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Machining of holes in a large hybrid structure during its assembly
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Abstract. The study aimed to examine a technology for machining holes with an automatic drilling machine
during the assembly of a large hybrid structure (polymer composite material + metal) with the use of modular
equipment. In order to analyze the process of hole machining in large structures during their assembly, a wing
box model measuring 17,765x3050x438 mm was assembled to simulate a civil aircraft wing box—a test wing
box. The used modular equipment provides a geometric position accuracy of 0.5 mm in hole machining. In order
to machine holes using an automatic drilling machine, a hole machining map was created. This map details key
hole parameters such as hole diameter, hole accuracy, hole center coordinates, and hole axis direction, as well
as material layers. To align the automatic drilling machine with a large structure, the map of holes to be machined
should be divided into areas (in the case of long parts, into subareas). It was found that the technology for ma-
chining holes with numerically controlled automatic drilling machines using a combination tool allows holes to be
machined in large hybrid structures to their final diameter in one or two passes, ensuring a geometric position
accuracy of 0.5 mm. The study of hole machining in large structures revealed that in order to achieve a geometric
position accuracy of 0.5 mm in automatic hole machining, long parts should be divided into subsections of no
longer than 1 m. The overall length of the reference zone for the automatic drilling machine was determined. The
obtained results can be used to optimize hole machining in large structures in aviation, shipbuilding, and other
industries.

Keywords: polymer composite material, mixed stack, large-sized structure, modular assembly technology, hole
machining, automated drilling machine with numerical control
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SHEPTETUKA

HayuHas ctatbA
YAK 629.735.3

UccnepoBaHue npouecca 06paboTku otBepcTUmn
B KpynHOrabaputHoM KOHCTPYKLUMUU CO CMeLUaHHbIMU NaKeTaMu
npu cbopke Ha MOAYAbBHOM 060pyAOBaHUM

A.l. Tpomawes?, A.P. CyataHoBa?**

1AO «AsapoKomnoaut, MockBa, Poccusi
2A0 «YpanbCKUI 3aBO4A rpaxaaHCckKok aBuaLmnmu», Mocksa, Poccus

Pe3rome. Lenb pabotbl - UCCAEAOBAHKME TEXHOAOTMU 06PabOTKM OTBEPCTHIA, BbIMOAHEHHbIX C MOMOLLbIO aBTO-
MaTM3MPOBAHHON CBEPAUABHOM MallWHbI, MPU cOOPKE KPynHOrabapmuTHOM KOHCTPYKLMK CO CMELLIaHHbIMK NakeTamMmu
(MOAMMEPHbBIV KOMMO3ULIMOHHbIA MaTepuan + MeTaaA) Ha MOAYAbHOM 000pPYAOBaHUW. AAS MCCAEAOBaAHMA NpoLecca
06paboTKM OTBEPCTUIN B KPYNHOrabapuTHOM KOHCTPYKLMK NpKU cOopke Ha MoayAbHOM 060pyAOBaHMK BbiA cobpaH 06-
paseL, keccoHa rabaputammn 17765x3050x438 MM, UMUTUPYHOLLIMI KECCOH KPbIA@ FPaXXAaHCKOro CaMoAeTa — TECTO-
Bbl1 KECCOH. Micnonb3yemoe MoayAbHOe 060pyAOBaHWe 0becneunBaeT AOCTUXEHWE TOYHOCTU FEOMETPUYECKOTO MOAO-
XEHUS BbINOAHAEMbIX 0TBepCTUI 0,5 MM. AAs 06paboTKM OTBEPCTUI C MOMOLLLEO aBTOMAaTU3UPOBAHHOM CBEPAUABHOWM
MallWHbI BblAa COCTaBAEHa KapTa 06paboTkn oTBEPCTUI. B kapTe 06paboTK OTBEPCTUIA OTPAXEHbI KAOUEBbIE Napa-
METPbI OTBEPCTUI, TAKUE KaK AMAMETP OTBEPCTUSA, TOUHOCTb OTBEPCTUSA, KOOPAMHATBI MOAOXEHUS LIEHTPa OTBEPCTUS,
HanpaBAEHWE OCK OTBEPCTUSA, CAOM B NakeTe. AASt NPUBA3KM aBTOMAaTU3MPOBAHHON CBEPAMABHON MalUMHbI K KPyn-
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HorabapWUTHOM KOHCTPYKLMK KapTy 06paboTK1 OTBEPCTUIN HEODXOAMMO AEAWTb Ha 30Hbl, @ B CAyYae AAMHHOMEPHbIX
A€Tanei - Ha NOA30HbI. BbISIBAEHO, UTO TEXHOAOTUS 06PabOTKM OTBEPCTMI Ha aBTOMAaTU3MPOBAHHbLIX CBEPAMABHbIX
MalLMHaX C YUCAOBbBIM MPOrpaMmMHbIM YNPaBAEHWEM C MOMOLLbIO KOMOUHWPOBAHHOIO MHCTPYMEHTa NMO3BOASET 06pa-
6aTbiBaTh OTBEPCTUA OKOHYATEABHOIO AMaMeTpPa 3a OAUH-ABa Nepexoaa B prl‘lHOFaf)apVITHbIX KOHCTPYKUUAX CO CMe-
LHaHHbIMW NakeTaMu, obecneynBasa TOUYHOCTb reomMmeTpnyeckoro NoAOXeH1na paccBepAnMBaemMoro oTtBepctnua 0,5 MM.
Ha ocHoBaHMM NOAYYEHHbIX PE3YALTATOB MO UCCAEAOBAHWIO 06PabOTKU OTBEPCTUI B KPYNHOrabapUTHON KOHCTPYKLMK
BbISIBAEHO, UTO AASl AOCTUXEHMSA TOUHOCTU FrEOMETPUUYECKOIO MOAOXKEHUS BbINOAHAEMbIX 0TBEpPCTUA 0,5 MM AAMHHO-
MepHble AeTaAM HeOOXOAMMO AEAWTb Ha MOA30HbI AAMHOW He Boree 1 M AN aBTOMATM3MPOBaHHOW 06paboTkM OT-
BepcTMit. OnpeaeneH rabapuTHbIl pa3mMep AAMHbI 30HbI MPUBA3KU AAST aBTOMATU3MPOBAHHOM CBEPAUABHOM MaLLUUHBI.
|-|O/\yl—IeHHbIe pe3yAbTaTtbl MOTYT ObITb UCMOAB30OBaHbI ANA ONTUMU3ALUNU TEXHOANOTUUECKUX MPOoLLEeCCOB MNMpU 06pa60TKe
OTBEPCTUI B KPYNHOrabapUTHbIX KOHCTPYKLMSAX B @aBUALMOHHOM, CYAOCTPOUTEABHOM U APYTMX OTPACAAX NMPOMbILLAEH-

HOCTH.

