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This article examines the current issues of the development of digital counterparts of
mechanical engineering products in the context of advanced manufacturing technologies,
with special emphasis on the use of specialized software for processing scanned external
surfaces of physical objects. The research presented in this paper is aimed at identifying the
key factors affecting the complexity of creating digital counterparts of mechanical engi-
neering products. As part of the work, techniques have been developed to increase the
accuracy of creating digital counterparts of physical objects with damaged or worn work
surfaces. The article provides real-world examples of the use of software tools to solve prac-
tical problems related to the creation of digital twins. A detailed analysis of the factors influ-
encing the complexity and labor intensity of the work is carried out, with an emphasis on
the influence of the modes of software processing of polygonal models of scans of parts and
their impact on the accuracy of 3D modeling. The results of the study have a wide range of
practical applications in various industries, including mechanical engineering, automotive,
tractor construction, information technology and others. The data obtained allows us to
optimize the processes of creating digital twins, increasing the quality and efficiency of
work. The paper also highlights the impact of software and work organization on the qual-
ity of digital counterparts of machine parts being developed. The study allows us to deter-
mine the optimal approaches to software selection, workflow optimization and resource
management, which ultimately helps to reduce the complexity and increase the accuracy of
creating digital twins. It is important to note that the development of digital twins is a com-
plex process that requires an integrated approach. It is necessary to take into account many
factors, ranging from the type of object being scanned and its condition, ending with the
functionality of the software and the qualifications of specialists. The application of the
developed techniques will improve the accuracy and speed of creating digital twins, which
in turn will lead to a reduction in the development and implementation of new products, as
well as increase the efficiency of production processes.
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Introduction

Modern production processes are undergoing significant
changes in the context of the rapid development of digital and
intelligent technologies [1]. This is especially evident in the
design of high-tech engineering products [2]. In the context of
increased competition and the fight for the quality of high-tech
products, manufacturers are looking for new approaches to
improving production processes that allow them to reduce
production costs and maintain the attractiveness of their products
for consumers [3].

Reengineering allows you to quickly master the production of
parts of high-tech machines and equipment. It should be noted
that the prototype may initially lack design documentation, or it
may contain incomplete data. Also, the prototype of the product
during reengineering may have physical damage and worn
working surfaces, which complicates the development of its exact
digital twin. In practice, this problem is especially often
encountered in the automotive and agricultural machinery
industries, as well as in the aerospace industry at the stages of
production and operation [4-6].

Analysis of existing solutions in the process of reengineering
allows you to identify shortcomings and avoid their repetition in
new products. Due to this, it is possible to ensure an increase in
the quality of products and an increase in the efficiency of
production processes [7].

Analysis of the problem

The complexity of the product geometry or its configuration
(a large number of curved surfaces or small elements) leads to an
increase in the time of 3D scanning and subsequent modeling [8].
Metal parts, as a rule, have a glossy surface, some have
pronounced magnetic properties. Due to their physical and
mechanical properties, metal parts have a greater mass, strength
and rigidity compared to plastic ones. Parts made of polymer
composite materials can be of different colors, and some are
completely transparent (for example, optical parts), they do not
have magnetic properties and, most often, their rigidity is lower
than that of similar parts made of metals [9]. Due to these
features, each stage of reverse engineering can be complicated
[10]. For example, transparent, shiny and black surfaces of the
part must be additionally matted, and for non-rigid parts it is
necessary to manufacture equipment for scanning or scan directly
before disassembly operations. In general, all these factors
determine the choice of laser or optical 3D scanning technology
[11]. The complexity of creating a digital twin of a product is
influenced by many factors:

e product configuration;

¢ material of parts;

e availability of operational,
documents;

o standards and technical requirements;

e applied 3D scanning technology;

o technical condition of the part;

e engineer qualifications;

e used software.

The availability of documentation on the product (design,
technological, operational) simplifies the process of developing
its electronic model. In some cases, the required information can

technological and design

o

be found in the product documents, thanks to which the quality of
the development of its digital twin can be improved.

In some cases, the development of a digital twin must be
carried out considering the regulatory documents that were used
during the initial development of the product. For example, it may
be necessary to accurately repeat the profile of splines or gear
engagement. For this, a separate analysis of the part design is
carried out, its manufacturer and country of manufacture are
determined. Then, regulatory documents are selected and 3D
modeling of the product is carried out considering their
requirements [12].

