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Abstract

Introduction. The problem of improving the manufacturing of high-precision products is currently becoming a key one,
since the requirements for them are constantly being tightened. Maintaining assembly quality and accuracy is an important
aspect of manufacturing precision products. Standard approaches to this process do not always have sufficient versatility.
Existing studies that aim to develop universal approaches, such as end-to-end production design or the application of
parallel engineering principles, also have a number of shortcomings. These include the fact that the given approaches do
not fully take into account information about the technology capabilities of a particular production when making design
decisions, and do not consider the relationship between the manufacturing preparation of machining and mechanical
assembly industries. That is why studies aimed at developing such universal approaches have high applicability. To solve
these problems, the authors conceptually developed a set of formalized design procedures for a system of accounting
requirements for the assembly of high-precision products in the design of machining processes. However, to effectively
identify the numerous requirements for the assembly of high-precision products (output parameters) and select those that
cannot be provided by the method of complete interchangeability (critical elements), additional research is needed. The
research objective is to develop principles for identifying the output parameters of high-precision products and detecting
critical elements. To achieve this goal, it is required to solve the following problems: to formulate principles for
constructing generalized surface graphs of high-precision products; to develop standards for classifying output parameters
and identifying critical ones.

Materials and Methods. To conduct the research, a high-precision assembly unit was selected — “Stator Package 2”.
The research was carried out under real conditions of the existing multiproduct manufacture. For this assembly, a
generalized surface graph was constructed, including information about the nature and sequence of surfaces, requirements
for the assembly, dimensional tolerances and tolerances of shape and location, with its subsequent analysis.

Results. This paper presents the results of research on improving the enlarged block of design procedures for analyzing
requirements for the assembly of high-precision products of the designed system. The paper established the relationship
between the accuracy of dimensional tolerances and the tolerances of the shape and location of the surfaces of the product
to which these dimensions belonged. Based on the relationship obtained, an order was determined for the unambiguous
identification of critical elements.

Discussion and Conclusion. The application of this technique makes it possible to increase the reliability of the source
information obtained during the implementation of an enlarged block of design procedures, as well as the validity and
efficiency of identifying rational manufacturing technologies at subsequent stages of the system implementation, while
providing the specified quality, accuracy of products, and reducing the complexity and cost of their manufacture.

Keywords: mechanical assembly production, process design, generalized surface graph, assembly, high-precision
product, design dimensional analysis
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AHHOTANUA