KaroueBble cnoBa: I'IO/\VIMeprIVI KOMMO3ULMOHHbIN MaTepunan, CMELLaHHbIW NaKeT, prI'IHOFa()apVITHaFl KOHCTPYK-
una, TeXHOAOIrmA MOAy/\bHOVI CGOpKVI, 06p860TKa OTBepCTMVI, aBTOMaTn3npoBaHHaA CBEPAMAbHaAA MalllHa C YMCAO-

BbIM NPOrpaMMHbIM yNpaBAEHUEM

Ana uutupoBanums: Tpomauues A.l., CyataHoBa A.P. UccaepoBaHKe npouecca 06paboTkm OTBEPCTUI B KpynHora-
6apUTHOM KOHCTPYKLMM CO CMELLaHHbIMKW NakeTaMu Npu cbopke Ha MoayAbHOM obopyaoBaHuu // iPolytech Journal.
2025.T. 29. Ne 4. C. 438-452. (In Eng.). https://doi.org/10.21285/1814-3520-2025-4-438-452. EDN: DSSHNM.

INTRODUCTION

The current development of aviation is
leading to the increasingly widespread use
of polymer composite materials (PCM) in the
structures of aerospace equipment [1, 2]. This
is easily explained by a number of advantages
offered by PCM structures® [3-5].

Alongside parts manufactured from PCM,
parts made from metal alloys are also used.
These are predominantly aluminum and ti-
tanium alloys. The joining of PCM parts with
parts made from metal alloys is referred to as
a mixed stack. The primary difficulty in joining
such stacks with mechanical fastening ele-
ments (bolts, bolt-rivets) lies in the different re-
quirements for the hole-making technology for
these fasteners [6-16]. These differences are
due to the dissimilar internal properties of the
materials in the parts that make up the mixed
stack. In most cases, the only feasible method
for joining PCM+metal structures is the instal-
lation of fasteners into pre-machined holes of
the final diameter.

The reliability of these joints depends pri-
marily on the hole surface quality parameters
and the accuracy of their geometric position
in the parts being joined. Consequently, the
process of hole machining in PCM parts and
their structural combinations with metal parts
requires special attention and constitutes a
significant portion of the overall labor intensity
of the assembly process [17-19].

The technology of hole production using au-
tomated CNC drilling machines allows for the
machining of final diameter holes in one or two
operations in large-sized structures with mixed
stacks. This is achieved using combined tools,
following a pre-programmed machining route
to ensure the specified accuracy [20, 21].

OBJECTIVE

The objective of this work is to investigate
the technology of hole machining using an au-
tomated drilling machine during the assembly
of a large-sized structure with mixed stacks
(PCM + metal) on modular equipment. This
technology ensures the achievement of a geo-
metric position accuracy of 0.5 mm for the ma-
chined holes.

MATERIALS AND METHODS

To study the hole machining process in a
large-sized structure during its assembly on
modular equipment, a wing box sample with
dimensions of 17765 x 3050 x 438 mm was
assembled. This sample, referred to as the
test wing box (Fig. 1), simulates a civil aircraft
wing box [22-24].

Holes with a diameter of 3.1 mm were
initially made in the transverse frame parts.
These holes will subsequently serve as ref-
erence holes and holes for the installation of
temporary fasteners during further assembly
operations (Fig. 2).

Slvanov Yu.N., Chashchin N.S., Starodubtseva D.A., Isachenko A.S., Koval A.P., Zenin K.P., et al. Design and manufacture of
products from composite materials: textbook. Irkutsk: Irkutsk National Research Technical University; 2023, 132 p. (In Russ.).
EDN: ZCWNTJ./ MBaHos t0.H., YawmH H.C., Ctapoaybuesa A.A., UcaueHko A.C., KoBanb A.T1., 3eHnH K.. [1 Ap.]. MpoekTMpoBaHue
¥ NPOM3BOACTBO M3AEAMI M3 KOMMO3ULIMOHHbIX MaTepuanoB: yueb. nocob. Mpkytck: MpHUTY, 2023. 132 ¢. EDN: ZCWNTJ.
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L 17765

Fig. 1. Test wing box
Puc. 1. TecToBbIN KECCOH

3050

/\ - reference holes

[ - holes for the installation of temporary fasteners

/\ - BasoBble oTBEPCTUSA
[0 - OTBEPCTUSA AAS YCTAHOBKM TEX. Kpenexa

Fig. 2. Example of a layout for reference holes and holes for temporary fasteners in a transverse frame part
Puc. 2. Mpumep cxembl BbINOAHEHMS 6A30BbIX OTBEPCTUI M OTBEPCTMI MOA TEXHOAOTMUYECKMI KPENEX B NONepeyHor AeTain

KecCoHa

Through these holes, the holes were sequen-
tially drilled-first into the upper panel and then
into the lower panel-using manual power tools.
Subsequently, they were drilled out from the side
of the outer theoretical contour to the required
diameter of 4 mm, and in the root zone, to a
diameter of 6 mm. Then, temporary fasteners
were installed in the corresponding holes.

Subsequently, all holes in the test wing box
were drilled using an automated drilling ma-
chine (Fig. 3).

HOLE MACHINING MAP

A hole machining map was created for the
test wing box, and the coordinates of the holes
to be machined were defined (Fig. 4) to study
the hole machining process in a large-sized
structure with mixed stacks.

The hole machining map documents basic
hole parameters, such as hole diameter, hole
tolerance, the coordinates of the hole center
position, the hole axis direction, and the layers
within the stack. A fragment of the hole ma-
chining map is presented in Table 1.

440

Fig. 3. Automated drilling machine with numerical control
Puc. 3. ABTOMaTU3MpPOBaHHbIN CBEPAUABHBIV CTAHOK C YCAOBBIM
npOorpamMMHbIM yrpaBAeHUEeM
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Fig. 4. Schematic diagram of the hole machining map for the test wing box
Puc. 4. Cxematnyeckas kapTa 06paboTK1 OTBEPCTHI B TECTOBOM KECCOHE

Table 1. A fragment of the hole machining map
Ta6bauvua 1. OparmeHT KapTbl 06paboTkn OTBEPCTUM

- O The coordinates of the hole center The hole axis
£ g | Diameter, position, mm direction stack
a3 mm
X Y z X Y z
1 14 2337.03 -1390.28 -1963.71 0.2844 0.9061 0.3131 Ti+PCM+Ti+Al
2 14 2701.15 -1477.10 -2009.32 0.2235 0.9282 0.2974 Ti+PCM+Ti
3 14 2725.67 -1496.00 -2067.61 0.2106 0.9323 0.2941 Ti+PCM+Ti
4 14 3487.99 -1613.89 -1945.57 0.0973 0.9593 0.2650 Ti+PCM+Ti
5 14 3463.91 -1614.55 -2054.23 0.0868 0.9610 0.2625 Ti+PCM+Ti
15 794 4696.71 -1341.54 -3229.84 -0.0373 0.9748 0.2201 PCM+AI
16 12.7 5198.63 -1306.25 -3491.97 -0.0876 0.9743 0.2075 PCM+Ti+Al
17 12.7 5204.49 -1304.43 -3462.70 -0.0949 0.9740 0.2058 PCM+Ti+Al
47 7.94 4969.03 -1177.54 -3948.35 -0.0730 0.9770 0.2002 Ti+PCM
48 7.94 5059.48 -1156.67 -4023.91 -0.0715 0.9768 0.2017 Ti+PCM
REFERENCING ing zones - each with its own local coordinate

For the automated machining of holes, the
CNC drilling machine must be referenced to
base geometric elements, which define the po-
sition and rotation angles of the drilling spindle.

