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1. Introduction

The achievement of high technological design remains
an urgent task with a reduction in the cost of products,
increasing their maintainability. Manufacturability is due to
the methods of construction — geometric, machine-building,
basic, etc. — however, the perfection of the structure is
of primary importance for manufacturability. Rationality
of the structure of products is reflected in certain regu-
larities, which it is advisable to know the designers and
technologists. Particularly useful for a priori evaluation of
designs may be quantitative criteria that take into account
these patterns. The solution of this scientific problem is
facilitated by the creation of a theory that will unite and
reveal the essence of many positive but multifaceted re-
sults obtained in the design. Based on the experience of
the development of other sciences, this theory should be
axiomatic. In our time there is no formalized theory of
the structure of machines and devices with quantitative
criteria for assessing the manufacturability of their parts
and assemblies. This hinders the use of CAD systems,

since only those CAD systems which <«objects of research»
have a serious formalized theoretical basis with a deve-
loped mathematical-logical apparatus are <effective». At
the heart of such base should be a systematic approach.

2. The ohject of research
and its technological audit

The object of research is the assemblability and maintain-
ability of structures and the criteria for their evaluation.

In assemblability products, we also have in mind the
manufacturability of assembly, and under maintainability —
the technological nature of the repair. Both these concepts
are connected by certain dependencies with the quantitative
composition of products. In the aggregate assemblability
and maintainability determine the manufacturability.

For operating objects of research, they must be given
certain qualitative and quantitative signs, which are the
basis for analysis, improvement and comparison. As such
signs, let’s accept quantitative criteria of assemblability
and maintainability.

.
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The quantitative criterion for the assemblability of
mechanisms is defined as the ratio of the number of pos-
sible subsets of the different joining sequences of parts and
assemblies to the number of corresponding assembly units.

The quantitative criterion of maintainability is formu-
lated as the ratio of the set of parts and assemblies that
can be removed without removing other parts and assem-
blies to the total number of details of this assembly unit.

The main problematic place of the investigated criteria
is that they depend on each specific design to which they
should be applied. It is impossible to create a universal
list of criteria for manufacturability. In addition to the
above, it is important to understand that with the in-
crease in the structural units of the design, the initial
assessment of its manufacturability is significantly more
complicated. However, the fuzzy list of qualitative and
quantitative criteria has no influence on the algorithm
for their analysis and optimization. Thus, the study is
devoted to the formalization of the process of improving
structures in the direction of increasing manufacturability
by certain criteria.

3. The aim and ohjectives of research

The aim of research is the creation of a priori quantita-
tive criteria of manufacturability of assembly, repair and
unification of structures, according to which it is possible
to evaluate the conformity of the structure of structures
to the given technical and technological levels. This will
allow to identify the patterns and determine the ways to
optimize the structures even at the design stage, coordi-
nating them with the technological equipment, as well as
introducing the proven concepts of estimating construc-
tions with quantitative criteria into standards.

To achieve this aim, it is necessary to solve the fol-
lowing tasks:

1. To substantiate the creation of a priori quantitative
criteria for assemblability and maintainability on the basis
of the mathematical concept of «set of subsets» by proving
the theorem on maximum assemblability and maintain-
ability of constructions by induction.

2. To create quantitative criteria for unification, based
on the concept of the primary element, and justify them
by proving the theorem on maximum unification.

3. According to the received criteria, to work out the
designs for manufacturability in accordance with the re-
quirements of production.

4. Research of existing solutions
of the prohlem

At present, quantitative indicators of the manufactur-
ability evaluation of assembly and repair of mechanisms and
devices are determined on the basis of the basic equations
of labor intensity and cost [1-5]. These indicators are
dependent on the state of the technology of a particular
enterprise, the qualifications of its personnel and other,
time-varying factors [5]. With this approach, the indica-
tors of manufacturability are characterized not so much
by technological design as by the level of technology and
organization of production of a particular enterprise that
specializes in assembly or repair [5, 6]. These indicators
depend on the type of production (single, serial, large-scale,
mass), and from other factors, which, in sum, distort the

overall evaluation of manufacturability, especially for the
first time mastered products [7]. These indicators, due to
their specificity, do not allow quantifying the manufactur-
ability of products at the stage of their development [5-8].
As a result, many shortcomings associated with the tech-
nological design of the structures are delayed, when the
equipment of the first stage has already been manufactured
and the production at the enterprise is being carried out [9].
Inevitably, the processing of structures results in significant
inadvisable production costs [8].

It is necessary to observe and qualitative criteria, such
as the convenience of access to various places of the pro-
duct, the possibility of using a standard tool for repairs,
etc. [10]. However, the lack of a priori quantitative cri-
teria for assessing the manufacturability of assembly and
repair and, consequently, of the corresponding structures,
hinders the increase in economic indicators of production
and operation of products [11, 12].

