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The object of this study is the technological prepa-
ration of the production of a light aircraft wing using
reverse engineering technology. The subject of research
is a quality indicator — the geometric accuracy of
manufacturing the convex-concave parts of aerospace
technology. Calculations of geometric accuracy were
performed for the program-instrumental method of
co-ordination. As the experimental part it was taken
the worn out wing tip of a light aircraft. The following
results were obtained. An approach for specifying the
aerodynamic airfoil and cross sections of the wing tip
when constructing its digital model has been proposed.
A 3D scanning of the wing tip with the formation of
a digital portrait in STL format, as well as its refine-
ment into a STEP format, using organic and mecha-
nical methods, was accomplished. A digital mock-up of
the wing tip was built taking into account the geometry
of the aerodynamic airfoil in cross sections as well as a
digital mock-up of the form (mould) for its manufacture
according to the polygonal model, which was created by
the organic method due to it had the highest dimension-
al accuracy. It was determined that the maximum devi-
ation of the actual wing contour from the theoretical
one was as follows: the upper deviation was 0.84 mm,
the lower deviation was —0.65 mm. The maximum devia-
tion of the actual wing contour from the theoretical one
was +0.3 mm. The expected (calculated) errors did not
exceed the specified value of the tolerance on the wing
outer contour that equal to +1.0 mm, thus, the adop-
ted method of assembling the wing under the conditions
of co-ordination by the program-instrumental method
ensured the specified geometric accuracy. The results
of experimental studies confirmed the adequacy of the
proposed approach for determining the aerodynamic
airfoil of the cross-sections of the digital mock-up of
convex-concave parts for aerospace technology during
their technological preparation for production with the
use of reverse engineering
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1. Introduction

The manufacturing of aerospace technology (AT) is the
field of implementation of various advanced design and
technological solutions in engineering, production, and ope-
ration. The studies of optimal strategies for improving the
AT quality and optimizing the technological processes stride
to developing and refining the technical performances of the
tooling and equipment being used. That is why in the aero-
space industry, coordinate measuring machines (CMMs),
CNC machinery, robots and robotic complexes, 3D printers,
laser trackers and 3D-scanners were and remain the most
relevant and promising for highly effective technological
preparation of production (TPP) [1, 2]. The latter allows to
digitize a physical sample that actually exists and create its
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digital mock-up (DMU), which becomes the primary source
of information in CAD/CAM/CAE systems. This technolo-
gy is known as reverse engineering or backwards engineering;
it is also used at the stages of product technical inspection by
comparing the "portrait” obtained by 3D scanning with the ge-
ometry of the existing DMU [3]. That is, reverse engineering
solves the two most important problems of production. The
first one is a direct task, when a DMU is first created, which
is used for post-operational inspection and manufacturing an
AT sample. The second one is the inverse problem, when a
DMU is created by a physical sample of an existing AT [4].
It should be noted that the implementation of both of these
tasks is based on a single source of information — DMU. This
is especially relevant if it is necessary to prototype a part
during repair, modernization, re-motorisation of an already




operated AT in order to extend its life cycle (LC). In this
case, the implementing of reverse engineering becomes not
only a way to improve quality but also a decisive factor in
ensuring the competitiveness in the market of goods and
services for both the manufacturer and commercial airlines.

It should be noted as well, that the implementation of
reverse engineering in the established production that al-
ready exists at the enterprise is difficult. It’s explained by the
manufacturer desire to minimize the costs while changing
production process, with simultaneous improving the quality
of products. Therefore, now, when prototyping the AT assem-
bly components, which can be produced by additive (in par-
ticular, extractive) technologies, provided that the specified
quality is ensured, they try to use not a DMU, but a digital
portrait obtained by 3D scanning (file of STL format) [5].
However, the convex-concave parts of the AT, such as the
wing tips and fairings of the aircraft, which are made of po-
lymer composite materials, require high manufacturing accu-
racy (less than 1.5 mm). The latter is also affected by the
manufacturing accuracy of technological tooling (TT) [6, 7].
In this case, it will be mandatory to create a DMU both for
the prototype and for the forming tooling as well. The prob-
lem is the determination of the aerodynamic airfoil geometry
in cross sections, which in turn affects the accuracy of the
DMU creating. Therefore, the development of TPP for the
convex-concave parts of AT and especially those that are
worn or damaged, with the determination of their aerody-
namic airfoil in cross-sections during the reconstruction of
the DMU using reverse engineering, is an urgent task.