When machining holes in large-sized struc-
tures, the traditional method of positioning the
CNC drilling machine from the origin of a single
theoretical coordinate system cannot be imple-
mented for two reasons:

a) It does not account for the actual posi-
tion of the structural elements;

b) As the spindle moves away from the ma-
chine’s “zero” point, the magnitude of the tool
positioning error at the drilling point accumu-
lates. Consequently, the total error may exceed
the specified positional tolerance for the hole.

To minimize the tool positioning error at the
drilling point, the structure being machined is
divided into separate sections - hole machin-

system that accounts for local specificities. As
a result of this division of the large-sized struc-
ture, the spindle position error accumulates
only within each individual hole machining
zone, and the accumulated error within a zone
is guaranteed to remain within the hole’s posi-
tional tolerance.

One method to create a coordinate system
within a local hole machining zone is to align
three specially selected points (the actual point
cloud) in the zone with three corresponding
theoretical points (the theoretical point cloud).
This allows the machine to “enter” the local co-
ordinate system of the hole machining zone.

The process of moving and rotating the ac-
tual point cloud to achieve its best (optimal)
alignment with the theoretical point cloud is
called roto-translation (from the English words
“rotation” and “translation”).

441
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The roto-translation process requires at
least three points, each with its own specific
geometric requirements:

Master - Defines the coordinate origin
(zero). This is a point (hole) with the most strin-
gent accuracy requirements.

Slave - Defines the direction of the coordi-
nate system’s X-axis, i.e., the Slave point lies
on the OX axis.

Roto - Defines the rotation angle of the co-
ordinate system plane relative to the defined
axis above, i.e., the Roto point does not lie on
the OX axis but lies on the XOZ plane.

By sequentially performing the roto-trans-
lation process, the drilling head - and conse-

z

ISSN 2782-6341 (online)

quently the CNC drilling machine - is refer-
enced to a group of holes within the machining
zone on the assembled wing box.

HOLE MACHINING ZONES

Following the logic above, the hole machin-
ing map is divided into hole machining zones
(Fig. B). For each zone, the coordinates of the
reference holes are added to the coordinates
of the holes to be machined (Table 2).

For ease of use, the first two digits of the
zone numbering correspond to the number of
the rib located within that zone. The rear spar
and the traverse beam have their own number-
ing (Table 2).

031 021

Fig. 5. Schematic diagram of the hole machining zones in the test wing box
Puc. 5. Cxema pacnoroxeHust 30H 06paboTKM OTBEPCTUI B TECTOBOM KECCOHE

Table 2. A fragment of the hole machining map with zone division
Tabaunua 2. GparmeHT cxeMbl 06pabOTKK OTBEPCTUIA C PAa3AEAEHUEM MO 30HaM

Zone Point Num- _ . Diameter The coordinatt?s: of the hole center
Number ber Functionality mm position, mm Stack
X Y 4
104 Master 3265.10 -1592.38 -2057.63 Ti+PCM+Ti
105 Slave 3740.25 -1634.93 -2048.73 Ti+PCM+Ti
N 106 Roto 3150.67 -1607.83 -1960.13 Ti+PCM+Ti
g O6paboTka 14 3487.99 -1613.89 -1945.57 Ti+PCM+Ti
Obpabotka 14 3463.91 -1614.55 -2054.23 Ti+PCM+Ti
6 O6paboTka 14 3511.03 -1603.75 -1995.61 Ti+PCM+Ti
119 Master 5 6015.33 -444.71 -8641.05 PCM+AI
120 Slave 5 6312.93 -466.99 -8596.64 PCM+AI
- 121 Roto 5 5824.57 -426.06 8456.11 PCM
~1
< 28 O6paboTka 6.35 6119.39 -365.90 -8902.64 PCM+AI
29 O6paboTka 6.35 6412.90 -391.02 -8783.49 PCM+AI
30 O6paboTka 6.35 6693.07 -395.42 -8666.88 PCM+AI
128 Master 5 5014.13 -1446.23 -2648.28 PCM+Ti
129 Slave 5 5260.88 -1233.99 -3528.08 PCM+Ti
Hl 130 Roto 5 5197.39 -1324.61 -3120.77 PCM+Ti
g 34 O6paboTka 14.29 5089.93 -1413.38 -2761.27 PCM+Ti
35 O6paboTka 14.29 5133.97 -1346.73 -3048.69 PCM+Ti
36 O6paboTka 14.29 5198.34 -1283.36 -3318.83 PCM+Ti
442 https://ipolytech.elpub.ru
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Since during assembly, parts can be dis-
placed relative to each other and relative to
their theoretical position, it is necessary to
determine the actual position of each part.
This means that for each part (with a potential
displacement), the roto-translation operation
must be performed, and it must be designated
as a separate zone.

The arrangement of reference holes,
holes for temporary fasteners, as well as

00_2

holes to be machined in typical zones is
shown in Fig. 6.

EXPERIMENTAL PLAN

The sequence of actions for investigating
the hole machining process during assembly
on modular equipment:

1. Position the assembled test wing box
for drilling using an automated CNC drilling
machine (Fig. 7).

/\ - reference holes
[ - holes for the installation of temporary fasteners
@ - holes to be machined

/\ - bazoBble oTBEpPCTUA
[ - OTBepcTMsi AN YCTAHOBKM TEX. Kpenexa
@ - OTBepcTUs ANA CBEPAEHUS

Fig. 6. Typical hole machining zones in the test wing box: a - for rib O splice plate; b - for ribs; ¢ - for the traverse beam;

d - for the rear spar cap

Puc. 6. TurnoBble 30HbI 06pabOTKM OTBEPCTHI B TECTOBOM KECCOHE: @ — AAS HakAaAOK BOPTOBOK HEPBHOPLI; b - AASI HEPBHOP;

¢ - AAA Banku TpaBepchbl; d — AAS 0SiCa 3aAHEr0 AOHXEPOHa

https://ipolytech.elpub.ru
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Fig. 7. Hole machining on an automated drilling machine with numerical control
Puc. 7. 06paboTka 0TBEPCTUI Ha aBTOMATU3MPOBaHHOM CBEPAUALHOM CTaHKe C YUCAOBbLIM MPOrpamMMHbIM ynpaBAEHUEM

2. Machine the holes using a pre-pre-
pared hole machining program with specified
operating parameters, employing either a
combination drill (drill with countersink) or a
drill and a combination reamer (reamer and
countersink).

3. Measure the position of the machined
holes relative to the part edge on the frame
elements (Fig. 8).

4. Analyze the results.

Experiment on Determining the Dimen-
sions of the Reference Zone for Long-Mea-
suring Parts. Based on the results of the in-
vestigation into hole machining in the large-
sized structure, and in accordance with the
methodology described above, it follows that
to achieve a geometric position accuracy of
the machined holes of 0.5 mm, long-measur-
ing parts must be divided into sub-zones for
hole machining.