The systematization of research results shows that the
quantitative criterion should be put in the basis of as-
sembly and repair manufacturability, it will be possible to
objectively evaluate and initiate the improvement of the
manufacturability of structures already at the initial stages
of their creation [11—13]. This problem can be solved by
establishing the composition of a priori quantitative criteria,
deducing theorems, and then creating corresponding laws.

5. Methods of research

The following theories and scientific methods are used
in the study:
— set theory in the search for regularities in the struc-
ture of machine and instrument constructions and group
theory in determining first-order predicates;
— method of classification, finite element method and
formalized method of analysis, synthesis and optimiza-
tion of structures when creating a priori quantitative
criteria of assemblability, maintainability and unification;
— axiomatic method, as one of the methods of deduc-
tive construction of scientific theories while ensuring
the rigor of these theories;
— method of induction in the proof of the theorem
on maximal assemblability and maintainability. This
method is used as a logical method of research, which
allows to generalize the research results by the move-
ment of thought from the individual to the general;
— method of apagogical proof in the proof of the theo-
rem on maximum unification;
— method of generalizing and optimizing results in the
derivation of the law on assemblability and maintain-
ability and the law on the unification of parts;
— system-structural method in the analysis of struc-
tural details according to the formulated criteria of
assemblability, maintainability and unification.

6. Research resulis

6.1. Creation and substantiation of gquantitative criteria
of the theorem on maximum assemblahility and maintain-
ahbility of structures. In the work under the assemblability
of products, let’s have in mind the manufacturability of
the assembly, and under the maintainability — the repair
manufacturability. Both these concepts will come out of
the quantitative composition of products.
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The research carried out by the authors shows that the
a priori quantitative criteria of assemblability and maintain-
ability can be created on the basis of the mathematical
concept of «set of subsets (set-degree)» [14—16].

A set-power is a set, which elements are all subsets
of any fixed set [15-18]. For example, for three-element
sets A={a, b, c} [17]:

P(A)={D,{a},{b},{c},{a, b}, {a, c}.{b, ¢} {a, b, c}}, (1)

where P(A) — set-power of the set A; & — empty set; a, b, ¢ —
elements of the set A.

So, the design has the maximum assemblability and
maintainability, if it is possible to assemble/disassemble in
any sequence and provides the possibility of installing/re-
moving each part or assembly without installing/remo-
ving another part or assembly. That is, the design defines
the order of the location of parts and assemblies, and the
sequence of assembly or disassembly can be arbitrary at
each structural level of the specified product composition.

The quantitative criterion for the assemblability of
mechanisms and devices (assembly units) is defined as the
ratio of the power of the set of possible (real) subsets
of different sequences of joining parts and assemblies to
the power of multiple degrees of these assembly units:

m(P) +1
e @)
m(F,)

where K¢ — assembly criterion; m(P)¢ — the cardinality of the
set of real subsets of the assembly unit that can be obtained
by addition (the unit is added to allow for the empty set that
enters the denominator); m(P,) — the power of the multiple
power of the assembly unit, which is determined solely on
the basis of its composition.

The possible (real) subsets of the assembly are those
subsets whose formation allows the assembly process. In
determining subsets, as a rule, only the names of parts
and assemblies of a particular assembly unit are taken
into account. The structural levels in the construction
are treated similarly to [16, 17].

Quantitatively the criterion of maintainability of the
assembly unit is logical to define as the ratio of the power
of a set of parts and components that can be removed
without removing other parts and assemblies to the power
of multiple degrees of this assembly unit:

m(P)’ +1
m(P,)

P

3)

where K — repairability criterion; m(P)” — power of the set
of real subsets that can be obtained with any sequence of
disassembly of the assembly unit at a certain level, taking
into account it itself (the unit in the numerator is added,
given the presence of an empty set in the denominator);
m(P,) — power of the plural-degree of the assembly unit,
which is calculated, based, as a rule, only on the number of
items of parts and nodes at this level of disassembly.
Theorem on maximum folding and repairability of struc-
tures. In order to substantiate the quantitative criteria
let’s prove the following theorem: the assembly unit has
the maximum folding and repairability, if the construction
of its structure provides a real possibility of obtaining

at all the corresponding structural levels of all subsets
in a similar way to the set-degree. Formalized entry of
the theorem:

VK((((m(P)*+1) = (m(P)"+1) =

= m(P,))AKAKP) = (maxK°amaxKP)), (4)
where K — any assembly unit.

Let’s carry out the proof by induction [18—22]. Take
the structure of the assembly, consisting, for example, of the
base, sheet metal part and fastening. It can be fastening the
skin to the body of the gas generator (Fig. 1). Let’s define
the power of the multiple power of this assembly unit:

m(P,)=2",

where m(Py) =24=16.

