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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.
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Исследование процесса обработки отверстий  
в крупногабаритной конструкции со смешанными пакетами  

при сборке на модульном оборудовании
А.Г. Громашев1, А.Р. Султанова2

1АО «АэроКомпозит», Москва, Россия
2АО «Уральский завод гражданской авиации», Москва, Россия

Резюме.  Цель работы – исследование технологии обработки отверстий, выполненных с помощью авто-
матизированной сверлильной машины, при сборке крупногабаритной конструкции со смешанными пакетами 
(полимерный композиционный материал + металл) на модульном оборудовании. Для исследования процесса 
обработки отверстий в крупногабаритной конструкции при сборке на модульном оборудовании был собран об-
разец кессона габаритами 17765х3050х438 мм, имитирующий кессон крыла гражданского самолета – тесто-
вый кессон. Используемое модульное оборудование обеспечивает достижение точности геометрического поло-
жения выполняемых отверстий 0,5 мм. Для обработки отверстий с помощью автоматизированной сверлильной 
машины была составлена карта обработки отверстий. В карте обработки отверстий отражены ключевые пара-
метры отверстий, такие как диаметр отверстия, точность отверстия, координаты положения центра отверстия, 
направление оси отверстия, слои в пакете. Для привязки автоматизированной сверлильной машины к круп-
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ногабаритной конструкции карту обработки отверстий необходимо делить на зоны, а в случае длинномерных 
деталей – на подзоны.  Выявлено, что технология обработки отверстий на автоматизированных сверлильных 
машинах с числовым программным управлением с помощью комбинированного инструмента позволяет обра-
батывать отверстия окончательного диаметра за один-два перехода в крупногабаритных конструкциях со сме-
шанными пакетами, обеспечивая точность геометрического положения рассверливаемого отверстия 0,5 мм.  
На основании полученных результатов по исследованию обработки отверстий в крупногабаритной конструкции 
выявлено, что для достижения точности геометрического положения выполняемых отверстий 0,5 мм длинно-
мерные детали необходимо делить на подзоны длиной не более 1 м для автоматизированной обработки от-
верстий. Определен габаритный размер длины зоны привязки для автоматизированной сверлильной машины. 
Полученные результаты могут быть использованы для оптимизации технологических процессов при обработке 
отверстий в крупногабаритных конструкциях в авиационной, судостроительной и других отраслях промышлен-
ности.

Ключевые слова: полимерный композиционный материал, смешанный пакет, крупногабаритная конструк-
ция, технология модульной сборки, обработка отверстий, автоматизированная сверлильная машина с число-
вым программным управлением
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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 structures3 [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).

3Ivanov 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 р. (In Russ.).  
EDN: ZCWNTJ./ Иванов Ю.Н., Чащин Н.С., Стародубцева Д.А., Исаченко А.С., Коваль А.П., Зенин К.П. [и др.]. Проектирование 
и производство изделий из композиционных материалов: учеб. пособ. Иркутск: ИрНИТУ, 2023. 132 с. EDN: ZCWNTJ.
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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.

4
3
8

3
0
5
0

17765

Fig. 1. Test wing box
Рис. 1. Тестовый кессон

– Базовые отверстия

– Отверстия для установки тех. крепежа

– reference holes

– holes for the installation of temporary fasteners 

Fig. 2. Example of a layout for reference holes and holes for temporary fasteners in a transverse frame part
Рис. 2. Пример схемы выполнения базовых отверстий и отверстий под технологический крепеж в поперечной детали 
кессона

Fig. 3. Automated drilling machine with numerical control
Рис. 3. Автоматизированный сверлильный станок с числовым 
программным управлением
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REFERENCING
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-

ing zones – each with its own local coordinate 
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”).

Fig. 4. Schematic diagram of the hole machining map for the test wing box
Рис. 4. Схематическая карта обработки отверстий в тестовом кессоне

Table 1. A fragment of the hole machining map
Таблица 1. Фрагмент карты обработки отверстий

Po
in

t 
N

um
be

r

Diameter,
mm

The coordinates of the hole center  
position, mm

The hole axis
direction Stack

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 7.94 4696.71 -1341.54 -3229.84 -0.0373 0.9748 0.2201 PCM+Al

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
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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-

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. 5). 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).

