example, the execution of a given number of migrations.

After stopping the algorithm, it is necessary to se-
lect the optimal solution from the entire population of
individuals. Since the parameters of one, even the best
individual, are the result of random mutations and hy-
bridizations, they can differ slightly from each other
with different implementations of the algorithm. The
average value of the parameters in the population is
more resistant to random deviations. Therefore, as a

solution to the optimization problem, it is proposed to
take the sample average of the parameters of the best
individuals of all (or one of the three) populations. To
calculate the sample, mean, you can use, for example,
half of the individuals in the population. This approach
allows leveling random deviations of parameter values
from their optimal values resulting from mutations.

< Start >
\4
1. Creation of starting populations
N4

2. Running cycles of evolutionary selec-
tion on all “islands”
\4

3. Migration of a group of the best indi-
viduals from island to island

Y

4. Checking the
Stop Criterion

5. Processing the Results

v
End

- D

Fig. 4. The flowchart of the island model of the evolu-
tionary algorithm

5. Numerical implementation and results

Consider the results of solving the algorithm for
topological optimization of an adhesive joint proposed
in this article using a specific example. Consider an ad-

hesive joint, with the following parameters:
E; =100 GPa, E, =70 GPa, 5, =3 mm,
8p =0.1 mm, Ep=2274 GPa, Gp=0.54 GPa,

Omax =30 MPa, 3,i, =0.1 mm. The adhesive joint is
loaded with longitudinal force: a) F =150 kN/m;
b) F, =300 kN/m.

The initial population is formed as follows: the
length of adhesion joint is randomly assigned by the
Gaussian distribution with the mathematical expectation
m_ =20 mm and the root-mean-square deviation

oL =4 mm. The Fourier coefficients are calculated

based on the assumed linear dependence of the overlay
thickness, which starts from some random variable
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81(0) with the mathematical expectation mg =1 mm

and dispersion o5=01mm at x=0 and

81(L)=3 mm. The number of terms of the Fourier

series is assigned M =30. Calculation of the stress state
of the adhesive joint is performed by dividing the area
into Ny, =100 nodal points. The number of individu-

als in the population of each island is Ny =120. Of

these, 2k =40 individuals are selected for hybridiza-
tion at each iteration.

On two islands, the probability of a length muta-
tion is set equal to 0.2. The length of the adhesion re-
gion during mutation changes by a random value, which
has a Gaussian distribution with zero mathematical ex-
pectation and the root-mean-square deviation of
0.2 mm. Fourier coefficients mutate with a probability
also equal to 0.2. During mutations, they change by a
random value, this value has a Gaussian distribution

with the root-mean-square deviation o, = 21078 and if

the corresponding Fourier coefficient is equal zero, and
the coefficient of variation c,, =0,02. On one of the

three islands, these parameters will be doubled. This
will ensure greater diversity among the subpopulation of
a particular island.

The number of cycles of hybridization and repro-
duction in the interval between migrations will be set
equal to K=200. That is for every K=200 we ran-
domly select two islands, and these islands exchange
m=10 the best individuals (migration). There are
N, =20 such cycles of migrations. Consequently, the

total number of reproduction cycles is 4000. When pro-
cessing the results, to smooth out random deviations, an
island with the smallest truncated mean value of the
objective function was selected. Then, the average val-
ues of the parameters of the best half of the individuals
of this population were calculated.

5.1. The first calculation case

As a result, in the first calculation case
(R =150 kN/m) the optimal value of the joint length

L; =12.09 mm was obtained. The diagram of the

change in the thickness of the overlay along the length
of the adhesive joint is shown in Fig. 5. The straight line
on the diagram is the thickness of the main plate and
this line is shown for scale.

The diagrams of the corresponding stresses in the
adhesive layer are shown in Fig. 6.