Beedenue. IlpobnemMa coBepIICHCTBOBAHUS MIPOU3BOJICTBA BHICOKOTOYHBIX M3IEIMH B HACTOSIIEE BPEMs CTAHOBHUTCS
KIIIOUEBOM, ITOCKOJIBKY TpeOOBaHUsI K HUM MOCTOSHHO ykecrodarorcs. OOecrieueHre KadecTBa M TOYHOCTH COOPKH
SIBIISIETCS] BAYKHBIM aCIIEKTOM ITPOM3BOCTBA BHICOKOTOYHOM Mpoaykuuu. CTaHIapTHBIE MOIXO0/bI K TOMY MpoLeccy He
BCerja o0NaNaroT JO0CTaTOYHOW YHHBEPCAIbHOCTHIO. CyIIECTBYIONIME HCCICAOBAHMUS, LENbI0 KOTOPBIX SIBISIETCS
pa3pa60Tl<a YHUBEPCAIBHBIX IMOAXOJ0B, TAKMX KaK CKBO3HOC TEXHOJIOTHYCCKOC IMPOCKTUPOBAHUC WU NPHUMCHCHUEC
NPUHIIMIIOB NapauleNIbHOM HHKEHEPHOI pa3paboTKH, TaKiKe 00J1aJat0T PSIIOM HeJOCTaTKOB. K MX YKCiy MOXKHO OTHECTH
TO, 4TO B HUX HE B IMOJHON Mepe oOecrieueH ydeT WH(OPMALMHK O TEXHOJOTHYECKHX BO3MOXKHOCTSX KOHKPETHOI'O
MIPOM3BOJCTBA MPH MPUHITHH KOHCTPYKTOPCKMX PEUICHHH W HE YYUTHIBACTCS CBA3b MEXAY TEXHOJIOTMYECKOU
MOJIrOTOBKOM MeXaHOOOpabaThIBAIOIIEr0 W MEXaHOCOOPOYHOrO MPOM3BOACTB. VIMEHHO IMO3TOMY HCCIEIOBaHMUS,
HaNpaBlCHHbIE Ha pPa3pabOTKy YHHBEPCAIbHBIX MOJXOJ0B, O00JAJal0T BBICOKON aKTyanbHOCTHIO. [ljisi pelieHus
0003HAUEHHBIX MPOOJEM aBTOpaMH OBbUI KOHIIENTYalbHO pa3paboTaH KOMIUIEKC (GOPMATH30BAHHBIX MPOEKTHBIX
MPOIEAYp CUCTEMBI ydeTa TpeOOBaHUI K COOpPKE BBICOKOTOYHBIX H3JCNUI MPH MPOCKTUPOBAHHU TEXHOJOTHUYCCKIX
MIPOIIECCOB MeXaHW4eckod o00paboTku. OmHako 11t 3()p(EKTHBHOIO BBISBICHUS MHOXKECTBa TpeOoBaHWIT K cOOpKe
BBICOKOTOUHBIX M3JIENTUi (BBIXOAHBIX TAPAMETPOB) U BBIOOPA U3 HUX TeX, KOTOPBIE HE MOTYT OBITh 00€CIIeUeHbI METOJOM
HOJIHOW B3aMMO3aMEHSIEMOCTH (KPUTHYHBIX DJJIEMEHTOB), TpeOyeTrcsl MpOBENCHUE JOTOJIHUTEIBHBIX HCCIICIOBAaHHUM.
LIeJ'H)IO [laHHOI‘/II pa6OTbI SIBJIACTCA paSpa60TKa MPUHIUIIOB BBIABJICHUS BbIXOJHBIX MMAapaMETPOB BLICOKOTOYHBIX H3ﬂeﬂldl>i
U ONpeNeNieHns] KPUTUYHBIX 3JeMeHTOB. [l MOCTHIXKEHUsI MOCTABJICHHOH Iear HEeoOXOIMMO PEUIMTh CIIEAYyOLIHe
3amaud: CchOpMUPOBATH MPUHIMIBI MOCTPOCHHS OOOOIIEHHBIX TpadoB MOBEPXHOCTEH BBICOKOTOYHBIX H3ICIIHA,
c(OpPMHUPOBATH CTAHAAPTHI KIACCH()UKAIIUU BBIXOJHBIX APAMETPOB U BBISIBICHUS M3 HUX KPUTHYIHBIX.

Mamepuansl u memoowt. J171s1 IPOBEACHHS CCIIETOBaHMs ObLTa BEIOpaHa BEICOKOTOYHAs cOopouHast equnauniia — «Ilaker
cratopa 2». HccnenoBaHuss NPOBOAWINCH B PEATbHBIX YCIOBHSX JIEHCTBYIOIIETO MHOTOHOMEHKIATYPHOTO
mpou3BojacTBa. J{iIsi maHHON cOOpKM OBLT TOCTPOCH OOOOMICHHBIM Tpad MOBEPXHOCTEH, BKIIOYAIONIMA B ceOs
HHPOPMAIIHMIO O XapaKTepe U MOCIIEJ0BATEILHOCTH MOBEPXHOCTEH, MpeabsaBiseMble TpeOOBaHHs K COOpKeE, JOMyCKU
pa3MepoB U JOIyCKH (POPMBI U PACIOI0KEHHS C MOCIEAYIONIMM €ro aHaAIN30M.