It is often necessary to develop a digital twin not of new parts,
but of parts that have already been in use. Such parts have such
physical damage as traces of wear of working surfaces and plastic
deformations. Such changes introduce additional error in the
construction of the 3D model and to eliminate them it is necessary
to carry out additional measurements, and in some cases to
replace the design object with another sample, if the latter is
possible.  Together, these factors determine increased
requirements for the qualifications of the reverse engineering
engineer [13].

The most important role in the process of developing digital
twins based on existing physical prototypes that have been in use
is played by the applied software for 3D scanning, processing of
polygonal models and directly for the 3D modeling process based
on the polygonal 3D model of the scanned product. This allows
you to quickly and accurately create digital twins of existing
products [14]. However, modern software functionality does not
allow you to fully apply all the engineering experience and carry
out constructions in an automated mode or consider deviations in
the geometric dimensions, shape and relative position of the
product surfaces that arose during the manufacture of the part, as
well as damage that appeared during operation [15].

This paper will propose methods for increasing the accuracy
of developing digital twins of products with worn surfaces
through the use of special software.

Optimization processes of creating digital twins

To solve the described problem, it is necessary to imagine the
process of constructing a digital twin based on a physical

prototype (Fig. 1).
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Fig. 1. Flow chart of the reengineering process
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At the first stage, the product configuration and available
technical information (documents, manufacturer information,
spare parts catalogs) are studied and analyzed.

If the product has been in operation, an analysis of operational
damage and contamination is carried out. This allows, as a first
approximation, to identify design flaws (for example, leaks in
body parts, wear, etc.). This information is then considered in 3D
modeling. At this stage, changes can be made to the design to
prevent the occurrence of these defects.

Washing removes contamination of the outer surfaces of the
product. Washing should be performed using hot water and
special detergents with surfactants containing corrosion
inhibitors. After washing, the quality of cleaning of the outer
surface is assessed, and re-washing is carried out if necessary.
Any stain of dirt or oil on the surface of the product affects the
quality of 3D-scanned outer surfaces of the product. After
washing, the product is transferred for disassembly work.

Disassembly work must be carried out directly by a
reengineering specialist or under his supervision. During
disassembly work, the product design is studied, the tension
forces for fixed connections (seat of detachable connections) are
measured. The information obtained is documented and
subsequently used in the development of a digital twin.

Part-by-part washing is performed in special washing
machines or in ultrasonic baths. Due to this, traces of lubricants
and abrasive wear particles are removed from the surfaces of the
product parts. Just as after external washing, it is necessary for the
parts to reach normal temperature to perform subsequent stages of
the study.

At the stage of preparation for 3D scanning, marker dots are
applied to the parts. They can be either self-adhesive (for non-
magnetic materials) or magnetic (for magnetic materials). It
should be noted that the need to use markers depends on the
configuration of the part, its overall dimensions, the equipment
and software used. For example, when using the RangeVision Pro
3D scanner and RV Scan Center software, it is possible to avoid
gluing markers to the part, provided that the part has a
characteristic geometry that allows the software to correctly
estimate the location of the scanned surface with a high degree of
probability and perform automatic alignment relative to the
previously scanned surfaces of this part. If it is necessary to scan
large-sized parts (more than 1 meter), the Scanform L5 3D
scanner with Scanform software is often used. This software
requires markers on the surface of the part.

If they are missing, it will be impossible to perform the
scanning process. An additional way to simplify the tasks of
automatically combining individual surface scans in the software
is to create artificial geometry on the surface of the part. This is
used for symmetrical products, such as shafts, gear wheels, hubs,
etc. A small amount of plasticine, which is glued to the desired
location, can serve as artificially added geometry. This creates
additional geometry that allows the software to recognize it as
unique, standing out from the rest of the same type of surface, and
correctly combine the scan with the previous ones.

Also at this stage, if necessary, equipment is manufactured to
base the scanned parts in the required position. This is relevant for
scanning non-rigid products that can deform during rotation and
movement. At the same time, such devices should not obscure the
scanned part.

T-Comm Vol.18. #11-2024

o

COMPUTER SCIENCE

Before scanning glossy, black or transparent parts, they must
be additionally matted with a special compound that helps to
avoid scanning defects and also increases the accuracy of the
point cloud of the part. However, it should be remembered that
the matting compound is an additional layer of material on the
surface of the part. Therefore, this layer thickness must be taken into
account when developing a 3D model. Studies have shown that
depending on the matting spray used and the intensity of application
to the surface, the layer thickness can reach up to 0.02 mm.