2. Literature review and problem statement

Reverse engineering is widely used for the need for rapid
prototyping of parts using additive technologies. Thus, pa-
per [8] reports the manufacturing by reverse engineering and
additive technology (extrusion of material) of an outdated
part — a template for sand casting. However, the positivity
of the results is questionable since there is no inspection and
comparison of the DMU with a digital portrait of the new
template. In [9], a complete cycle of prototyping for cylindrical
part is given, where the key whether to let it into production
is the inspection of the finished printed part by the DMU
geometry. The authors focused specifically on the parameters
of the roundness and cylindricity of the surface of the part
and indicated the obtained deviations. However, there are no
conclusions regarding the passing this part into production as
well as finite element method (FEM) analysis regarding the
adequacy of the material replacement — from metal to plastic.
The results reported in [10] are a continuation of work [9] on
a convex-concave part, where aerodynamic and strength calcu-
lations were performed for the wheel cover of the Cessna182
Skylane light aircraft in the ANSYS program. The obtained
experimental data demonstrated the positivity of the theo-
retical principles, but need confirmation by field experiments,
since the wheel cover during the aircraft landing perceives the
maximum shock loads, which was not taken into account by
FEM analysis. Work [11] demonstrates the reproduction of
the propeller blade DM U, using the photogrammetric method
and reconstruction in Geomatic Studio with additional data
correction by artificial intelligence and inspection of recon-
struction based on the data of CMM measurements on parts.
Note that the proposed there re-engineering algorithm is
time-consuming and requires special software for data correc-

tion of images obtained from a digital camera. In addition, the
obtained geometry deviations are more than 5 %, which can
be used for prototyping the parts of "non-demandive" quality,
that is, accuracy of 14" quality grade and worse. An alternative
is the work [12], where the part DMU reconstruction is per-
formed by sequential construction of geometric primitives —
such as vertices, edges, loops, and faces, which includes the
approach of the "automatic” height determination mechanism.
However, the only condition for such successful results is an
experimental part digital portrait without "gaps". Thus, pa-
per [13] shows the difficulties of obtaining such portraits for
mating surfaces: holes, edges, and sharp corners with a radius
of less than 5 mm. Therefore, they are created directly during
the DMU construction at the stage of 3D modeling. Work [14]
demonstrates the analysis of the total time, cost, and quali-
ty (comes about geometric data) of prototyping a complex air-
foil part of automobile under the conditions of its manufacturing
by 3D printing. The authors opted for laser 3D scanning over
photogrammetry, but the highest accuracy remains with the
reproduced DMU. Study [15] reports an approach to building
a 3D model in CAD system from 2D orthographic drawings in
the case when there is no real physical part, but there are draw-
ings for it. Such research correlates with work [11] and allows
to appoint geometry parameters and material properties direct-
ly during the DMU construction. That is resulted by the DMU
high cost as well as the high labor intensity of this work, espe-
cially for parts larger than 150x150x150 mm. An alternative is
the proposed reverse engineering methodology in [16], using
the example of a pumped hydroelectric power plant blade,
in which the authors suggested testing on scaled samples (of
reduced size) made by 3D printing. A peculiarity is in using
a finished portrait in STL format instead of DMU. However, it
is not shown how the construction of the aerodynamic airfoil
geometry in cross-section was performed, which would add
to the reliability of the results. Work [17] proposes to use the
digital twins by attaching specific functions or technological
processes to them. Thus, in [18] their use in additive manufac-
turing of parts is given. But the predecessors of the digital twin
are DM Ugs, that is, such a solution does not reduce the labor in-
tensity of work and the amount of stages for reverse engineering,
so remains "in prospects” both for mass production and at the
stages of product inspection while maintenance. The authors
of study [5] claim sufficient geometric accuracy of the finished
portrait in the STL format for manufacturing the part using ad-
ditive technologies. In turn, work [13] refutes these provisions,
proving that the functions of existing engineering programs
are not sufficient for the correction of a digital portrait to
ensure the requirements of geometric accuracy up to £0.5 mm
per manufactured part. Also, such an approach raises doubts
about ensuring the geometric accuracy of convex-concave air-
craft parts, which aerodynamic airfoils should be inspected in
cross-sections, so that is the relevance of the research. The lat-
ter affects the accuracy of creating the technological tooling for
the manufacture of such convex-concave parts made of polymer
composite materials (PCM). Therefore, there is a need to en-
sure the geometric accuracy while production the convex-con-
cave parts of AT and their technological tooling on the base of
the full cycle of DMU creation when using reverse engineering.