Pesynomamol uccnedoséanusa. B paHHOW cTaThe MPEACTaBICHbl UTOTM HCCIEJOBAaHUM IO COBEPIICHCTBOBAHUIO
YKPYIHEHHOTO OJIOKa MPOEKTHBIX MPOILEIyp aHain3a TpeOOBaHUH K COOpKE BBHICOKOTOYHBIX M3AEIHH MTPOEKTUPYEMON
cucTteMbl. B paboTe ycraHOBiIEHa B3aMMOCBSI3b MEXKIY TOYHOCTHIO JOIYCKOB Ha pa3Mepbl U AOMYCKOB (opMbl U
PaCIIOJIOKEHUA HOBerHOCTeﬁ n3A€J11s, KOTOPbIM IPUHAAJICKAT JaHHBIC pa3MEPhI. Ha ocnoBe HOHy‘IeHHOﬁ B3aUMOCBAA3U
ObLT ONpe/ieNieH MOPSII0K AJISl OTHO3HAYHOT'O BBISIBIICHUS] KDUTHYHBIX JIEMEHTOB.

Oécyscoenue u 3axniouenue. IIpriMeHeHre TaHHOW METOTMKH TI03BOJISET MOBBICHTH IOCTOBEPHOCTH HCXOIHOM HH(OPMAIIHH,
MOTYYeHHOH TPH pean3alyil YKPYITHEHHOro ONOKa MPOEKTHBIX HPOIEAyp, a Takke 000CHOBAaHHOCTh M 3((EKTUBHOCTH
BBISIBIICHHST PAIMOHATBGHBIX TEXHOJIOTUI M3TOTOBJICHUS Ha MOCIEAYIONIMX JTalaxX peali3allii CHCTEMbI PU 00ECIICUeHUN
3a/IaHHBIX KQ4eCTBA, TOYHOCTH U3/ICIHI U CHIXKCHHUH TPYIOEMKOCTH U CEOECTOMMOCTH MX U3TOTOBIICHHSI.

KoueBble ciioBa: MexaHOCOOPOYHBIE ITPOM3BOACTBA, TEXHOJIOTHMYECKAs IMOJrOTOBKA IPOU3BOICTBA, 0OOOIIECHHBIN
rpag moBepxHOCTEH, COOpKa, BRICOKOTOYHOE M3/EIHe, KOHCTPYKTOPCKUHA pa3MepHBIH aHAIH3

Bnaroaapﬂocnl. ABTOpLI BbIpaKar0T 6JIaFOHapHOCTI) peaaKIru 3a BHUMATCIIbHOC OTHOIICHUEC K COACPIKAHNIO CTATbH U
BbICKa3aHHbIC TPEAJIOKECHHUA, KOTOPHIC ITO3BOJIMJIN MMOBBICUTH €€ Ka4C€CTBO.
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Introduction. The production of modern devices and machines requires a clear organization of the assembly process
with careful manufacturing preparation [1]. This requirement is particularly urgent in the manufacture of high-precision
products in precision machine tool industry, aerospace industry, military-industrial complex, bearing industry, etc. [2]. In
this paper, high-precision products mean such products, whose assembly process is complex due to difficulties in meeting
specified requirements (critical assembly requirements, or critical elements), such as dimensional, dynamic and other
characteristics, which may result in the need to manufacture a large number of spare parts and kits. This, in turn, causes
an increase in the volume of work in progress and requires more time and resources to complete the assembly production
process (PP) [3].

Modern technology makes it possible to improve the quality and accuracy of production, reduce material costs, and
introduce resource-saving technologies. However, today there is no unified concept of an integrated approach to solving
the above-mentioned problems. When assembling products, classical methods of maintaining accuracy are often used,
which in most cases are not universal. They depend on the type of production and are often economically unjustified. In
such cases, it is necessary to develop unique assembly approaches that take into account the specifications of a particular
product and provide the required accuracy without unreasonable costs. In addition, it should be borne in mind that the
traditional PP design of mechanical processing and assembly is subjective. This is primarily due to time constraints and
physical capabilities, which make it impossible for a person to compete with modern computing technology [4]. To solve
these problems, it is needed to develop unique approaches that combine various aspects of production and assembly of
products, as well as taking into account economic factors. Only a comprehensive solution can provide achieving optimal
results and effectively cope with the tasks set.