As we can see, the ratio of the first principal
stresses to the maximum allowable normal stresses at
the right edge of the joint is equal to one. A curious fea-
ture of the obtained optimal shape of the overlay is the

presence of a section of constant thickness on the left
edge 8; =din -

As a result of solving the topological optimization
problem, we see that it makes sense to have a small sec-
tion of constant thickness at the thin end of the overlay.
In contrast to the known design solutions, where the
thickness of the lining increases monotonously. In addi-
tion, the shape of the overlay at the right edge also has
its own characteristics that require analysis. The pres-
ence of an inflection point for the function &;(x) in the

vicinity of the right edge is most likely dictated by the
fact that when solving the optimization problem, the
strength criterion for the maximum principal stresses

(10) was chosen, the diagram of which o;(x), Fig. 6
has a kink in this region.

04 X 06 0.8 1.0
L:

0.0 0.2

Fig. 5. The thickness of overlay and main plate
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Fig. 6. Stresses in the adhesive layer

To estimate the rate of convergence of the algo-
rithm, consider the sample mean values of some popula-
tion parameters on each of the islands at the stages be-
fore migrations. The parameters were averaged over
80% of individuals from each of the populations.

Diagrams of changes in the sample means of the
objective function as a result of optimization are shown
in Fig. 7.
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Different marker diameters correspond to different
islands. The island with the highest mutation rate corre-
sponds to the smallest marker. The average values of the
objective function of the starting populations are not
shown on the graph, since they differ many times from
subsequent values.

The change in the average values of the adhesive
joint length during the optimization process is shown in
Fig. 8.
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Fig. 7. Average objective function values

The values of the objective function and the length
of the starting population are not shown in Fig. 7 and
Fig. 8. The diagrams start with N =200 cycles of the
algorithm. This is due to the fact that the optimization at
the initial stage is quite quickly, and then the rate of the
parameters change decreases. That is, at the initial stage,
the average value of the adhesive joint length in each of
the populations was 20 mm, but in 200 reproduction-
hybridization cycles, it is already less than 13 mm.
However, after 4000 cycles of the algorithm is
L; =12,09 mm.
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Fig. 8. Average objective function values

The change in the first three coefficients of the
Fourier series during the optimization algorithm is
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5.2. The second calculation case

As a result, in the second calculation case
(R =300 kN/m), the optimal value of the joint length

L, =92,48 mm was obtained. Thus, doubling the load
in comparison with the first calculation case leads to the
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fact that the length of the overlay increases by almost 8
times.

The diagram of the change in the thickness of the
overlay along the length of the adhesive joint is shown
in Fig. 10. The straight line on the diagram is the thick-
ness of the main plate.
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Fig. 10. The thickness of overlay and main plate

The diagrams of the corresponding stresses in the
adhesive layer are shown in Fig. 11.
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Fig. 11. Stresses in the adhesive layer

In this case, at increasing the load, it can be seen,
that at both ends of the joint, the first principal stresses
are equal to the maximum allowable.

6. Conclusion

A mathematical model of a double-lap adhesive
joint with a variable thickness of overlay along the
length is proposed in the article. Moreover, an improved
genetic algorithm for optimization of the length joint
and the cross-sectional shape of the overlay is repre-
sented. The proposed genetic algorithm refers to island
models of genetic algorithms. These algorithms imple-

ment the idea of parallel evolutionary processes with the
migration of the best individuals.

The stress state of the joint is described using the
classical Goland-Reissner model [1]. The objective
function of the optimization problem is the cross-
sectional area of the overlay (i.e., in fact, it's the mass of
the joint), and the desired parameters are the length of
the joint and the Fourier series coefficients that describe
the cross-sectional shape of the overlay. There are re-
strictions on the desired parameters in the form of the
strength conditions of the adhesive layer and the mini-
mum allowable thickness of the overlay. The solution to
the primal problem is to determine the stress state of the
adhesive joint for certain parameters and checking the
strength condition of the adhesive layer is carried out
using the finite difference method. The proposed ap-
proach is based on the classical one-dimensional models
of the stress state of the structure and the genetic opti-
mization algorithm and it showed high efficiency and
speed. The use of classical one-dimensional models of
the stress state of the joint made it possible to combine a
fairly accurate description of the stress state of the struc-
ture with the speed of numerical calculation. The latter
is the most important for solving optimization problems
using genetic algorithms.