3. The Purpose and Objectives of the Study

The purpose of the study is to develop an approach to
determining the aerodynamic airfoil in the cross-sections of



DMU for the AT convex-concave parts during their technolo-
gical preparation for production using reverse engineering with
the selecting the methods for assembling and co-ordination.
This allows to implement engineering solutions of reverse en-
gineering into the existing established technological systems of
the enterprise, which help to solve both the problems of produc-
tion updating and maintenance with extended life cycle of AT.

To achieve the purpose, the following scientific tasks have
been stated:

— to create a digital portrait of the light aircraft wing tip and
a DMU on its basis, taking into account the aerodynamic airfoil
geometry in cross sections and the DMU of a form (a tooling)
for the wing tip manufacturing;

—to calculate the expected accuracy of the geometric
parameters of the light aircraft wing tip contour under the
conditions of using the DMU as the primary source of infor-
mation for co-ordination the tooling for the wing tip manu-
facturing and the wing assembly jig.

4. The study materials and methods

4. 1. The object and hypothesis of the study

The object of the study is the technological preparation of
the light aircraft wing production using reverse engineering.
The research is based on the general principles of technology
of AT production. During the accomplishing the work, the
methods of general scientific and empirical research on analy-
sis and synthesis were applied — for the preliminary statement
of the problem, determining the direction and assumptions of
the search area, as well as field experiments and inspection.

The research was carried out in the following steps:

1) design and technological analysis of the convex-con-
cave experimental part;

2) selection of the necessary scanning device;

3) preparation for 3D scanning and placement of markers
on the surface of the convex-concave experimental part;

4) 3D scanning;

5) processing of the received scanned surfaces and creat-
ing the experimental part digital portrait (hereinafter, the
portrait) — file in STL format;

6) constructing the DMU from the geometry data of the
obtained portrait of the convex-concave experimental part;

7) constructing the DMU of convex-concave technologi-
cal tooling for the manufacture of a test part;

8) calculating the expected accuracy of the geometric pa-
rameters of the experimental convex-concave part and its TT
for selecting the co-ordination method, under the conditions
of using a certain method of the wing assembling;

9) analysis of the results and making conclusions.

4. 2. The study subject

The subject of the study is the geometric accuracy of
a convex-concave part and patterns of the geometric accu-
racy forming during the technological preparation of pro-
duction as well as during production immediately. The light
aircraft wing tip made of PCM was chosen for the experi-
ments. According to the results of the design and technolo-
gical analysis of the experimental part, the ARTEC Leo 3D
scanner (Luxembourg) with the characteristics given in [19]
was selected for scanning its surface. Such a scanner has
a 3D scanning accuracy of 0.1 mm and a resolution of up to
0.2 mm, which satisfies the field of tolerances for the size of
the light aircraft wing tip, which is £1.0 mm.