Currently, a system of automated process planning (SAPP) has been conceptually developed [5]. Nevertheless, the
weakness of this automated system is the lack of correlation between the multiple-alternate design of the manufacturing
process for parts included in the assembly unit and the requirements for the technology and accuracy of assembly of a
high-precision assembly unit, based on which it is possible to efficiently solve the problem of reducing the volume of
work in progress and the cost of assembly. At the same time, the correlation between design and manufacturing
preparation of production has not yet been fully worked out. As a result, research in this area is urgent for the modern
development of mechanical assembly production systems. The objective of the article is to develop principles for
identifying the output parameters of high-precision products and determining critical elements. To do this, it is needed to
formulate the principles of constructing generalized graphs of surfaces of high-precision products, determine the standards
for classifying output parameters and identifying critical ones from them.

Materials and Methods. To solve the above problems, a system with account for the requirements for the
assembly of high-precision products in the design of manufacturing processes of mechanical processing was
developed (SRPPMP) [6]. However, to provide a more comprehensive integration of this system into the SAPP
structure, it is required to actively look for options of upgrading the development strategies used. This will allow us
to move on to the analysis of the manufacturability of products and provide a more effective implementation of the
system into the production structure.

As part of the research to improve the methodology of formalization of the block under consideration, strategies for
performing the procedures of this block were formed, and the one that provides identifying the maximum number of
critical elements was selected. This strategy is a combined one and matches up the advantages of the other approaches.
In addition, for a more accurate calculation of dimensional chains, a special size indexing system has been introduced,
which is most effective. The specified indexing is considered in detail in [7] and is not fully cited in this paper.

According to this strategy, detailed segmentation of high-precision products is performed, which provides determining
the required parameters for the formation of a set of assembly requirements (Mrc), carrying out a design dimensional
analysis and, based on its results, identifying critical elements. To implement the described procedures, first, it is needed
to identify those elements from the set My ¢ that satisfy the following condition:

Thy/ < £TAL,. M
where b — assembly requirements (closing links); A — component links.

The above condition makes it possible to identify those elements that cannot be provided by the method of complete
interchangeability, i.e., critical elements. The specified elements are included in the corresponding subset M;. The
remaining elements are provided by the method of complete interchangeability. They form subset My . and are no longer
considered.
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M, = Mrc. _ )
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Next, it is necessary to determine methods for maintaining accuracy for each critical element and distribute them
into appropriate subsets: My — critical elements provided by the method of incomplete interchangeability;
Mr . — critical elements provided by the method of selective assembly; My 1., Mp g. — critical elements provided
by compensation.

Research Results. For the distribution of critical elements into groups, a technique based on the construction of a
generalized graph of surfaces of high-precision assembly units and nodes has been developed, and distribution rules have
been formulated.

The classification of modules of working and connecting surfaces of parts and assembly units (PAU), proposed by
Professor Bazrov B.M. [8], is shown in Figure 1.

—  Flat internal surfaces

— Flat surfaces —

Combination of simple
surfaces

—  Flat external surfaces

Internal surfaces of
rotation

Modules of working and ] Surfaces of rotation

connecting surfaces

External surfaces of
rotation

— Internal surfaces

Combination of surfaces,
— including a complex |
surface

— External surfaces

Fig. 1. Modules of working and connecting surfaces of PAU [§]

Consider the principles of constructing a generalized graph of surfaces using the example of the assembly unit (AU)
“Stator Package 2”, which is part of the high-precision “Gyromotor” product. Figure 2 shows an axonometric projection
of the AU “Stator Package 2” and a schematic representation of this AU, indicating the basic assembly requirements,
shape and location tolerances imposed on it, as well as the PAU of which it consists.

Machine building and machine science
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Figure 3 shows a sketch of the AU “Stator Package 2, on which the surfaces of the composite PAU are numbered,
and a code is indicated for each surface in accordance with the requirements of the SAPP [9] (Table 1).