Samples for the Investigation. In studying
the hole machining technology for the large-
sized structure to determine the overall length
of the reference zone, samples used were ribs
No. 1, 2, and 3, which are long-measuring
parts. These ribs were divided into sub-zones
according to Table 3.

Table 3. Zoning of long-measuring ribs
Ta6bauua 3. AeneHne Ha 30Hbl AAMHHOMEPHbIX HEPBIOP

Fig. 8. Minimum distance from hole to part edge (I)
Puc. 8. MuHMMaAbHOE pacCTosiHUE OT OTBEPCTUS A0 0bpe3a
aAetamm (l)

Based on the data from Table 1, a new hole
machining map was created (Table 4).

Rib Number Number of Zones Length of zone, mm
3 1 1500
2 2 1200; 1050
1 3 900; 800; 700

444
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Table 4. Hole machining map with zone division for determining the reference zone length dimensions

Tabauua 4. Kapta 06paboTki OTBEPCTUIA C pa3BUBKOI HA 30HbI AASI OMTPEAEAEHUS rabapUTHOro pasMepa AAMHbBI 30HbI

https://ipolytech.elpub.ru

Zone Number (Point Number| Functionality Diameter, | The coordinates of the hole center position, mm Stack
mm X Y z
101 Master 5 3522.61 -1060.62 -4063.80 PCM+AI
102 Slave 5 4689.81 -1183.83 -3942.30 PCM+AI
103 Roto 5 3298.19 -1033.07 -3987.10 PCM
1 Machining 7.94 3392.85 -1030.09 -4074.10 PCM+AI
2 Machining 7.94 3652.73 -1087.68 -4051.37 PCM+AI
- 3 Machining 7.94 3779.77 -1110.26 -4039.38 PCM+AI
o 4 Machining 7.94 3908.82 -1129.50 -4027.44 PCM+AI
© 5 Machining 7.94 4058.24 -1147.91 -4012.23 PCM+AI
6 Machining 7.94 4191.04 -1161.56 -3995.52 PCM+AI
7 Machining 7.94 4310.00 -1171.08 -3980.64 PCM+AI
8 Machining 7.94 4426.28 -1176.81 -3971.32 PCM+AI
9 Machining 7.94 4557.11 -1181.68 -3956.56 PCM+AI
10 Machining 7.94 4818.89 -1183.65 -3927.25 PCM+AI
104 Master 5 3143.06 -1175.24 -3391.10 PCM+AI
105 Slave 5 3767.98 -1295.00 -3331.62 PCM+AI
106 Roto 5 2922.09 -1157.23 -3268.92 PCM
11 Machining 7.94 3077.33 -1157.31 -3397.81 PCM+AI
= 12 Machining 7.94 3337.73 -1221.49 -3373.51 PCM+AI
e 13 Machining 7.94 3464.88 -1247.01 -3362.01 PCM+AI
14 Machining 7.94 3593.40 -1269.45 -3349.78 PCM+AI
15 Machining 7.94 3728.55 -1289.55 -3336.50 PCM+AI
16 Machining 7.94 3862.83 -1306.20 -3322.55 PCM+AI
17 Machining 7.94 3992.94 -1319.30 -3308.36 PCM+AI
107 Master 5 4376.12 -1340.72 -3267.06 PCM+AI
108 Slave 5 5020.24 -1327.56 -3191.65 PCM+AI
106 Roto 5 2922.09 -1157.23 -3268.92 PCM
N 18 Machining 7.94 4112.51 -1328.35 -3296.54 PCM+AI
o 19 Machining 7.94 4243.57 -1335.85 -3282.10 PCM+AI
© 20 Machining 7.94 4507.62 -1343.05 -3251.26 PCM+AI
21 Machining 7.94 4634.15 -1342.46 -3237.64 PCM+AI
22 Machining 7.94 4750.95 -1341.28 -3218.58 PCM+AI
23 Machining 7.94 4891.38 -1334.75 -3207.23 PCM+AI
109 Master 5 2889.36 -1327.69 -2706.56 PCM+AI
110 Slave 5 3353.53 -1427.38 -2664.52 PCM+AI
111 Roto 5 2556.72 -1290.32 -2547.76 PCM
< 24 Machining 7.94 2758.59 -1290.97 -2718.28 PCM+AI
3 25 Machining 7.94 2958.48 -1345.45 -2700.45 PCM+AI
26 Machining 7.94 3088.72 -1376.07 -2688.63 PCM+AI
27 Machining 7.94 3221.49 -1403.53 -2676.69 PCM+AI
28 Machining 7.94 3466.81 -1445.32 -2653.37 PCM+AI
112 Master 5 3685.00 -1473.20 -2631.07 PCM+AI
113 Slave 5 4125.23 -1505.03 -2583.02 PCM+AI
« 111 Roto 5 2556.72 -1290.32 -2547.76 PCM
< 29 Machining 7.94 3586.83 -1461.93 -2640.44 PCM+AI
© 30 Machining 7.94 3795.31 -1484.10 -2619.48 PCM+AI
31 Machining 7.94 3926.36 -1494.48 -2605.22 PCM+AI
32 Machining 7.94 4058.98 -1502.23 -2590.36 PCM+AI
114 Master 5 4383.41 -1509.60 -2554.67 PCM+AI
115 Slave 5 4770.51 -1499.63 -2509.12 PCM+AI
™, 111 Roto 5 2556.72 -1290.32 -2547.76 PCM
S 33 Machining 7.94 4254.17 -1508.61 -2568.58 PCM+AI
34 Machining 7.94 4508.37 -1508.76 -2539.31 PCM+AI
35 Machining 7.94 4890.39 -1492.78 -2494.64 PCM+AI
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The layout of reference holes, holes for tem- Sequence of actions for the investigation to
porary fasteners, and holes to be machined for  determine the overall length dimension of the
wing box rib-type parts is shown in Fig. 9. reference zone for long parts:

HepBstopa 3

po AR Chn. O/uAlm O/m L ome m /AR
Zis Mo ot 5o H 21 4 25 et

‘ 02_2 ‘

b
Hepstopa 1

012 013
c
/\ - reference holes /\ - basoBble 0TBEPCTUSA
[0 - holes for the installation of temporary fasteners [ - OtBepcTMA AAA YCTAHOBKM TEX. Kpenexa
@ - holes to be machined @ - OTBEPCTUSA AAA CBEPAEHMS

Fig. 9. Layout of holes in the hole machining zones for wing box rib-type parts: a - rib 3; b - rib 2; ¢ - rib 1

Puc. 9. PacnonoxeHne 0TBepCTUI B 30Hax 00pabOTKM OTBEPCTUM AASl AETaAel Tuna HepBHOPbI KECCOHA: a - HepBtopa 3;
b - HepBropa 2; ¢ - HepBropa 1
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1. Machine the reference holes and holes
for temporary fasteners in the samples (ribs)
according to the layout of holes in the hole ma-
chining zones (see Fig. 9).