The proposed algorithm is highly flexible and can
be generalized to other optimality criteria, strength crite-
ria, and constraints.

As a result of solving a number of problems and
analyzing the results, it was found that:

1. The dependence of the length and shape of the
overlay on the transmitted load is non-linear.

2. There is a restriction in the optimization prob-
lem on the minimum allowable thickness of the overlay
leads to the fact that the found optimal shape contains a
horizontal area of the minimum allowable thickness at
the unloaded edge of the overlay. This design solution,
as far as the authors of the work know have not been
previously proposed by anyone.

3. It is impossible to achieve a uniform distribu-
tion of stresses in the joint under the given conditions of
the problem. The key limitation seems to be the constant
thickness of the main plate along the length of the joint.
Therefore, the load capacity of the adhesive joint is lim-
ited. The task of designing the joint has no solutions
when the load F exceeds a certain value, which de-
pends on the ultimate tensile strength of the adhesive,
the elastic moduli of the joint components, etc.

4. The number of iterations as well as the calcula-
tion time was reduced due to the fact that the proposed
island model of the evolutionary algorithm was used in
the article. Calculations have shown that in order to
achieve similar results, which are achieved in this case
in 4000 iterations while the classical model of the genet-
ic algorithm requires about 20000 iterations. A model
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with 300 individuals was used for calculations and 100
individuals at each iteration were selected for hybridiza-
tion. All other parameters of a task remained un-
changed.

7. Future research directions

The proposed approach can be developed and gen-
eralized in the following directions:

1. The use of finite-difference templates of in-
creased accuracy in solving the primal problem, this
will make it possible to carry out calculations with high
accuracy with a smaller number of nodal points, which
in turn will increase the speed of calculations.

2. The number of restrictions in the problem can
be increased. In addition to restrictions on the overlay
thickness and the strength of the adhesive layer, some
restrictions, such as amount of deflection, the strength
of the overlay can be added to the optimization problem.

3. Topological optimization of joints, in which
pliable adhesive is used at the edges of the adhesive
area, and more rigid adhesive is used in the depth of the
adhesive area [31, 32].

4. The proposed island genetic optimization algo-
rithm can be applied for solving problems of topological
optimization of joints of coaxial cylindrical pipes [33],
joints with circular symmetry [12, 34] and for solving
problems of optimization of joints in a two-dimensional
formulation [30, 35, 36].

5. The proposed method can be applied to solve
the problems of optimizing structures with honeycomb
core [37].

6. The island model of the genetic algorithm can
be further developed and complicated. For example,
different objective functions on each of the islands [38],
as well as combinations of genetic algorithms with other
modern optimization methods [8, 39, 40] can be used.

7. Optimization of joints can be carried out taking
into account thermal and technological stresses in the
structure [41, 42].

Contribution of the authors: theoretical studies
on the creation of a mathematical model of the adhesive
joint, the finite-difference solution of the problem and
the construction of the genetic algorithm — Sergiy Ku-
rennov; numerous studies and parameters of the genetic
algorithm, creation of an objective function and a sys-
tem of restrictions — Kostiantyn Barakhov; analysis of
literary sources, analysis of modelling results — Olexiy
Vambol.

All authors have read and agreed with the pub-
lished version of the manuscript.
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TOIIOJIOTTYHA ONITUMIBAIISA CAMETPUUHOI'O AJTE3IMHOI'O 3’€THAHHS.
OCTPIBHA MOJEJIb TEHETUYHOI'O AJITOPUTMY