Based on the information obtained about the nature and sequence of the PAU surfaces, a graph of the AU surfaces
“Stator Package 2” is constructed. In this graph, the surfaces of the PAU included in the considered AU are indicated. For
the surfaces of the PAU, parallel to the axis of rotation of the AU (marked “01” in the graph), the connection with this
axis is conditionally shown. Additionally, the PAU surfaces that are in direct contact in the assembly unit are marked
(e.g., surfaces 1.7 and 3.3 in Figure 4a). Further, the assembly requirements (dimensional chains) posed on this AU are
presented on the specified graph, indicating the closing links and the directions of the constituent links. It is important to
note that the components and closing links going to or from the group of contacting surfaces are assembly dimensions.
Also, the graph indicates the basic shape and location tolerances required for the AU assembly (Fig. 4b). The assembly
requirements and basic tolerances of shape and location are taken from Figure 2b. As a result, a generalized graph of AU
surfaces “Stator Package 2” is formed.

Thus, the presented graph provides obtaining the required data on the dimensional relationships between individual
surfaces (groups of surfaces) of PAU, as well as the surfaces of the mating PAU in contact with each other. The obtained
data form the initial information for the further stages of the implementation of the SAPP procedures.
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Fig. 3. Numbering of AU surfaces “Stator Package 2”
Table 1
No. of PAU
’ Code Type
surfaces P
Part “Bushing”

1.1 0311 Outer end
1.2 0221 External chamfer
1.3 0111 External cylindrical
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1.4 0411 Curved external
1.5 0211 Outer cone

1.6 0111 Outer cylindrical
1.7 0311 Outer end

1.8 0411 Outer curve

1.9 0111 External cylindrical
1.10 0211 Outer cone

1.11 0311 Outer end

1.12 0111 External cylindrical
1.13 0311 Outer end

1.14 9211 Internal cone
1.15 9111 Internal cylindrical
1.16 9211 Internal cone
1.17 9111 Internal cylindrical
1.18 9114 Cylindrical hole at an angle to the axis of rotation
1.19 9411 Curvilinear internal
1.20 9311 Inner end

1.21 9411 Curvilinear internal
1.22 9111 Internal cylindrical
1.23 9311 Inner end

1.24 9111 Internal cylindrical
1.25 9411 Curvilinear internal
1.26 9111 Internal cylindrical

Part “Axle”

2.1 0311 Outer end

2.2 0211 Outer cone

23 0111 External cylindrical
24 0111 External cylindrical
2.5 0411 Outer curve

2.6 0221 External chamfer
2.7 0111 External cylindrical
2.8 0311 Outer end

2.9 0411 Outer curve
2.10 0111 External cylindrical
2.11 0211 Outer cone
2.12 0111 External cylindrical
2.13 0221 External chamfer
2.14 0311 Outer end
2.15 0111 External cylindrical
2.16 0111 External cylindrical
2.17 0211 Outer cone
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2.18 0311 Outer end
2.19 9211 Internal cone
2.20 9111 Internal cylindrical
221 9111 Internal cylindrical
222 9411 Curvilinear internal
2.23 9111 Internal cylindrical
2.24 9311 Inner end
2.25 9111 Internal cylindrical
2.26 9411 Curvilinear internal
2.27 9311 Inner end
2.28 9411 Curvilinear internal
2.29 9114 Cylindrical hole at an angle to the axis of rotation
2.30 9211 Internal cone
Part “Spacer”

4.1 0311 Outer end

4.2 0111 External cylindrical

4.3 0311 Outer end

4.4 9211 Internal cone
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Fig. 4. Generalized graph of AU surfaces “Stator Package 2”

The next step is to establish the relationship between the assembly requirements and AU surfaces. In the
presented example, the assembly requirements are evaluated, interconnected through the surface of the part
“Bushing” 1.13 “Outer end” (Fig. 5).

For the qualitative distribution of critical elements into groups and the detection of those that cannot be provided by
the method of complete interchangeability, it is necessary to conduct a correlation analysis of the accuracy of dimensional
tolerances between the surfaces of the PAU and the specified tolerances of the shape and location of these surfaces.

The performed studies included the analysis of the interfaces of working or connecting surfaces predominantly found
in the PAU of high-precision products and their correlation with shape and location tolerances (total shape and location
tolerances), which are most characteristic of these combinations.