2. Install the temporary fasteners accord-
ing to the layout (see Fig. 9).

3. Perform hole machining using a
pre-prepared hole machining program.

4. Measure the distance from the hole
center to the rib edge (see Fig. 8).

5. Analyze the results.

The measurement of the position of the
machined holes relative to the parts’ edges
was carried out using a vernier caliper (GOST
166-89%).

RESEARCH RESULTS

During the experiment, the values of the
positional deviations of the machined holes in
each zone of the investigated ribs were deter-
mined.

Fig. 10 shows the actual positional devia-
tions of the machined holes from the edges of
the frame parts.

Analysis of the obtained deviations of the
actual position of the machined holes from the
theoretical position leads to the conclusion
that points No. 10-15, 20-21, 23-25 do not
meet the specified requirements. These points
belong to ribs 1, 2, and 3. These ribs are long
parts that can have their own deformations.
Consequently, these parts require additional
division into sub-zones.

Results of the Investigation on Deter-
mining the Reference Zone Dimensions for
Long-Measuring Parts. During the experi-
ment, the values of the positional deviations
of the machined holes in each zone of the in-
vestigated ribs were determined.

Fig. 11 shows the actual positional de-
viations of the machined holes from the rib
edge.

1.5
1 * * ¢ Deviations from

05 * ot * the theoretical
g O * *? ‘. *s00 ¢ position
S 05 Py * . - Upper deviation
: . .
S 1 o = | Ower deviation
q>) v
0-15 * *

-2

25 *

* *
-3

3 5 7 1011121314151617 18192021222324252627282930313233343536

Point Number

Fig. 10. Actual positional deviations of the machined holes from the edges of the frame parts
Puc. 10. GakTnyeckue OTKAOHEHUS MOAOXEHUS 06paboTaHHbIX OTBEPCTHI OT 06PE30B AETarel Kapkaca

e 2 ¢ Deviations from
IS * . the theoretical position
g 0
5 —— Upper deviation
= hd 03
© -1 * *
g 2 * . . * —— Lower deviation

-3

1 2 3 4 5 6 7 8 9 10

Point number

Fig. 11. (Beginning of the drawing) a

Puc. 11. (Hauano pucyHka)

4GOST 166-89. Vernier callipers. Specifications. Introduced on January 1, 1991; valid until January 1, 1996. Moscow: Gosstand-
art, 1991. / TOCT 166-89. LLtaHreHumpkyan. Texnnueckune ycrosus. Beea. 01.01.91; cpok aevictausa o 01.01.96. M.: ToccTaHaapr,

1991.
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Fig. 11. Actual positional deviations of machined holes from the edges: a - for the zone length of 1500 mm; b - for the zone
length of 1200 mm:; ¢ - for the zone length of 1050 mm; d - for the zone length of 900 mm; e - for the zone length of 800 mm;
F - for the zone length of 700 mm

Puc. 11. GakTnueckmne 0TKAOHEHUS MOAOXEHMSI 06paboTaHHbIX OTBEPCTHI OT 06PE30B: @ — AASl 30HbI AAMHOM 1500 MM; b - AAS
30HbI AAMHOM 1200 MM; ¢ - AASt 30HbI AAMHOM 1050 MM; d - AAst 30HbI AAMHOM 900 MM; € - AASE 30HbI AAMHOM AAMHOM 800 MM;
f - AAS 30HbI AAMHOM 700 MM

Based on the analysis of the results CONCLUSION
obtained, it can be concluded that to achieve It has been established that the hole ma-
a hole positioning accuracy of 0.5 mm, the  chining technology using automated CNC drilling
length of the subzone should not exceed 1 m.  machines allows for the machining of final diam-
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eter holes in one or two operations in large-sized
structures with mixed stacks. This is achieved
using combined tools and a pre-programmed
hole machining route, ensuring the geometric
position accuracy of the machined hole.

Based on experimental research, it has
been determined that to ensure a geometric

position accuracy of holes of 0.5 mm, long
parts must be divided into sub-zones with a
length not exceeding 1 m.

The obtained results can be used to
optimize technological processes in the
aerospace, shipbuilding, and other indus-
tries.

References

1. Kiva D.S. Stages of development and beginning of extensive use of polymer composite materials in passenger
and transport aircraft structures (1970-1995). Aerospace and technology. 2014;6:5-16. (In Russ.).

2. Konstantinov A.S. Polymer composites effectiveness in design and producing of special loading equipment for ramp
aircrafts. Izvestia of Samara Scientific Center of the Russian Academy of Sciences. 2012;14(4):633-638. (In Russ.).
3. Molchanov B.l., Gudimov M.M. Properties of carbon fiber composites and their application areas. Aviation Indus-
try. 1997. No. 3-4. P. 58-60. (In Russ.). EDN: ZPNNSF.

4. Fokin I.V., Sturov A.A., lvanov Yu.N. Development prospects of composite materials in the 21st century. In: Aviamash-
inostroenie i transport Sibiri: sbornik statej XV Vserossijskoj nauchno-tekhnicheskoj konferencii = Aircraft Engineering
and Transport of Siberia: collected articles of the 15th All-Russian scientific and technical conference. 22 December
2020, Irkutsk. Irkutsk: Irkutsk National Research Technical University; 2021, p. 208-211. (In Russ.). EDN: HLNMMU.
5. Le Tri Vinh, Koltsov V.P., Starodubtseva D.A. Simulating residual stresses formed in the technological sequence
of shot-impact treatment-flap-wheel trimming. iPolytech Journal. 2024;28(2):202-213. (In Russ.). https://doi.org/
10.21285/1814-3520-2024-2-202-213. EDN: QAHLRO.

6. Balla 0.M. Processing fine holes in packages of dissimilar materials. Aviation Industry. 2013;4:27-30. (In Russ.).
EDN: SDJAIV.

7. Garrick R. Drilling advanced aircraft structures with PCD (Poly-Crystalline Diamond) drills. SAE Technical Papers.
2007. https://doi.org/10.4271/2007-01-3893.

8. Ivanov Y.N., Chashhin N.S., Sultanova A.R. A study of cutting forces when drilling CFRP/Ti stacks. Journal of Phys-
ics: Conference Series: Advances in Composites Science and Technologies. 2021;1990(1):012035. https://doi.org/
10.1088/1742-6596/1990/1/012035. EDN: QQRKSV.

9. Ivanov Y.N., Chashchin N.S., Pashkov A.A. A study of cryogenic cooling when reaming holes in CFRP/Ti/Al Stacks.
In: International Conference on Industrial Engineering: Proceedings of the 7th International Conference on In-
dustrial Engineering. 17-21 May 2021, Sochi. Chelyabinsk: Springer; 2022, vol. 2, p. 650-656. https://doi.org/
10.1007/978-3-030-85230-6_77. EDN: CHYTQA.

10. Ivanov Yu.N. Drilling the holes in the mixed packets. Izvestia of Samara Scientific Center of the Russian Acade-
my of Sciences. 2014;16(1-5):1402-1406. (In Russ.). EDN: TJFAFL.