At the 3D scanning stage, certain external conditions must be
observed. There should be no excessive or constantly changing
illumination in the work area. There should be no vibrations of
the product. Before scanning, the product must be kept for several
hours to equalize the temperature of the part itself and the
environment. After scanning, the parts are cleaned of markers,
matting spray and artificial added geometry. The part must be
protected from corrosion.

Modern software products for 3D scanning allow for primary
processing of the point cloud of the part scan. This includes
removing foreign surfaces (e.g., the support surface, tooling
elements, additional geometry, etc.), cleaning from noise, aligning
the scans and final aligning of the surface scans (Fig. 2).

a). bb '

Fig. 2. Primary processing of the scan in the RV Scan Center program
(scan of parts with a supporting surface)

One of the key stages affecting the quality of the future 3D
model is converting the scan point cloud into a polygonal model
and exporting this model in *STL format. These procedures are
customizable and the accuracy of the future polygonal model
depends on the seclected settings. The permissible value of
deviations of linear and angular dimensions is also set
programmatically. The higher the values of these parameters, the
larger the polygons will be used to build the polygonal model.
Examples of exporting scans into polygonal models with different
values of permissible deviations are shown in Fig. 3.

Fig. 3. Results of creating a polygonal model from a point cloud with
different values of permissible deviations: a — 0.001 mm (174,586
polygons); b — 0.1 mm (4,454 polygons); ¢ — 1.0 mm (1,798 polygons)
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When importing a polygonal model into 3D scanning
software, the measurement system (metric or imperial) must be
set correctly. In Geomagic Design X software, the imported
polygonal model must be processed. This includes correcting
model errors (inverted polygons, isolated polygons), filling in
missing surfaces, and, if necessary, smoothing surfaces and
breaking them into primitive surfaces.

It is not recommended to fill in the losses on working
(processed) surfaces. Since any replenishment of losses is carried
out programmatically, modern software does not allow to recreate
the surface as it was made. Filling is carried out according to one
of three possible scenarios: flat surfaces, tangent to the edges of
the hole and curves. Examples of filling a hole on a cylindrical
surface in different ways are shown in Fig. 4.

c).
Fig. 4. Filling the loss on the cylindrical surface of a polygonal model in
different ways (display in curvilinear mode): a — initial loss of surface;
b — filling with flat surfaces; ¢ — filling tangent to the edges of the hole;

¢ — filling along curves

Depending on the filling method, deviations occur both in the
size of the hole and in the position of its center. The results of
virtual measurements of the cylindrical surface of the hole of the
studied digital twin (polygonal model) at the stage of processing
3D-scanned external surfaces are given in Tables 1 and 2.

Table 1

Results of measuring the hole diameter, center coordinates
and unit vectors depending on the method of filling the loss
with an area less than 5% of the polygonal model surface

A way to fill | Diameter, Coordinates of the Unit vector

the loss mm hole center, mm

Xc Yc X1 Y VA

no filling 84,9228 | -27,6897 |177,68270,0240 | 0,0047 |-0,9997
flat surfaces | 84,9212 |-27,6951 |177,6822|0,0241 [0,0046|-0,9997
tangent to
the edges 84,9192 | -27,6955 |177,67750,0243 | 0,0047 |-0,9997
of the hole
along the 84,9210 |-27,6953 |177,68220,0242 |0,0046 |-0,9997
curves

Deviations in the coordinates of the centers and the values of
the unit vectors lead to errors when aligning a polygonal model in
the global coordinate system (hereinafter referred to as GCS).

o

Alignment in the GCS is necessary to specify the part basing
scheme during modeling. It is necessary for the GCS of the 3D
model to coincide with the main design base of the part. This
allows increasing the accuracy of the created digital twin. When
aligning a polygonal model in the GCS, it should be taken into
account that the original physical part already has deviations from
the nominal linear and angular dimensions. An additional error is
also accumulated during 3D scanning.

At the next stage, sketches are constructed and a strategy for
constructing a 3D model of the product is developed. A
distinctive feature of specialized software is that the polygonal
model of the part scan serves as the basis for constructing part
sketches. It should be understood that even a new part has
deviations from the nominal dimensions. Used parts may also
have signs of wear, deformation, or partial destruction of the part.
The resulting contours from the polygonal model are solely a
starting point for creating sketches for future modeling
operations.