Fig. 1. Schematic drawings of a simple assembly unit with £°=K"=0.5:
a — gas generator body; b — thermal sheathing;
c — washer; d — screw

The actual number of subsets in the assembly (disas-
sembly) will be as follows:

P((l,b, c, d):{a}’ {d}? {LZ, d}v {bv C}v {Cv d}v {b’ Gy d}r {Cl,b, Gy d}} (5)

That is, m(P,p,c,q)) =7, since it is impossible to get
more subsets without constructive changes during assembly
and disassembly. Let’s define the quantitative criterion of
assemblability and maintainability of the considered unit:

c_ P _ m(})(a,b,c,d))+1 _
K=K m(P,) 0.5.

Consequently, this assembly unit has a low assemblability
and maintainability. If the washer is not installed, then
K¢-KP=0.75. The criterion value has grown, but has not
reached the maximum possible. The maximum (one) cri-
terion of assemblability and maintainability will be when
the node consists of two elements (Fig. 2), or of three
elements, provided that the screw head and the hole under
it have a special shape (Fig. 3).

Details b, ¢, d (Fig. 2) are combined into a separate
node and make up one element. The gas generator body
a is the second element of this assembly unit. In this
variant, the manufacturing of the screw d is somewhat
more complicated. In addition, in the sheating b, the screw
hole d must be threaded, although it may be incomplete
because it is not fastening.

This feature can be eliminated if the thread on the
screw d is obtained by knurling (the diameter of the
screw shaft d in the places free from knurling will be
smaller than the outer diameter of the thread). The hole

5
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for screw d in the sheating b should be made with a small
flange, which is crushed when the screw d is first screwed
and, further, prevents the screw from falling out of the
hole (Fig. 4).

N TR

Fig. 2. The assembly unit obtained by the transformation
of the construction in Fig. 1

b C

Fig. 3. Variants of the mounting assembly K¢ =K"= 1, where
a — the body of the gas generator; b — thermal sheathing; 4 — screw:
a — option 1; b — option 2; ¢ — option 3

) o

il i

a b

Fig. 4. Variants of transformations of the assembly unit shown in Fig. 2:
a — gas generator body; b — thermal sheathing; ¢ — washer; d — screw.
Kc=KP=1: a — option 1 with a washer; b — option 2 without washer

Also, the issue is solved using self-tapping screws. The
shapes of the heads and, correspondingly, of the holes
for them, can be varied and not exhausted, as shown in
Fig. 3, 4. This indicates the ability to meet the various
requirements for the assembly unit.

When calculating quantitative criteria, the number of
elements in the assembly unit is taken into account only
for the structural level in question, with the same elements
being taken as one element [21, 23, 24]. For example, the
sheating b is fastened with four screws, but in subsets
the screw will be considered a name, without taking into
account the number of these screws in a specific assembly
unit, at a specific structural level. In this case, this ap-

plies to the washers, and in general — all the repeated
parts and assemblies. However, if an element is applied
in a node at the same structural level, but also for a dif-
ferent purpose, or as part of other elements, then these
applications are counted as additional elements in those
subsets to which they belong.

So, there is a tendency when, with a reduction in the
number of parts or assemblies combined into an assem-
bly unit, the level of assemblability and maintainability
increases. The above examples can be considered as an
inductive confirmation [19] of the possibility of reducing
the number of elements or their rearrangement by nodes
in any assembly unit without reducing its parameters. The
inductive proof of the theorem is considered complete.

Corollary I. Assemblability and repairability of the
assembly unit increase with decreasing its quantitative
composition.

The formalized notation of Corollary I:

VK(((K‘’AK?)—max)=(m—>min)), (6)
where m — the number of names of parts and/or assemblies
in the assembly unit at the considered structural level.

Corollary I is actually present in the proof of the
theorem. In addition, one should take into account: the
set-power m(P") is equal to 2", where n is the number
of elements of the initial set; so if add only one element,
then the number of variants of the assembly (disassembly)
will be doubled: 2**1. For example, for n=3, m(Ps)=8,
for n=4, m(P4) =16, etc. That is, the number of options
for assembly (disassembly), for which the design needs
to create the possibility of implementation, increases dra-
matically and it is practically impossible to implement
them. In this case, the number of elements of a multiple
degree is understood to be the number of subsets, subject
to the law of idempotency [17]. In other words, only
the number of names of parts (nodes) in the assembly
unit is considered, and at a specific structural level of as-
sembly (disassembly). Instead of the term «part/assembly
name», the term <«size» is used in the work for parts and
components that are functionally allocated and close to
their intended use.

Corollary II. There is an important question in the
design of machines and devices — in which the largest
number of items in the assembly unit is reliable to achieve
maximum assemblability and maintainability?