11. Ivanov Yu.N., Klantsova K.S., Chashchin N.S., Pyatykh A.S., Matlygin G.V., Isachenko A.S. A study of the influence
of lubricating and cooling technological means on the accuracy and quality of processed holes in aviation materials.
Systems. Methods. Technologies. 2025;3:29-36. https://doi.org/10.18324/2077-5415-2025-3-29-36.

12. Kayihan M., Karaguzel U., Bakkal M. Process design and experimental study on drilling operations of a hy-
brid aluminum/carbon fiber reinforced polymer/titanium composite. Materials and Manufacturing Processes.
2024;39(11):1630-1637. https://doi.org/10.1080/10426914.2024.2368547.

13. Garrick R.M., Bunting J.A. PCD drill for composite materials. Patent US, no. 7575401; 2004.

14. Shyha I., Soo S.L., Aspinwall D.K., Bradley S., Dawson S., Pretorius C.J. Drilling of titanium/CFRP/aluminium
stacks. Key Engineering Materials. 2010;447-448:624-633. https://doi.org/10.4028/www.scientific.net/KEM.447-
448.624. EDN: ODWSJD.

15. Tsao C.C. Investigation into the effects of drilling parameters on delamination by various step-core drills. Journal
of materials processing technology. 2008;206(1-3):405-411. https://doi.org/10.1016/j.jmatprotec.2007.12.057.
EDN: KLUTCR.

16. XuJinyang, Mkaddem A., Mansori M.E. Recent advances in drilling hybrid FRP/Ti composite: a state-of-the-art
review. Composite Structures. 2016;135(1):316-338. https://doi.org/10.1016/j.compstruct.2015.09.028.

17. Zavatskaya T.V., Krotenko A.E., lvanov Yu.N. Hole drilling and testing in titanium alloy-carbon fiber reinforced
plastic stacks. Zhiznennyj cikl konstrukcionnyh materialov: sbornik statej Xl Vserossijskoj nauchno-tekhnicheskoj
konferencii = Life cycle of structural materials: collected articles of the 12th All-Russian scientific and technical
conference. 6 June 2022, Irkutsk. Irkutsk: Irkutsk National Research Technical University; 2022, p. 209-215.
(In Russ.). EDN: CVDQBN.

18. Fokinl.V., SturovA.A., Ivanov Yu.N. Study of the problem of mechanical processing of parts made of composite
material. In: Shestye Kolachyovskie chteniya: materialy VI Vserossijskoj molodezhnoj nauchno-prakticheskoj kon-
ferencii, posvyashchyonnoj pervomu poletu cheloveka v kosmos = Sixth Kolachev Readings: Proceedings of the
6th All-Russian Youth Scientific and Practical Conference dedicated to the first human space flight. 9
April 2021, Moscow. Moscow: 000 “Nauchno-izdatel’skij centr Infra-M”; 2021, vol. 6, p. 71-73. (In Russ.).
EDN: ICULLJ.

https://ipolytech.elpub.ru 449



https://ipolytech.elpub.ru
https://doi.org/10.1088/1742-6596/1990/1/012035
https://doi.org/10.1088/1742-6596/1990/1/012035
https://doi.org/
10.1007/978-3-030-85230-6_77
https://doi.org/
10.1007/978-3-030-85230-6_77
https://doi.org/10.18324/2077-5415-2025-3-29-36
https://doi.org/10.1080/10426914.2024.2368547
https://doi.org/10.4028/www.scientific.net/KEM.447-448.624
https://doi.org/10.4028/www.scientific.net/KEM.447-448.624
https://doi.org/10.1016/j.jmatprotec.2007.12.057
https://doi.org/10.1016/j.compstruct.2015.09.028

m I 2025. T. 29. Ne 4. C. 438-452 ISSN 2782-4004 (print)
IPOI ECh Journal 2025;29(4):438-452 ISSN 2782-6341 (online)

19. Sultanova A.R., Gromashev A.G. Preparing holes in mixed packages for MC-21 aircraft wing structures joints.
Aviation Industry. 2021;1:30-35. (In Russ.). EDN: MFOUKE.

20. Mueller—-Hummel P., Atarsia A., Wiemann A. One shot - dry - drilling of composites/titanium/aluminium
hybrid stacked materials in IT8 quality. In: AeroTech Congress & Exhibition. 2013. https://doi.org/10.4271/2013-
01-2337.

21. Prokopchik S.V. On approaches to automated calculation of optimal cutting modes during single-tool
machining on drilling machines. In: Issledovaniya i razrabotki v oblasti mashinostroeniya, energetiki i uprav-
leniya: materialy Xl Mezhdunarodnoj nauchno-tekhnicheskoj konferencii studentov, magistrantov i molodyh
uchenyh = Research and development in mechanical engineering, power engineering and control: Proceeding
of the 12th International scientific and technical conference of students, postgraduates and young scientists.
26-27 April 2012, Gomel’. Gomel’: Sukhoi State Technical University of Gomel; 2012, p. 22-25. (In Russ.).
EDN: VKXGRY.

22. Gromashev A.G., Sultanova A.R., Masokhin E.V. Modular principle of aircraft structures assembly and appropri-
ate assembly equipment. Aviation Industry. 2021;3-4:58-65. (In Russ.). EDN: KFFMJU.

23. Gromashev A.G., Gaidansky A.l., Ulyanov A.V., Tretyakov A.V., Reznichenko D.V., Masokhin E.V., Sultanova A.R.
Method for modular assembly of an aircraft splice rib for connecting wing consoles to the center section and a de-
vice for implementing the method. Patent RF, no. 2749432; 2021. (In Russ.).

24. Gromashev A.G., Gaidansky A.l., Ulyanov A.V., Tretyakov A.V., Reznichenko D.V., Masokhin E.V., Danilova O.L.,
Sultanova A.R. Method for modular assembly of an aircraft wing console box with parts made of carbon polymer
composite materials and metals and an assembly line with devices for implementing the method. Patent RF, no.
2774870; 2023. (In Russ.).

CnucoK UCTOYHUKOB

1. Kuea A.C. 3tanbl CTaHOBAEHWSA U HaYana Pa3BEePHYTOro NPUMEHEHUSA MOAUMMEPHbIX KOMMO3MUMOHHbIX MaTepuanoB
B KOHCTPYKLIMAX NACCaXMPCKMX U TPAHCMOPTHbIX camMoneToB (1970-1995 rr.) // ABMAUMOHHO-KOCMUYECKast TEXHUKa
n TexHonorus. 2014. Ne 6. C. 5-16.

2. KoHcTtaHTnHOB A.C. 30 EKTUBHOCTb NPUMEHEHUSA MOAMMEPHbBIX KOMMO3ULUMOHHbIX MaTEPUANOB MPU NPOEKTUPOBA-
HUW 1 U3FOTOBAEHWM CMELMAnbHOM NOrPy304YHOM OCHACTKU AASl FPY30BbIX PaMMoBbIX caMoAeToB // M3BecTus Camap-
CKOro HayuHoro ueHTpa Poccuitckort akapemun Hayk. 2012. T. 14. Ne 4. C. 633-638.