Table 2

Results of measuring the hole diameter, center coordinates
and unit vectors depending on the method of filling the loss
with 20% of the surface of the polygonal model

A way to fill | Diameter, Coordinates of the Unit vector

the loss mm hole center, mm

Xc Ye Xi Yi Zi

no filling | 84,9158 | -26,9979 |177.8075]-0,0247] 0,004 [ 09997
flat surfaces | 84.9194 | -27.6894 [177,6862 | 0.0241 | 0,0043 |-0.9997
tangent to
the edges | 849166 |-27.6906 |177,6907 | 0,240 | 0,0043 |-09997
of the hole
alongthe 1 ¢4 9150 | 26,9946 | 17,8124 |0,0244|-0.0044 0.9997
curves

When creating digital twins of used mechanical engineering
parts, it is necessary to analyze the purpose of the surfaces,
determine which of them are subject to wear, and which provide
the required conjugations. Having received the initial data in the
form of contours in sections of future sketches, the contractor
must carry out control measurements on the real part. For these
purposes, hand measuring instruments and coordinate machines
are used. Research is carried out on the hardness of the material
and the surface roughness of the parts. The obtained research
results are documented.

Taking into account the updated data on the geometric
dimensions and relative position of the surfaces obtained at the
previous stage, as well as using the polygonal model, 3D
modeling is carried out. Depending on the configuration of the
product, either solid or surface modeling is used.

The resulting solid model is checked for compliance with the
original part. For this, specialized software tools are used. Design
X allows you to build a three-dimensional color map of deviations
(Fig. 5). The analysis results should be approached taking into
account the purpose of the surfaces, as well as typical operational
damages characteristic of the given product. First of all, attention
should be paid to the deviation of the treated surfaces and
surfaces that are design, technological and measuring bases. Some
deviations from the original geometry are acceptable if it was
necessary to make changes to the design or these changes are due
to the need to strengthen the part in the weakest places that were
identified during the work performed.

T-Comm Tom 18. #11-2024
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Fig. 5. Surface deviation analysis performed in Geomagic Design X

If the deviation analysis is within the permissible values, a set
of design documentation is developed based on the developed 3D
model, which includes working drawings, specifications and other
documents, the presence of which was established in the technical
specifications for the development of a digital twin of the product.
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Conclusion

When creating digital duplicates of machine parts and
equipment based on physical objects with damaged or worn
surfaces, a certain approach should be followed. When importing
a polygonal model into 3D scanning software, the measurement
system must be installed correctly. It is not recommended to fill in
the losses on the working (treated) surfaces. Depending on the
filling method, deviations occur both in the size of the hole and in
the position of its center. Deviations of the coordinates of the
centers and the values of the unit vectors lead to errors in the
alignment of the polygonal model in the global coordinate system.
Having received the initial data in the form of contours in the
sections of future sketches, the contractor needs to carry out
control measurements on the real part.

The direction of further research is the development of a
method for optimizing the processing of 3D scanning data
through the use of specialized software.
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AHHOTauuA