Fig. 4 shows the ternary design, which has the ma-
ximum assemblability and maintainability. The insertion
of the washer under the screw head will degrade this
parameter by half. In the washer, the shape of the hole
can be made to the corresponding screw head and thus
improve this figure. However, this is unacceptable, since
the processes of assembly and disassembly are complicated.
If the changes are made (Fig. 3, a, b), then at the given
structural level two elements are formed, of course it will
make the parameter maximum, but the question for the
collapsible design with a large number of elements will
not solve the problem. Consequently, with four elements
to achieve maximum assemblability and maintainability
is impossible, with three — it is possible.

Let’s consider any more complex construction, for exam-
ple, gas generator chamber for gasification of solid fuel [25].
The gas generator consists of a bunker connected to a mine,
in the lower part of which there is a gas-forming chamber
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with windows in which blowing tuyeres are installed. It
has a variator, which consists of a drive kinematically
connected to the stirrer by devices made in the form of
pneumatic cylinders. The front covers of the casing of
the pneumatic cylinders are connected to blowing lances.
The rods are installed with the possibility of reciproca-
ting along the axes of the tuyeres. The tuyeres are made
in the form of ball supports and are installed in the
windows along the perimeter of the chamber in at least
two tiers [25].

The construction [25] has insufficient assemblability
and maintainability. Fastenings of pneumatic cylinders,
ensuring the operability of the structure at high tem-
peratures are complicated. It is technically difficult to
arrange the stirrer’s arrangement inside the tuyeres and
to ensure its trouble-free operation due to the ingress
of particles of fuel or ash into the space between the
stirrer and the tuyere. According to the author [25], it
is difficult to realize the possibility of free movement of
the stirrer and each tuyere separately in order to form
a combustion zone in practice. The design does not provide
for the performed monitoring of the state of the fuel layers
in the gas formation chamber at a certain time, and the
chaotic movement of the tuyeres in the respective zones
has a negative effect on the stability of the gassing process.
The manufacture of such camera is a laborious process,
and continuous work to restore the nodes of this camera
through frequent failures increases the operating cost of
the gas generator as a whole.

In order to simplify the assembly process and increase
the maintainability, the design of the chamber for gas for-
mation is proposed [26]. The oxidizing mixture enters the
pyrolysis zone from the blast gas supply system through
an air distributor, a flexible hose system and tuyeres in-
stalled in hinged supports. Supports are located in one
or more tiers along the perimeter of the chamber. Move-
ment of tuyeres is carried out by a system of levers, the
position of which is changed by means of control discs.
Compensation for the change in the length of the lever,
which occurs during the movement, occurs due to the
mobile connection presented in [26].

In the construction [26], the cylinders are replaced
by a system of levers, driven by control discs. This gives
significant savings, as cost-based operations for adjusting
and stabilizing the system are eliminated. In this case, the
determination of the quantitative composition takes into
account the peculiarities of the blast gas supply system
with the mandatory presence of tuyeres for the gasifica-
tion process.

For inductive proof of the implication of the corol-
lary II, the constructions considered are completely suf-
ficient. Any assembly unit, if necessary, it is possible to
make a ternary and achieve maximum assemblability and
maintainability. In the group theory [27], the associativity
of the composition law is noted for only three elements.
So, the corollary II can be represented as: the ternary
composition of the assembly unit is the largest for obtaining
maximum assemblability and maintainability.

The formalized record of the corollary II:

VK((m<3)=((K‘AKP)=max)). (7)

6.2. The law of assemblahility and maintainahility.
From the point of view of formal logical construc-

tions, formula (4) is identically true, as evidenced by its
scheme (AABAC)=(BAC), where A replaces the expression
((m(P)*+1) = (m(P)’+1) =m(P,) and B is K¢, C-K".

Semantically, the truth of the quantitative criteria in
formula (4) is their maximum value. These criteria are
level. In the formula, they are connected by conjunctions,
and therefore the right-hand side of formula (4) will be
true in a meaningful sense with a large value of both
criteria. Formally, for the truth of the implication, the
truth is only the consequent. Thus, formula (4) is also
meaningful. These properties of this formula indicate its
general significance, which gives reason to consider it
a law. Corollaries T and II further strengthen this asser-
tion, and they are also rules of construction.

The law of assemblability and maintainability of struc-
tures can be formulated as follows:

The maximum assemblability and maintainability by
structure is achieved in each design, if in the presence
of a given order of location of the parts it is possible to
have an arbitrary sequence of assembly (disassembly) of
the corresponding assembly unit at a given structural level.

The illustration of the law is an example in the proof
of a theorem and corollaries. The number of examples
can be increased. In this case, known devices often need
to be re-designed, and in many cases let’s obtain designs
containing novelty and utility, that is, they refer to in-
ventions.