3. MoauaHoB B.U., yaumos M.M. CBoWCTBa YIAENAACTUKOB M 0OAACTU X MPUMEHEHWSN // ABUALMOHHASA NPOMbILLAEH-
HocCTb. 1997. Ne 3-4. C. 58-60. EDN: ZPNNSF.

4. ®okunH W.B., CtypoB A.A., MBaHoB H).H. MepcnekTnBbl pa3BUTUA KOMMO3ULMOHHbBIX MatepuanoB B XXI Beke //
ABramallMHOCTpoeHMeE U TpaHcnopT Cubupu: cb. cT. XV Beepoc. Hayu.-TexH. KoHO. (I. UpkyTck, 22 pekabps 2020 r.).
Mpkytck: MpHUTY, 2021. C. 208-211. EDN: HLNMMU.

5. Ne YUn BuHb, KonbLoB B.MM., Ctapoaybuesa AA. MoaeAvpoBaHUe npoLecca GOpPMUPOBAHUS OCTATOUHbIX HaMPSXXEHWUN
MPK BbINMOAHEHWMM TEXHOAOTUUECKOIN MOCAEAOBATEABHOCTU «ApobeypapHasn obpaboTka — 3auncTKa AENEeCTKOBLIM Kpyrom» //
iPolytech Journal. 2024. T. 28. Ne 2. C. 202-213. https://doi.org/10.21285/1814-3520-2024-2-202-213. EDN: QAHLRO.

6. Banna 0.M. O6paboTka TOUHbIX OTBEPCTUI B NaKeTax U3 pa3HOPOAHbIX MaTepuanoB // ABMaLMOHHANA NPOMbILLAEH-
HoCTb. 2013. Ne 4. C. 27-30. EDN: SDJAIV.

7. Garrick R. Drilling advanced aircraft structures with PCD (Poly-Crystalline Diamond) drills // SAE Technical
Papers. 2007. https://doi.org/10.4271/2007-01-3893.

8. Ivanov Y.N., Chashhin N.S., Sultanova A.R. A study of cutting forces when drilling CFRP/Ti stacks // Journal of
Physics: Conference Series: Advances in Composites Science and Technologies. 2021. Vol. 1990. Iss. 1. P. 012035.
https://doi.org/10.1088/1742-6596/1990/1/012035. EDN: QQRKSV.

9. Ivanov Y.N., Chashchin N.S., Pashkov A.A. A study of cryogenic cooling when reaming holes in CFRP/Ti/Al
Stacks // International Conference on Industrial Engineering: Proceedings of the 7th International Conference on
Industrial Engineering (Sochi, 17-21 May 2021). Chelyabinsk: Springer, 2022. Vol. 2. P. 650-656. https://doi.org/
10.1007/978-3-030-85230-6_77. EDN: CHYTQA.

10. WMBaHoB H0.H. CBepaeHMe OTBEPCTUIM B CMELLIaHHbIX NakeTax // M3Bectna CamapcKoro Hay4yHoro ueHTpa Poccuii-
CKOM akapeMun Hayk. 2014. T. 16. Ne 1-5. C. 1402-1406. EDN: TJFAFL.

11. UeaHoB HO.H., KnaHuosa K.C., YawmH H.C., Marteix A.C., MatabirnH I.B., caueHko A.C. MiccaepoBaHUE BAUAHUSA
CMa304HO-OXAAXAQIOLLUMX TEXHOAOTMUYECKMX CPEACTB Ha TOYHOCTb M KauecTBO obpabarbiBaeMblx OTBEPCTUMI B aBWa-
LUMOHHbIX MaTepuanax // Cuctembl. Metopbl. TexHonornn. 2025. Ne 3. C. 29-36. https://doi.org/10.18324/2077-
5415-2025-3-29-36.

12. Kayihan M., Karaguzel U., Bakkal M. Process design and experimental study on drilling operations of a hybrid
aluminum/carbon fiber reinforced polymer/titanium composite // Materials and Manufacturing Processes. 2024.
Vol. 39. Iss. 11. P. 1630-1637. https://doi.org/10.1080/10426914.2024.2368547.

13. Patent no. 7575401, United States of America, B1. PCD drill for composite materials / R.M. Garrick, J.A. Bunting.
Publ. 18.11.2004.

14. Shyha l., Soo S.L., Aspinwall D.K., Bradley S., Dawson S., Pretorius C.J. Drilling of titanium/CFRP/aluminium
stacks // Key Engineering Materials. 2010. Vol. 447-448. P. 624-633. https://doi.org/10.4028/www.scientific.net/
KEM.447-448.624. EDN: ODWSJD.

450 https://ipolytech.elpub.ru



https://ipolytech.elpub.ru
https://doi.org/10.4271/2013-01-2337
https://doi.org/10.4271/2013-01-2337
https://doi.org/10.1088/1742-6596/1990/1/012035
https://doi.org/
10.1007/978-3-030-85230-6_77
https://doi.org/
10.1007/978-3-030-85230-6_77
https://doi.org/10.18324/2077-5415-2025-3-29-36
https://doi.org/10.18324/2077-5415-2025-3-29-36
https://doi.org/10.1080/10426914.2024.2368547
https://doi.org/10.4028/www.scientific.net/KEM.447-448.624
https://doi.org/10.4028/www.scientific.net/KEM.447-448.624

Gromashev A.G., Sultanova A.R. Machining of holes in a large hybrid structure during its assembly using modular equipment
Ipomatues A.TI., CyataHoBa A.P. ViccarepoBaHue npouecca 06paboTku 0TBEPCTHI B KPyrnHOrabapmUTHOM KOHCTPYKLIMM CO...

15. Tsao C.C. Investigation into the effects of drilling parameters on delamination by various step-core drills //
Journal of materials processing technology. 2008. Vol. 206. Iss. 1-3. P. 405-411. https://doi.org/10.1016/
j.jmatprotec.2007.12.057. EDN: KLUTCR.

16. Xu lJinyang, Mkaddem A., Mansori M.E. Recent advances in drilling hybrid FRP/Ti composite: a state-
of-the-art review // Composite Structures. 2016. Vol. 135. Iss. 1. P. 316-338. https://doi.org/10.1016/
j.compstruct.2015.09.028.

17. 3aBaukas T.B., KpoteHko A.E., MBaHoB KO.H. CBepAeHME U KOHTPOAb OTBEPCTUIM B MAKETax «TUTAHOBbIN CMAAB-Y-
rAENAacTUK» // XXU3HEHHbIN LIMKA KOHCTPYKLMOHHBIX MatepuanoB: cb. cT. XIl Bcepoc. Hayu.-TexH. KOH®. (. MpKyTCK,
6 ntoHa 2022 r.). Npkytck: MpHUTY, 2022. C. 209-215. EDN: CVDQBN.