C. C. Kypennoe, K. I11. bapaxos, O. O. Bamébons

Cy4acHi aJMTHBHI TEXHOJOTIi JO3BOJISIIOTH CTBOPIOBAaTH KOHCTPYKIiI 3MiHHOI TOBIIMHM 1 NMPaKTHYHO Oyab-
sikoi opmu. Lle cTaBUTH TIepe; KOHCTPYKTOPaMH 331adi ONTHMAJIBHOTO ITPOEKTYBaHH HOBOT'O THUITY — 3a]iadi TOIO-
JIOT1YHOI ONTHUMI3allil, SIKi MOJSTaoTh y 3HAXO0KEHHI ONTUMAIIbHOI ()OPMHU KOHCTPYKIii 200 ONTHMaIbHOTO PO3IO-
JlTy MaTepiany 1mo KoHCTpyKuii. KpurepieM onTUMaibHOCTI €, SIK MpaBmIilo, Maca KOHCTpYKIii. [Ipu npomy KoHCT-
PYKIIis TIOBMHHA 30epiraTé HeCHY 3/aTHICTh IIiJ] €0 MPUKIAICHUX J0 Hei HaBaHTaxeHb. [IpeaqMeToM BHBUCHHS Y
il CTaTTi € CUMETpUYHE JBO3Pi3HE KJICHOBE 3'€IHAHHS OCHOBHOI IIACTHHU 3 JBOMAa HaKJaJKaMU OTHAKOBOI (op-
MH, 3 000X 11 cTopiH. MeTOI0 Ii€l CTaTTi € 3HAXOHKEHHS ONTHMAIBHOT ()OPMHU MPHUKIIAJCHUX HAKIAIOK, SIKi MOXKYTh
MaTH 3MiHHY TOBIIMHY 32 HassBHOCTI psiy oOMexeHb. OCHOBHMM OOMEXEHHSM € MilHICTh KoHCTpYKii. Kpim Toro,
Ha MiHIMaJbHY Ta MaKCHMaJlbHY TOBIIMHY HaKJIaJKW MOXYThb OYTHM HaKJIaJeHO AONATKOBI oOMexeHHS. OTxke,
PO3B’SI30K TMOCTABJICHOI 3a7a4i MOke OyTH MOJJAHO Yy BUIJISIII CYKYIHOCTI HACTYITHUX 3aBJaHb: MOOY/I0Ba Marema-
TUYHOI MOJIEJI PO3MISTHYTOTO 3'€JHAaHHs, MOOYIO0Ba YHCEILHOTO PO3B’ 3Ky MPSAMOI 3aadi 3a JIONOMOIOI0 METOAY
CKIHYEHHHX pI3HHIb, NOOYJ0BAa T€HETUYHOI'O aJrOPUTMY onTuMizamii. Jis mominmeHHs 301)KHOCTI T€HETHYHOTO
ITOPUTMY B NPEACTABIICHI pOOOTI 3aNPONOHOBAHO BUKOPHCTOBYBATH OCTPIBHY MOJIENb, IO CKJIAAAETHCS 3 AEKi-
JILKOX TIOMYJISIiH. BiAMIHHICTE 3apONOHOBAHOI MOJICNI TEHETUYHOTO AJITOPUTMY Y TOMY, IO HA OJJHOMY 3 «OCTpPO-
BiB» MyTallii BinfOyBatoThCs YacTimie 1 3 OUIBIIO JUCHepCielo, HiX Ha JJBOX 1HIIMX «OCTpOBax». Take pilleHHs 3a-
Oe3rneuye sSIK MIBUIKICTh €BOMIOLIHHOIO BiIOOPY, Tak 1 CTaOUILHICTh AOCATHYTUX pe3yJbTaTiB. Y poOOTi po3B’s3aHO
KiJbKa MOJENBHUX 337a4. JIo OCHOBHMX pe3y/bTaTiB Po0OTHM MOXXHA BiJIHECTH HACTYIHE: BHSBJICHO HENIHINHY
3aJIeKHICTb JOBKMHY HaKJIaJIKH BiJ IPUKIAJEHOr0 HABAaHTa)KEHHS; HasBHICTh OOMEKCHHS Ha MiHIMaJIbHY TOBLIUHY
HaKJIa/IKH 3YMOBITIOE TIOSIBY JISSIKOTO «MaiJaHYMKa» Ha Kparo HaKJIaIKH, TOBLIMHA SKOi JIOPIBHIOE MiHIMAJIBHO J0-
MYCTUMIH.
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