The law of assemblability and maintainability, not
being a method of creating inventions, still initiates the
development of new technology, as it prompts the search
for fundamental changes aimed at improving the techno-
logical design of structures. After all, often the cause of
poor performance mechanisms and devices is the lack of
manufacturability [28, 29].

B6.3. Creation and justification of guantitative criteria
for unification. Current normative and technical docu-
ments and published works on unification consider and
establish requirements, basically, to unification of assembly
units [1, 30, 31]. Methods for the unification of parts
have not been developed sufficiently.

In [3] it is stated that the unification of the parts must
come from their elements, but the methods for carrying
it out are not disclosed. The lack of a comprehensively
grounded approach to the unification of parts reduces the
effectiveness of unification and assembly units.

The modern design and technological concept tends
mainly to static forms of unification, which, obsolete, can
have a negative impact on the development of technology.
The introduction of dynamic unification, organically inclu-
ding the evolution of its forms depending on the degree
of progress of technology, is constrained by the lack of
methods, first of all, the unification of parts.

The quantitative criterion for the unification of parts
should be based on the concept of the primary element,
as a simple part having a low structural level [8]. In ad-
dition, the emphasis in unification on the simplest parts
makes it possible to assert a priori the construction of
an elementary unification theory. The correctness of this
approach is confirmed by the experience of creating mathe-
matical theories, often started as elementary (elementary
arithmetic, number theory, etc.).

First let’s prove the theorem on maximal unification.
The unification operation in this case is presented in the
set-theoretic sense [15].

s
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Definition of the theorem — if the elementwise elemen-
tal combining is equal to one primary element and then
unification of these details will be maximum.

A formalized statement of the theorem:

Vd(ﬁdeDeUp{gDzanKY):xKy:nm@), (8)

where d — detail of a given type; D — specified type of parts,
which is considered at the level of their elements; U — basic
set; ap — primary element; K¥ — quantitative unification
criterion.

Let’s apply the proof by contradiction, that is, an in-
direct (apagogical) proof. Let’s suppose that the negation
of the theorem is true. However, in engineering, there are
many examples of component designs, each of which is
a primary element, repeated a finite number of times, namely:

— cylindrical helical springs (without pressurized and

machined turns);

— parts made by cross-cutting of rolled products (chan-

nels, pipes);

— parts from plastics, formed from extruded blanks, etc.

The primary elements are: in the cylindrical springs —
one turn, for the parts from the rolling — the section of
the minimum length, etc. In such cases, the unification will
be the maximum, since it is possible to obtain any size of
the part. Thus, let’s arrive at a contradiction about the
negation of the theorem and, therefore, assert its truth.

Let’s single out one more point, which, in fact, is
a consequence of the above theorem: completely original
there is a detail in which the intersection with the details
of one or several are taken into account, the types is zero.
Here, also, the operation of intersection is presented in
the set-theoretical sense [15].

The above results actually imply the following con-
struction of a quantitative criterion for the unification
of details:

1
K'=—,
n,

)
where n, — the number of primary kinds of elements in the
element-by-element association of the considered parts. For
example, for one primary element, the unification will be
maximal, since n,=1 and K¥= 1. For two primary elements
n,=2 and K¥=0.5, that is, the unification has deteriorated,
and so on.

The law of unification of details. The necessity of a cor-
rect construction of the theory leads to a verification of
the results obtained for the presence of regularity. The
theorem on maximum unification and implication from it
is a consequence and criterion is logically understandable.
The syntax of formula (8), its scheme, causes the identi-
cal truth. Semantically, formula (8) is always satisfied, as
evidenced by the substitution in it of objective data on
various constructions, that is, this formula is true in each
structure. Therefore, there is reason to assert that the
results described by the models are of general significance
for the unification process, they interpret formula (8).
Thus, it is expedient to give the received results the form
of the law on unification of details. The definition of
the law — the unification of the detail increases with
a decrease in the number of types of primary elements
of its components and becomes maximum in one form.

Achieving the maximum value of the unification cri-
terion for many types of parts is a complex and time-
consuming task. Therefore, in the applied aspect, for such
types it is appropriate to talk about the tendency to reduce
the number of types of primary elements in detail, and
will serve to increase unification.

The development of elemental unification is one of
the components of its dynamic form. In particular, in the
new unified parts, the «old» unified elements should be
optimally used. Arguing abstractly, it can be argued that
when minimizing the size of primary elements, at which
limit levels an element is formed, from which by mul-
tiple repetitions it is possible to construct any complex
detail that is very far from the current concept of a uni-
fied detail. Taking this into account, further research is
planned to devote to the requirements that the primary
element must satisfy from the standpoint of manufactur-
ability, functioning, etc.