Table 2. A fragment of the hole machining map with zone division
Таблица 2. Фрагмент схемы обработки отверстий с разделением по зонам

Zone  
Number

Point Num-
ber Functionality Diameter, 

mm

The coordinates of the hole center
position, mm Stack

X Y Z

00
_2

104 Master 5 3265.10 -1592.38 -2057.63 Ti+PCM+Ti

105 Slave 5 3740.25 -1634.93 -2048.73 Ti+PCM+Ti

106 Roto 5 3150.67 -1607.83 -1960.13 Ti+PCM+Ti

4 Обработка 14 3487.99 -1613.89 -1945.57 Ti+PCM+Ti

5 Обработка 14 3463.91 -1614.55 -2054.23 Ti+PCM+Ti

6 Обработка 14 3511.03 -1603.75 -1995.61 Ti+PCM+Ti

11
_1

119 Master 5 6015.33 -444.71 -8641.05 PCM+Al

120 Slave 5 6312.93 -466.99 -8596.64 PCM+Al

121 Roto 5 5824.57 -426.06 8456.11 PCM

28 Обработка 6.35 6119.39 -365.90 -8902.64 PCM+Al

29 Обработка 6.35 6412.90 -391.02 -8783.49 PCM+Al

30 Обработка 6.35 6693.07 -395.42 -8666.88 PCM+Al

40
_1

128 Master 5 5014.13 -1446.23 -2648.28 PCM+Ti

129 Slave 5 5260.88 -1233.99 -3528.08 PCM+Ti

130 Roto 5 5197.39 -1324.61 -3120.77 PCM+Ti

34 Обработка 14.29 5089.93 -1413.38 -2761.27 PCM+Ti

35 Обработка 14.29 5133.97 -1346.73 -3048.69 PCM+Ti

36 Обработка 14.29 5198.34 -1283.36 -3318.83 PCM+Ti

Fig. 5. Schematic diagram of the hole machining zones in the test wing box
Рис. 5. Схема расположения зон обработки отверстий в тестовом кессоне
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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 

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).
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35129
128
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– Базовые отверстия
– Отверстия для установки тех. крепежа
– Отверстия для сверления

– reference holes 
– holes for the installation of temporary fasteners 
– holes to be machined

Fig. 6. Typical hole machining zones in the test wing box: a – for rib 0 splice plate; b – for ribs; c – for the traverse beam; 
d – for the rear spar cap
Рис. 6. Типовые зоны обработки отверстий в тестовом кессоне: а – для накладок бортовой нервюры; b – для нервюр; 
c – для балки траверсы; d – для пояса заднего лонжерона

	 а	 b	 c	

d
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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.

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

Fig. 7. Hole machining on an automated drilling machine with numerical control
Рис. 7. Обработка отверстий на автоматизированном сверлильном станке с числовым программным управлением

Fig. 8. Minimum distance from hole to part edge (l)
Рис. 8. Минимальное расстояние от отверстия до обреза 
детали (l)

Table 3. Zoning of long-measuring ribs
Таблица 3. Деление на зоны длинномерных нервюр

Rib Number Number of Zones Length of zone, mm

3 1 1500

2 2 1200; 1050

1 3 900; 800; 700
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Table 4. Hole machining map with zone division for determining the reference zone length dimensions
Таблица 4. Карта обработки отверстий с разбивкой на зоны для определения габаритного размера длины зоны

Zone Number Point Number Functionality Diameter, 
mm

The coordinates of the hole center position, mm
Stack

X Y Z

03
_1

101 Master 5 3522.61 -1060.62 -4063.80 PCM+Al
102 Slave 5 4689.81 -1183.83 -3942.30 PCM+Al
103 Roto 5 3298.19 -1033.07 -3987.10 PCM

1 Machining 7.94 3392.85 -1030.09 -4074.10 PCM+Al
2 Machining 7.94 3652.73 -1087.68 -4051.37 PCM+Al
3 Machining 7.94 3779.77 -1110.26 -4039.38 PCM+Al
4 Machining 7.94 3908.82 -1129.50 -4027.44 PCM+Al
5 Machining 7.94 4058.24 -1147.91 -4012.23 PCM+Al
6 Machining 7.94 4191.04 -1161.56 -3995.52 PCM+Al
7 Machining 7.94 4310.00 -1171.08 -3980.64 PCM+Al
8 Machining 7.94 4426.28 -1176.81 -3971.32 PCM+Al
9 Machining 7.94 4557.11 -1181.68 -3956.56 PCM+Al

10 Machining 7.94 4818.89 -1183.65 -3927.25 PCM+Al

02
_1

104 Master 5 3143.06 -1175.24 -3391.10 PCM+Al
105 Slave 5 3767.98 -1295.00 -3331.62 PCM+Al
106 Roto 5 2922.09 -1157.23 -3268.92 PCM
11 Machining 7.94 3077.33 -1157.31 -3397.81 PCM+Al
12 Machining 7.94 3337.73 -1221.49 -3373.51 PCM+Al
13 Machining 7.94 3464.88 -1247.01 -3362.01 PCM+Al
14 Machining 7.94 3593.40 -1269.45 -3349.78 PCM+Al
15 Machining 7.94 3728.55 -1289.55 -3336.50 PCM+Al
16 Machining 7.94 3862.83 -1306.20 -3322.55 PCM+Al
17 Machining 7.94 3992.94 -1319.30 -3308.36 PCM+Al