18. ®okuH W.B., CtypoB A.A., UBaHoB H0.H. UccaepoBaHue npobaeMbl MexaHUUYeCKOM 06paboTKM AeTanel 13 KOM-
No3nUMOHHOrO Matepuana // Lectole Konauésckue uteHus: matep. VI Becepoc. monopex. Hayu.-npakt. KoH®., no-
CBflLLL. MEepPBOMY MOAETY YenoBeka B kKocmoc (r. Mockea, 9 anpena 2021 r.). M.: 000 «Hay4yHO-U3AATEALCKMIA LEHTP
NHdpa-M», 2021. T. 6. C. 71-73. EDN: ICULLJ.

19. CyataHoBa A.P., lpomaweB A.l. [TOATOTOBKa OTBEPCTUM B CMELLAHHbIX NaKeTax AAA BbIMOAHEHWUSI COEAMHEHUI
AeTanen kKpblna camoneta MC-21 // ABMaumMoHHasA NpoMblAeHHOCTb. 2021. Ne 1. C. 30-35. EDN: MFOUKE.

20. Mueller-Hummel P., Atarsia A., Wiemann A. One shot - dry - drilling of composites/titanium/aluminium hybrid
stacked materials in IT8 quality // AeroTech Congress & Exhibition. 2013. https://doi.org/10.4271/2013-01-2337.
21. Mpokonumk C.B. O noaxopax K aBTOMaTU3MPOBAHHOMY PacyeTy ONTUMAAbHbIX PEXUMOB Pe3aHUA NPU OAHOUH-
CTPyMeHTaAbHOM 06paboTKe Ha CBEPAUALHBIX CTaHKax // MiccaepoBaHUS U pa3paboTki B 06AACTU MaLUMHOCTPOEHUS,
SHEPreTMkK 1 ynpasaeHus: matep. Xl MexayHap. Hay4.-TEXH. KOH®. CTYAEHTOB, MaruMcCTpaHTOB U MOAOABIX YUYEHbIX
(r. Tomenb, 26-27 anpens 2012 r). Tomenb: ITTY um. N.0. Cyxoro, 2012. C. 22-25. EDN: VKXGRY.

22. pomaues A.l., CyataHoBa A.P., MacoxuH E.B. MoayAbHbIM NPUHLUMIT COOPKKM aBUALIMOHHbIX KOHCTPYKLMIA 1 060py-
AOBaHWE AASI €ero peannsaummn // ABMaLUMOHHas NpoMblAeHHOCTb. 2021. Ne 3-4. C. 58-65. EDN: KFFMJU.

23. Mat. Ne 2749432, Poccuiickaa ®epepaumsa, C1. Cnocob MOAYALHON COOPKKU CTbIKOBOM HEPBIOPbLI CaMOAEeTa
ANl COEAMHEHUS] KOHCOAENM KpblAa C LEHTPOMAAHOM M YCTPOMCTBO AAS OCYLLIECTBAEHUSI crnocoba / A.l. Mpomalues,
A.N. TanpaHcknin, A.B. YabaHoB, A.B. TpeTtbsakoB, A.B. Pe3HnueHko, E.B. MacoxuH, A.P. CyATaHOBa; 3assBUTEAb M NaATEH-
ToobAapatenb AO «AapoKomnoaum. 3asBa. 10.01.2020; ony6a. 10.06.2021.

24. Nart. Ne 2774870, Poccuickan ®eaepaupmsa, C1. Cnocobd MOAYALHOM COOPKM KECCOHA KOHCOAM KpbiA@ CaMOAETa
C AETaASIMU U3 YTAEPOAHbIX MOAMMEPHbBIX KOMMO3ULMOHHbIX MaTepPManoB U METAAAOB U cOOpPOYHAsA AUHUS C YCTPOM-
CTBaMM AASI OCyLLLECTBAEHMA cnocoba / A.l. Tpomalues, A.W. faipaHckuid, A.B. YabaHoB, A.B. Tpetbsikos, A.B. Pe3Hu-
yeHko, E.B. MacoxuH, O.A. AaHunoBa, A.P. CyaTaHOBa; 3asaBUTEAb U NaTeHToobAapaTeAb AO «AapoKomnosnt». 3asiBA.
17.09.2021; onyba. 22.06.2023.

INFORMATION ABOUT THE AUTHORS NHO®OPMALIUA OB ABTOPAX

Andrey G. Gromasheyv, FpomaweB AHapeit leHHaapbeBUY,

Dr. Sci. (Eng.), A.T.H.,
Chief Process Engineer, rAaBHbIM TEXHOAOT,
AeroComposit JSC, AO «AapoKomnosu,

23 B/2, Polikarpov St.,
Moscow 125284, Russia
a_gromashev@aerocomposit.ru

Albina R. Sultanova,

Head of the Aircraft Aggregate and Final Assembly
Department,

Ural Civil Aviation Plant JSC,

1, Prospect Marshala Zhukova, bld. 1, Moscow,

123308, Russia
>4 alja_8@mail.ru

Authors’ contribution

The authors contributed equally to this article.

Conflict of interests
The authors declare no conflict of interests.

The final manuscript has been read and approved by all
the co-authors.

https://ipolytech.elpub.ru

125284, r. MockBa, yA. [ToavkapnoBa,
23 b/2, Poccus
a_gromashev@aerocomposit.ru

CyntaHoBa AAb6uHa PycnaHoBHa,

HauyaAbHWK OTAEAA arperaTHow U

drHaNbHOM COOPKM AeTaTeAbHbIX annapaTtos,

AO «YpanbCKMt 3aBOA FPaXAAHCKON aBUaLUK»,
123308, r. MockBa, npocn. MapLiana Xykosa, 1,
ctp. 1, Poccus

> alja_8@mail.ru

3afABAEeHHbIN BKAAA aBTOPOB

Bce aBTOpbI cAEAAAM SKBUMBAAEHTHbIV BKAAA B MOAMOTOB-
Ky NybOAUKaLMK.

KOHPAUKT UHTEepecoB
ABTOpPbI 3asIBASIOT 06 OTCYTCTBMU KOHOAMKTA MHTEPECOB.

Bce aBTOpbI NPOYUTaAU U OAOBPUAM OKOHUYATEABHbIM Ba-
PUAHT PYKOMMUCH.

451



https://ipolytech.elpub.ru
https://doi.org/10.1016/j.jmatprotec.2007.12.057
https://doi.org/10.1016/j.jmatprotec.2007.12.057
https://doi.org/10.1016/j.compstruct.2015.09.028
https://doi.org/10.1016/j.compstruct.2015.09.028
https://doi.org/10.4271/2013-01-2337
mailto:a_gromashev@aerocomposit.ru

m I 2025. T. 29. Ne 4. C. 438-452 ISSN 2782-4004 (print)
IPOI ECh Journal 2025;29(4):438-452 ISSN 2782-6341 (online)

Information about the article UHdopmauus o ctatbe

The article was submitted 01.09.2025; approved Cratbsi nocTynuaa B pepakumio 01.09.2025 r.; opobpe-

after reviewing 20.10.2025; accepted for publication Ha nocae peueHsupoBaHus 20.10.2025 r.; npuHATa K
01.11.2025. nybavkaummn 01.11.2025 r.

452

https://ipolytech.elpub.ru


https://ipolytech.elpub.ru