7. SWOT analysis of research results

Strengths. The strengths of this research are the forma-
lization of the concepts of assemblability and maintainability
and the associated process of establishing the necessary
and sufficient number of relevant criteria. Special mention
should be made of the universality of research results em-
bodied in the relevant laws. The effect of the formulated
laws of assemblability and maintainability covers not only
the field of engineering for structures of any complexity,
but can extend to any multicomponent systems.

As a consequence, the use of the design optimization
method proposed in the study is the creation of such
machine designs, the optimality of which in terms of
assemblability and maintainability is laid at the design
stage. In addition to direct advantages in the operation
of optimized mechanisms and devices, they have increased
manufacturability in their production. This affects the life
cycle of the design, shortening the manufacturing stage
and, accordingly, reducing its cost price.

Weaknesses. The weaknesses lie in the complexity of
automating the process of identifying and analyzing the
main criteria of assemblability and maintainability. Unfor-
tunately, this process requires the involvement of experts,
that is, the intervention of human intelligence and is cur-
rently not sufficiently algorithmized for use in CAD. On
the other hand, other optimization steps can be automated
by using the research results, of course, if there are expert
evaluation results of the relevant criteria. In addition, the
proposed theory limits the number of criteria necessary for
optimization, which greatly simplifies the work of experts
and shortens the time for their evaluation. Acceleration of
the design process will speed up its manufacturing and,
accordingly, increase its competitiveness through temporary
advantages in entering the outlets.

The constant development of technologies requires the
constant creation of new designs of mechanisms and devices,
and the requirements for their storage and maintainability
are increasing. For example, assemblability today is increa-
singly determined by the ability to conduct automated,
mechanized and robotic operations. The same goes for
repairs, work on the automation of processes which are
constantly being conducted.

Opportunities. Opportunities for further research in
this case should be focused on the possibility of applying
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the formulated laws for the design of manufactured and
repaired structures in the conditions of modern and future
automated and robotic industries.

Potential profitability of the introduction of such tech-
nology is illustrated, first of all, by the time spent on
assembly. So, the duration of the assembly cycle of the
design, created on the basis of the proposed methods
and laws, is significantly reduced in comparison with the
constructions created without taking into account the
optimization criteria. Reduction of the assembly time can
reach 30-50 %.

Threats. The main «threat» to the introduction of re-
search results in life is the need to involve a group of
experts whose qualifications in designing designs for this
assignment should be as high as possible. Unfortunately,
in the absence of a common database of specialists in the
field of machine building, it is rather difficult to quickly
find an expert group. In addition, the involvement of ex-
perts is associated with additional costs, the magnitude
of which increases significantly with increasing require-
ments for their qualification. Ways to overcome this threat
are associated with further research and the creation of
a number of algorithms for the automated evaluation of
quantitative criteria for typical structures and structures
derived from them.

1. A priori quantitative criteria of assemblability and
maintainability based on the mathematical concept of «set
of subsets» are created. These criteria allow quantifying the
manufacturability of products at the stage of their design
and do not depend on changes in time factors such as the
technology of a particular enterprise, the qualifications of
personnel, etc. To substantiate the quantitative criteria, the
theorem on the maximum storage and maintainability of
structures from consequences of I and II with induction
is proved. The high importance of the theorem makes it
possible to consider it a law. Corollaries T and II, being
the rules of construction, further strengthen this assertion.
A distinctive feature of the law is that, as a method of
creating inventions, it initiates the development of new
technology, since it leads to search for fundamental changes
aimed at improving the technological design of structures
in order to obtain a priori criteria.

2. The methods for the unification of parts are dis-
closed. Quantitative criteria for the unification of parts,
based on the concept of the primary element, have the
lowest structural level. An apagogical proof of the theo-
rem on maximal unification is proposed. It is established
that there is a completely original detail in which the
element-by-element intersection with details of one or
several types is taken into account is equal to zero. The
theorem is checked and the consequences implied by it
for the existence of a regularity. The syntax of the ob-
tained formula and its scheme determine the identical
truth, semantically it is always fulfilled, as evidenced by
the obtained practical results. The general significance
of the obtained results for the process of unification of
parts allows them to be embodied in the form of a law
on the unification of parts.

3. The obtained results allow to state that when mini-
mizing the sizes of primary elements at what limit levels
an element is formed from which by means of repeated

repetitions it is possible to construct any complex part
corresponding to the requirements set forth in terms of
technology and functioning:

— nomenclature of aggregate installation of mechanisms

and devices;

— introduction of systems of modular design taking

into account typification and unification;

— use of CAD, which provide a given level of analysis

of options for design solutions for various schemes of

their use.