Based on the conducted research, an order was determined for the unambiguous identification of critical elements that
cannot be provided by the method of complete interchangeability. As a result, specific dimensional chains and design
parameters of the unique parts included in them were identified:

1. The critical covering and covered dimensions of the mated PAU must be at least 9 accuracy standards.

2. Linear dimensions must be at least class f'(according to the requirements of GOST 30893.1-20021).

3. The tolerances of the shape and location of the mating surfaces must have high relative geometric accuracy
(C — 12% of the size tolerance for cylindricity, roundness, and longitudinal profile, 25% — of the size tolerance
for the rest) [10].

4. The tolerance of the angular dimensions of the cones should be no coarser than AT 10 (the average value from the
proposed range in GOST 8908-812 was selected).

The performed approbation of the developed graph construction techniques and the formed rules on the example of
the analysis of the requirements for the AU “Stator Package 2” under the conditions of the current multiproduct

" GOST 30893.1-2002 (ISO 2768-1-89). General Tolerances. Limit Deviations for Linear and Angular Dimensions without Tolerance Indications.
URL: https://files.stroyinf.ru/Data2/1/4294816/4294816276.pdf (accessed: 29.11.2023) (In Russ.).

2 GOST 8908-81. Standard Angles and Angle Tolerances. Basic Norms of Interchange Ability. URL: https://docs.cntd.ru/document/1200011833
(accessed: 29.11.2023) (In Russ.).
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manufacture showed their operability. Identified critical assembly requirements that do not meet the conditions of
complete interchangeability include:

— permissible value of the deformable (rolled) part of the “Bushing” workpiece obtained during the assembly of the
AU “Stator Package 2”;

— permissible value of the chamfer protrusion of the “Axle” part in the AU “Stator Package 2”.
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Fig. 5. Requirements for assembly of AU “Stator Package 2” with indication
of surfaces between which the corresponding chain links are located

As a result of the implementation of this enlarged block of SRPPMP, initial information is formulated, including
numerous assembly requirements (closing links of dimensional chains) that cannot be provided by the method of complete
interchangeability. The dimensions of the PAU are the constituent links of the dimensional chains of the specified set and
the set of SRPPMP to which these closing and constituent links belong. In the example under consideration, such a set
will consist of “Bushing”, “Axle”, “Stator Package 1”. The dimensions of the part “Spacer” are not involved in the
calculation of critical assembly requirements. At the next stages of the implementation of the SRPPMP for the received
set of PAU in the SAPP, all possible options for PP are generated, and their in-process dimensional analysis is carried
out. Next, the most rational options are selected from the resulting set of PP using the multicriteria optimization method.
To carry out the selection procedure, a system of criteria was developed. The criterion for obtaining the maximum number
of assembly kits is the basic from them. The technique of generation procedures, in-process dimensional analysis, and
selection is described in detail in [6]. It should also be noted that the improvement of the methodological apparatus of the
SRPPMP will allow us to proceed to the assessment of the production manufacturability of the product [11].

Discussion and Conclusion. The paper proposes the principles of constructing generalized graphs of high-precision
AU surfaces and nodes, develops standards for classifying high-precision output parameters into appropriate groups and
identifying critical elements of high-precision products from them. The described technique creates conditions for the
complete formalization of the considered design procedure and the clarity of the graphical results of dimensional analysis.
This technique makes it possible to increase the reliability of the initial information obtained during the implementation
of an enlarged block of design procedures, as well as the validity and efficiency of identifying rational manufacturing
methods for PAU at subsequent stages of the SRPPMP implementation, while providing the specified properties, accuracy
of products, and reducing the complexity and cost of their manufacture.

The improvement of the scientific principles of the implementation of this enlarged block of design procedures of the
SRPPMP increases the level of digital transformation of design and manufacturing preparation, and, along with the issues
of automation of design, production and assembly, creates prerequisites for the implementation of a systematic approach
to assessing the manufacturability of the products.

The next stage in the development of the proposed study is planned to supplement the generalized graph with
information about the design and processing bases of the PAU, and the nature of combinations of mating connecting and
working surfaces according to the classification of Professor B.M. Bazrov. The introduction of the specified information
into the generalized graph will make it possible to finally form the methodological support for this enlarged block of
design procedures.
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