ﬂ'aHHaﬂ CTaTbA paccnanMBaeT aKT)’aJ'IbeIe BOI'IPOCbI PaBPaGOTKM LWI¢)POBI>IX ABOVIHMKOB M3/:|,en14|7| MaLIJVIHOCTPOeHVIﬂ B KOHTEKCTe nepenosblx
NPOU3BOACTBEHHBIX TEXHOJIOTUIA, C OCOOBLIM aKLEHTOM Ha MCMONb3OBaHME CMELMAIM3UPOBAHHOIO MpOrpaMMHOro obecnedenuns ana obpaboTku
OTCKaHMPOBaHHbIX BHELUHUX I'IOBePXHOCTeI7I CI)MBVI“IECKVIX 06'beKTOB. MCCHEAOBaHMe, nPeACTaBJ‘IeHHOe B ,Cl,aHHOVI pa60Te, HanpaBneHo Ha onpeAeneHMe
KNtoYeBbIX PaKTOPOB, BAUAIOLLMX HA TPYAOEMKOCTb CO3AaHUA LIMPPOBbIX ABOMHUKOB U3AENNI MALUMHOCTPOeHUA. B pamkax paboTbl Gbiin paspaboTabl
MEeTOAMKK, NOBbilaloWwmMe TOYHOCTb CO34aHuA LlVIq)POBbIX ABOVIHMKOB CbVIBVI"IeCKVIX OG'beKTOB G nOBPe)K,qEHHbIMM Wi WU3HOLUEHHbLIMU PaGOLWIMVI
I'IOBePXHOCTﬂMVI. B cTaTbe I'IPVlBep,eHbI peaanble anlMePbI I'IPVIMeHeHVIH I'IPOFPaMMHbIX CPeACTB Aana peLueva I'IPaKTVI‘-IeCKVIX 3a7a4, CBA3aHHbLIX C CO3JaHUEM
LlMdJPOBbIX ABOﬁHMKOB. I'IposeAeH ,D,eTaﬂbeIVI aHanu3 d)aKTOPOB, BIUAKOLLUX Ha CJZIOXKHOCTb U TP)’AOeMKOCTb pa60'r, C aKUEHTOM Ha BJIMAHUE Pe)KMMOB
NpOrpaMMHON 06paboTKM MOMUrOHaNbHLIX MOAENEN CKaHOB AeTafie U WX BAWUAHWE Ha To4HOCTb 3D-MopenvpoBanuA. PesynbTathl uccnefoBaHus UMEIOT
LLIVIPOKI/IFi CI'IeKTP nPaKTVI"IeCKVIX I'IPI/IMeHeHVIﬁ B PaBJ‘IVI"IHbIX OTPaCnﬂX I'IPOMbILIJﬂeHHOCTM, BKMtO4Yas MaLLIMHOCTpOeHMe, aBTOMOGMJ’IeCTPOeHMe,
TPaKTOpPOCTPOEHUE, MHPOPMALMOHHbIE TexHonorum u Apyrue. [lonyyeHHble AaHHble MO3BOSAIOT OMTUMU3MPOBATh MPOLIECChbI CO3AaHUA LMbPOBbLIX
ABOVIHMKOB, noBblillada Ka4ecTtBO U 3¢¢eKTMBHOCTb PaGOT. B pa60Te TaKXXe OCBellaeTca BauAHue nPOFPaMMHOFO oGecneHeva n OPraHI/ISaLI,VIVI Pa60T Ha
Ka4yecTBO pa3pabatbiBaeMbix LMPOBLIX ABOMHUKOB AeTanei MawuH. VccnepoBaHne nNO3BONAET OMPEAENUTb OMTUMAasIbHbIE MOAXOAbI K BblGOpy
I'IPOFPaMMHOrO OGECI’IQ"IEHVIH, onTuMmn3auummn pa601mx npoueccos n ynpaBneHmo PeC)’PCaMM, 4YTO B KOHE4YHOM uUtore CI'IOCOSCTB)’eT CHU>KEHUIO TP)’AOeMKOCTM
1 MOBbILLEHNIO TOYHOCTU CO3AaHMA LMbPOBbIX ABOWHUKOB. BaxkHO OTMETUTL, 4YTO pa3paboTka LMpPOBbIX ABOMHUKOB - 3TO CIOXKHbIN MPOLiEcc, TpebytoLwmit
KOMIMJIEKCHOro noaxoaa. HeOGXOAMMO y‘iMTblBaTb MHO>XeCTBO d)aKTOPOB, Ha4YMHaAa OT Tuna CKaHMP)’eMOFO OG'beKTa N ero CcocCcTofaHuA, 3aKaH4uMBas
dyHKUMOHANIOM MporpaMMHOro obecneyeHns U KBanudukaumen cneumanuctos. [puMeHeHne pa3paboTaHHbIX METOAMK MO3BOMWUT MOBLICUTL TOYHOCTb U
CKOPOCTb cOo34aHunA LWICI)POBbIX ABO“HMKOB, 4YTO B CBOIO O"IePeAb, I'IPVIBe,D,eT K c0Kpau.|,eano CPOKOB PaBPaGOTKM n BHeAPeHMﬂ HOBbIX VIB,D,EHMﬁ, a TaKXe
NoBbILEHNIO 3¢ PEKTUBHOCTM NPOU3BOACTBEHHBIX MPOLIECCOB.

Knioueebie cnoea: yugppossie 08olHUKU, demanu MawuH, usHoc, 3D-ckanuposaHue, memodsl 06pabomku OaHHbIX, Npo2pamMMHoe obecheyeHue.
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