The practical value of the obtained results consists
in the possibility of creating on the basis of quantita-
tive criteria an automated system of expert selection of
an optimal basic design with the maximum potential for
functional improvements, with the subsequent definition of
a complex measure of manufacturability. This system can be
part of a general production system that will provide the
ability to manage quality and can be built into integrated
CAM/CAD systems. The use of this system will ensure
a reduction in the labor intensity of the evaluation of
structures for manufacturability, regardless of the stage of
their creation, and reduce the costs and time of techno-
logical preparation for the first time developed products.

References

1. DSTU ISO 9001-95 (GOST 14.202-73). Systemy yakosti. Model
zabezpechennia yakosti v protsesi proektuvannia, rozroblennia,
montazhu ta obsluhovuvannia. Introduced from July 1, 1996.
Kyiv, 1996. 30 p.

2. DSTU 3974-2000 (GOST 14.201-73). Systemy rozroblennia ta
postavlennia produktsii na vyrobnytstvo. Pravyla vykonannia
doslidno-konstruktorskykh robit. Introduced from November 27,
2000. Kyiv, 2000. 38 p.

3. DSTU 3021-95. Vyprobovuvannia i kontrol yakosti produktsii.
Terminy ta vyznachennia. Introduced from January 1, 1996.
Kyiv, 1996. 73 p.

4. DSTU 3278-95. Systema rozroblennia i postavlennia produktsii
na vyrobnytstvo. Osnovni terminy ta vyznachennia. Introduced
from February 27, 1995. Kyiv, 1997. 64 p.

5. Enke J., Glass R., Metternich J. Introducing a Maturity Model
for Learning Factories // Procedia Manufacturing. 2017. Vol. 9.
P. 1-8. doi:10.1016/j.promfg.2017.04.010

6. Learning Factories for Research, Education, and Training /
Abele E. et al. // Procedia CIRP. 2015. Vol. 32. P. 1-6.
doi:10.1016/j.procir.2015.02.187

7. Materials discovery and design using machine learning /
Liu Y. et al. // Journal of Materiomics. 2017. Vol. 3, No. 3.
P. 159-177. doi:10.1016/j.jmat.2017.08.002

8. Substantiation of the structure theory of design of technologi-
cal machines and devices / Los L. et al. // Technology Audit
and Production Reserves. 2017. Vol. 5, No. 1 (37). P. 48-55.
doi:10.15587,/2312-8372.2017.113003

9. Moldavska A., Martinsen K. Defining Sustainable Manufactu-
ring Using a Concept of Attractor as a Metaphor // Procedia
CIRP. 2018. Vol. 67. P. 93-97. d0i:10.1016/j.procir.2017.12.182

10. Vasilevskyi O. M., Thnatenko O. H. Normuvannia pokaznykiv
nadiinosti tekhnichnykh zasobiv: handbook. Vinnytsia: VNTU,
2013. 160 p.

11. Knowledge-based design for assembly in agile manufacturing
by using Data Mining methods / Kretschmer R. et al. //
Advanced Engineering Informatics. 2017. Vol. 33. P. 285-299.
doi:10.1016/j.a¢i.2016.12.006

12. Chapra S., Canale. R. Numerical Methods for Engineers. New
York: McGraw-Hill Education, 2014. 992 p.

13. Stock T, Kohl H. Perspectives for International Engineering
Education: Sustainable-oriented and Transnational Teaching and
Learning // Procedia Manufacturing. 2018. Vol. 21. P. 10-17.
d0i:10.1016/j.promfg.2018.02.089Stratulat S. Mechanically certi-
fying formula-based Noetherian induction reasoning // Journal of
Symbolic Computation. 2017. Vol. 80. P. 209-249. doi:10.1016/
jjsc.2016.07.014

;10

TEXHOMOTTYHHIA AYAMT TA PE3EPBM BHPOEHMLTBA — N 2/1(40), 2018



IS5N 2226-3780

INDUSTRIAL AND TECHNOLOGY SYSTEMS:
MECHANICAL ENGINEERING TECHNOLOGY )

14.

15.

16.

17.

18.

19.

20.

21

22.

23.

24.

25.

Aleksandrov P. S. Vvedenie v teoriyu mnozhestv i obshhuyu
topologiyu. Moscow: Nauka, 1977. 368 p.

Liu Z. The epistemological basis of industrial designing //
Design Studies. 1991. Vol. 12, No. 2. P. 109—113. doi:10.1016/
0142-694x(91)90053-y

Sigorskiy V. P. Matematicheskiy apparat inzhenera. Kyiv: Tekh-
nika, 1975. 768 p.