Fig. 1 shows an experimental part — the tip (in the form of
a fairing) of a light aircraft wing made of PCM.

Fig. 1. Tip of the light aircraft wing: a — outer upper surface;
b — outer lower surface; ¢ — airfoil

Scanning and processing of the portrait of the light air-
craft wing tip was performed in the Artek Studio program,
which is the built-in software for the chosen 3D scanner
ARTEC Leo (Luxembourg).

In order to build a portrait quickly and with ease, as well as
to obtain accurate and mathematically defined models, it was
used modeling by simple geometric figures — primitives [20].

3D models refer to digital objects that use a set of points
in 3D space connected to each other by various geometric
objects such as triangles, lines, etc. [21].

The term "digital model” means a 3D model, which is
developed by means and tools of CAD systems using spline
geometry [15].

A portrait is a set of point data in the form of a data file —
point cloud, obtained as a result of 3D surface scanning [22].
A point cloud is a set of vertices in a three-dimensional co-
ordinate system defined by X, ¥, and Z coordinates. A point
cloud gives the surface geometry and representation of the
object’s outer surface, i.e., its shape.

The methodology for creating and refinement the DMU
of a convex-concave part was based on the example of the
geometry of the light aircraft wing tip; the DMU geometry
was created in the SOLID Works software by the function
of an arbitrary shape and Boolean operations of adding and
subtracting the volumes [23].

The "deviation of the shape from the given airfoil" according
to the definitions given in [24] was taken as the parameter of in-
spection and comparison of the obtained portraits. The values of
such deviations are the largest deviations of the real airfoil points
from the corresponding points of the nominal airfoil, which are
determined by the normal to it within the normalized zone.

The portrait measurement data did not have topological
information and therefore were converted into files of mesh
structures with triangular shaped elements — file of STL (ste-
reolithography) format [25, 26].



Portrait processing consisted of refinement and cleaning
of the obtained portrait of the scanned light aircraft wing tip
in Geomagic Design X software, and inspection — in Geo-
magic Control X (USA) [27]. The construction of DMU of
the wing tip was performed according to the geometry of the
processed portrait and the selected aerodynamic airfoil in
cross-sections by mechanical selection of compliance with the
obtained airfoil polygonal model geometry (in STEP format).

The selection of the aerodynamic airfoil was performed in a
"semi-automated” mode with taking into account data from [28]
by comparing the polygonal model with all airfoils and searching
for the smallest deviations of the geometry in cross sections.

Determining the appropriate airfoil in terms of geometry
took place in the SolidWorks program by combining airfoil
curves. The parameter value of the maximum and average de-
viations, as well as the percentage of the curve length that falls
within the tolerance field of £1.0 mm, were chosen as the crite-
ria for determining the airfoil that closest in terms of geometry.

The calculation of the expected geometric parameters of
the shape of the manufactured wing tip of a light aircraft was
performed for the program-instrumental method (PrIM) of
co-ordination under the conditions of a certain method of
wing assembling [29].

The term "co-ordination” refers to the process of mating
the geometric parameters of parts, assembly units, elements
of technological tooling for the manufacturing the individual
parts or their assembling [30].

The calculation of the geometric parameters of the light
aircraft wing tip is based on the analysis of technological di-
mensional chains, which reflect the transfer of size during the
technological preparation of production and production itself
from the primary source of information to the finished part or
assembly tooling.

A technological dimensional chain is a set of dimensions
that form a closed circuit and directly participate in the for-
mation of the final size of a part or assembly unit [31]; there
are two main types of technological dimension chains. While
calculating the expected accuracy, the errors of transferring the
primary size, which is equal to the nominal one by the DMU,
were used as components of the technological dimensional
chain, ie., the technological dimensional chain reflects the
changes in this dimension at all stages of its transferring during
both TPP and the manufacture of light aircraft wing tip. This
set of dimensions directly participates in ensuring the accuracy
of the geometric parameters of the wing tip of a light aircraft.