02
_2

107 Master 5 4376.12 -1340.72 -3267.06 PCM+Al
108 Slave 5 5020.24 -1327.56 -3191.65 PCM+Al
106 Roto 5 2922.09 -1157.23 -3268.92 PCM
18 Machining 7.94 4112.51 -1328.35 -3296.54 PCM+Al
19 Machining 7.94 4243.57 -1335.85 -3282.10 PCM+Al
20 Machining 7.94 4507.62 -1343.05 -3251.26 PCM+Al
21 Machining 7.94 4634.15 -1342.46 -3237.64 PCM+Al
22 Machining 7.94 4750.95 -1341.28 -3218.58 PCM+Al
23 Machining 7.94 4891.38 -1334.75 -3207.23 PCM+Al

01
_1

109 Master 5 2889.36 -1327.69 -2706.56 PCM+Al
110 Slave 5 3353.53 -1427.38 -2664.52 PCM+Al
111 Roto 5 2556.72 -1290.32 -2547.76 PCM
24 Machining 7.94 2758.59 -1290.97 -2718.28 PCM+Al
25 Machining 7.94 2958.48 -1345.45 -2700.45 PCM+Al
26 Machining 7.94 3088.72 -1376.07 -2688.63 PCM+Al
27 Machining 7.94 3221.49 -1403.53 -2676.69 PCM+Al
28 Machining 7.94 3466.81 -1445.32 -2653.37 PCM+Al

01
_2

112 Master 5 3685.00 -1473.20 -2631.07 PCM+Al
113 Slave 5 4125.23 -1505.03 -2583.02 PCM+Al
111 Roto 5 2556.72 -1290.32 -2547.76 PCM
29 Machining 7.94 3586.83 -1461.93 -2640.44 PCM+Al
30 Machining 7.94 3795.31 -1484.10 -2619.48 PCM+Al
31 Machining 7.94 3926.36 -1494.48 -2605.22 PCM+Al
32 Machining 7.94 4058.98 -1502.23 -2590.36 PCM+Al

01
_3

114 Master 5 4383.41 -1509.60 -2554.67 PCM+Al
115 Slave 5 4770.51 -1499.63 -2509.12 PCM+Al
111 Roto 5 2556.72 -1290.32 -2547.76 PCM
33 Machining 7.94 4254.17 -1508.61 -2568.58 PCM+Al
34 Machining 7.94 4508.37 -1508.76 -2539.31 PCM+Al
35 Machining 7.94 4890.39 -1492.78 -2494.64 PCM+Al
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Fig. 9. Layout of holes in the hole machining zones for wing box rib-type parts: а – rib 3; b – rib 2; c – rib 1
Рис. 9. Расположение отверстий в зонах обработки отверстий для деталей типа нервюры кессона: а – нервюра 3;  
b – нервюра 2; c – нервюра 1
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The layout of reference holes, holes for tem-
porary fasteners, and holes to be machined for 
wing box rib-type parts is shown in Fig. 9.

Sequence of actions for the investigation to 
determine the overall length dimension of the 
reference zone for long parts:
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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 
166-894).

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.

4GOST 166-89. Vernier callipers. Specifications. Introduced on January 1, 1991; valid until January 1, 1996. Moscow: Gosstand-
art, 1991. / ГОСТ 166-89. Штангенциркули. Технические условия. Введ. 01.01.91; срок действия до 01.01.96. М.: Госстандарт, 
1991.

Fig. 10. Actual positional deviations of the machined holes from the edges of the frame parts
Рис. 10. Фактические отклонения положения обработанных отверстий от обрезов деталей каркаса
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Based on the analysis of the results 
obtained, it can be concluded that to achieve 
a hole positioning accuracy of 0.5 mm, the 
length of the subzone should not exceed 1 m.

CONCLUSION
It has been established that the hole ma-

chining technology using automated CNC drilling 
machines allows for the machining of final diam-

e

Fig. 11. Actual positional deviations of machined holes from the edges: а – for the zone length of 1500 mm; b – for the zone 
length of 1200 mm; c – 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
Рис. 11. Фактические отклонения положения обработанных отверстий от обрезов: а – для зоны длиной 1500 мм; b – для 
зоны длиной 1200 мм; c – для зоны длиной 1050 мм; d – для зоны длиной 900 мм; e – для зоны длиной длиной 800 мм; 
f – для зоны длиной 700 мм
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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.
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