Cattaneo M. E. G. V. The likelihood interpretation as the
foundation of fuzzy set theory // International Journal of Ap-
proximate Reasoning. 2017. Vol. 90. P. 333-340. doi:10.1016/
j.ijar.2017.08.006

Kaufman A., Ttskovich G. Geometrical Factor Theory of In-
duction Logging // Basic Principles of Induction Logging.
2017. P. 173-226. doi:10.1016,/b978-0-12-802583-3.00006-x
Kuru S., Negro J., Ragnisco O. The Perlick system type I:
From the algebra of symmetries to the geometry of the trajecto-
ries // Physics Letters A. 2017. Vol. 381, No. 39. P. 3355-3363.
doi:10.1016/j.physleta.2017.08.042

Lavrov L., Maksimova L. Problems in Set Theory, Mathemati-
cal Logic and the Theory of Algorithms / ed. by Corsi G.
Springer, 2003. 282 p. doi:10.1007/978-1-4615-0185-5
Maciejewski A. J., Przybylska M., Tsiganov A. V. On alge-
braic construction of certain integrable and super-integrable
systems // Physica D: Nonlinear Phenomena. 2011. Vol. 240,
No. 18. P. 1426-1448. doi:10.1016 /j.physd.2011.05.020
Demin D. A. Mathematical description typification in the prob-
lems of synthesis of optimal controller of foundry technological
parameters // Eastern-European Journal of Enterprise Tech-
nologies. 2014. Vol. 1, No. 4 (67). P. 43-56. doi:10.15587/
1729-4061.2014.21203

Zyelyk Y. 1. Convergence of a matrix gradient algorithm of
solution of extremal problem under constraints // Journal of
Automation and Information Sciences. 2000. Vol. 32, No. 9.
P. 34-41.

Hazohenerator dlia hazyfikatsii tverdoho palyva: Patent
No. 75529 UA, MPK S10J3/20, C10J3/32 / Poltavets V. L,
Yaziev A. S. Appl. No. u20040907430. Filed: 10.09.2004. Pub-
lished: 17.04.2006, Bull. No. 4.

Sposib formuvannia zony horinnia i hazyfikatsii ta hazohe-
nerator dlia yoho zdiisnennia: Patent No. 107219 UA, MPK
$10J3,/20, C10J3/32, BO1J7,/00, F23C7,/00 / Tsyvenkova N. M.,
Holubenko A. A. Appl. No. a201211797. Filed: 12.10.2012.
Published: 10.12.2014, Bull. No. 23.

26. Kargapolov M. L., Merzlyakov Yu. I. Osnovy teorii grupp. Mos-
cow: Nauka, 1977. 240 p.

27. Pokras O. Analysis of the Ukrainian instrument-making industry
international competitiveness using porter’s diamond // Techno-
logy Audit and Production Reserves. 2017. Vol. 4, No. 5 (36).
P. 31-36. doi:10.15587,/2312-8372.2017.109114

28. Matviichuk I. Modern state and prospects for development of
instrument-making industry in Ukraine // Global and National
Problems of Economy. 2015. No. 3. P. 360-365.

29. Borisov V. M., Borisov S. B. Otsenka urovnya standartizatsii
i unifikatsii izdeliy mashinostroeniya // Vestnik Tekhnologiches-
kogo universiteta. 2016. Vol. 19, No. 3. P. 93-94.

30. Tipovaya metodika opredeleniya urovnya standartizatsii i uni-
fikatsii izdeliy RD 33-74. Moscow: Izdatel’stvo standartov,
1975. 42 p.

Yarosh Yaroslav, PhD, Assistant Professor, Dean of the Faculty of
Engineering and Energy, Zhytomyr National Agroecological University,
Ukraine, e-mail: yaroslav.yarosh76@gmail.com, ORCID: https.//
orcid.org/0000-0001-8376-8979

Tsyvenkova Nataliya, PhD, Associate Professor, Department of
Mechanics and Agroecosystems Engineering, Zhytomyr National Agro-
ecological University, Ukraine, e-mail: nataliyatsyvenkova@gmail.com,
ORCID: http://orcid.org/0000-0003-1703-4306

Kukharets Savelii, Doctor of Technical Sciences, Assistant Profes-
sor, Head of the Department of Mechanics and Agroecosystems
Engineering, Zhytomyr National Agroecological University, Ukraine,
e-mail: kikharets@gmail.com, ORCID: http.//orcid.org/0000-0002-
5129-8746

Holubenko Anna, Assistant, Department of Electrification, Automa-
tion of Production and Engineering Ecology, Zhytomyr National Agro-
ecological University, Ukraine, e-mail: nataliyatsyvenkova@gmail.com,
ORCID: http.//orcid.org/0000-0001-5018-5312

[Los Leonid), Doctor of Technical Sciences, Professor, Department
of Mechanics and Agroecosystems Engineering, Zhytomyr National
Agroecological University, Ukraine, ORCID: http.//orcid.org/0000-
0003-4766-9812

TECHNOLOGY AUDIT AND PRODUCTION RESERVES — Ne 2/1(40), 2018

11—)