In order to assess the applicability of the chosen co-ordination
method (PrIM) for the technological preparation of the wing tip
manufacturing and its further assembling with the wing, the er-
ror of the wing manufacturing was compared with the tolerance
for this unit, that is, it was compared with the value of +1.0 mm.

The value of error while assembling the wing by contour
E¢"  that is, the deviation of the real wing contour from
the theoretical wing contour, was determined under the
conditions of the accepted method for co-ordination — the
PrIM — and the assembly method ("from the surface of the
airframe") according to the following formula [32]:

contour contour contour
E = EQ™ +k, CRlli +
contour thickness
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where E;‘;”“’“’ is the error of the contour locator ("fixing arm")

of the wing airframe assembly jig relative to the theoretical
contour; Ci"" — error of co-ordination of the jig contour
locator and the rib (airframe element, immediately located

to a jig), which can be reduced by using clamps that taken
into account by coefficient of fixation k, ; C;;"2" — error of
co-ordination of the contours of the airframe (rib) and the
wing tip; which can be reduced by using clamps — taken
into account by the appropriate coefficient of fixation &, ;
k, and k, - fixation coefficients during assembly in the jzg
for the rib and wing tip, respectively; EZ#* _ the wing tip
thickness error, the thickness of the wing tip at the surface
of mating to the wing is 1.5+0.2 mm, i.e., E[’fp”fk"e“ =0.2 mm;
Eythers — errors of the wing contour caused by the deformation
after joining, which during assembling of the wing (assembly
unit of classification group IX) is E . =0.15E2""" [29].

The coefficient of fixation during assembling in the jig is
calculated according to the formula:

L -1.05

where L is the maximum overall size of the assembly unit;
Lyis the distance between clamps.
The main error parameters in (1) are the width of the
dispersion field & and the coordinate of the field middle A.
The calculation of the accuracy of the assembling —
practically, the mounting of the wing tip on the wing — was
carried out by the probabilistic method [32]:
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where k; is the coefficient of relative dispersion of errors; o; is the
coefficient of relative asymmetry of the dispersion curve, which
is equal to 0 for the normal law; 8 and A, §; and A, — para-
meters of errors of the closing and Lomponent links of the di-
mensional chain, respectively; m—1 — the number of component
links; &; is the transmission ratio of the component link of the
dimensional chain — size error or tolerance, which characterizes
the influence of this stage of size transfer on the final value of the
size, where the links that increase or decrease the closing link
are distinguished. According to the latter, §; is equal to 1 or —1.

Limit deviations of the size were calculated according to
the formulas:

S
Aup AOE +72’ (5)
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where A,, and Ay, are the upper and lower size deviation,
respectively.

5. Results of research of the technological preparation
for the aircraft wing tip production

5. 1. Results of studies on the construction of a wing
tip DMU

5. 1. 1. Creating a portrait of the wing tip in the STL format

The design and technological analysis revealed that the
tip (Fig. 3):

— has a convex-concave shape with a variable airfoil, i.e.,
double curvature;



— at the place of joining to the wing, it has an aerodyna-
mic airfoil and a uniform skin thickness (1.5 mm);

— does not have holes and sharp corners on the surface;

— has overall dimensions of 1375x300x170 mm and its
surface is formed by upper and lower parts glued together,
which preliminary made of PCM separately;

— made of three-layer fiberglass and polyurethane foam filler,
manufactured by the method of vacuum forming into a matrix;

— joined to the wing by blind rivets.

To obtain a closed scanned surface of the light aircraft
wing tip, markers were first applied over the entire surface.
Fig. 2 shows two options for placing the markers:

— the first: with a distance of 50 mm from each other
evenly over the entire surface in a chess-board pattern;

— the second: at a distance of 70 mm in a staggered order
in two rows only near the edge of the airfoil.

Fig. 2. Location of the markers on the wing tip
experimental sample according to two options:
a — evenly over the entire surface in a chess-board pattern;
b — only near the edge of the tip

Fig. 3 shows the resulting scanned surfaces for both options.

=
a b

Fig. 3. Scanned surfaces, obtained according to two options
of markers location: @ — evenly across the entire surface
in a chess-board pattern; b — only near the tip edge

The next step was to clean up unnecessary surfaces (mar-
kers) and create a single portrait of the surface of the light
aircraft wing tip in the following sequence:

1. Cleaning. Rough cleaning of scanned surfaces using
the Eraser tool. Removal of support and unnecessary objects.

2. Alignment. Alignment of several (groups) of scans into
the one object.

3. Registration. Optimizing the frames location within
one or more scanned surfaces.

4. Gluing. "Assembling” of scans and combining them
into a single portrait.

5. Post-processing. Polygonal structure simplification,
portrait smoothing, and other optional steps to refine the
portrait geometry.

Fig. 4 shows the resulting portrait (point cloud in STL
format) of the experimental wing tip of a light aircraft.

a b

Fig. 4. Portrait of the wing tip in STL format:
a — with markers; b — without markers

Next it was performed alignment of the scanned surfaces,
referring to the markers and the obtained geometry of the
point cloud, and a portrait of the wing tip was created in STL
format. Difficulties with scanning were detected only for the
edge of the airfoil, so these surfaces were refined at the next
stage — during the processing of the portrait geometry.

The processing of the portrait of the light aircraft wing tip
and the creation of a polygonal model was performed in the
Geomagic Design X program using the following functions:

1. Automated checking and correction of various defects.

2. Smoothing.

3. Grid optimization.

4. Automated surface creation.

Fig. 5 shows two polygonal models (in STEP format) of
the light aircraft wing tip, which were obtained by process-
ing the portrait using two methods: organic and mechanical.

a

Fig. 5. Polygonal models of the wing tip obtained using
two methods: a — organic; b — mechanical

To determine which of the polygonal models has a higher
accuracy of geometry, a comparison of the obtained geometry
of the models with the light aircraft wing tip portrait was
performed in the Geomagic Control-X program.

The deviations for a polygonal model in the STEP format,
built according to the organic method, ranged from +0.23
to —0.22 mm. The deviations for the polygonal model built
by the mechanical method ranged from +1.05 to —0.42 mm.

3. 1. 2. Construction of a digital mock-up of the wing
tip taking into account the geometry of the aerodynamic
airfoil in cross sections

For the construction of the wing tip DMU, it was cho-
sen a polygonal model that built according to the organic
method, as it had the smallest deviations of the geometry.



The geometrical data analysis on the polygonal model of the
wing tip has shown the following parameters: chord length
is 1379 mm; the maximum thickness is 169 mm, the relative
thickness is 12 %, and the relative curvature of the airfoil
is 4 %. Under an automated mode and taking into account
data from [28], several airfoils were selected: NACA4412,
GOE 623 AIRFOIL, GOE 593 AIRFOIL, N-22 AIRFOIL.
A comparison of the polygonal model with all the airfoils
revealed that the smallest deviations of the cross-sectional
geometry were for the NACA4412 airfoil.

Fig. 6 shows a visualization of the comparison of the
NACA4412 airfoil and the polygonal model of the light
aircraft wing tip in one of the cross-sections, which had the
closest match in terms of airfoil geometry.
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Fig. 6. Visualization of the comparison of NACA4412 airfoils
and a polygon model of a light aircraft wing tip

The values that within the tolerance field are marked in
green, and those that outside the tolerance field — marked in red.
Selection of curves for cross sections in the longitudinal di-
rection of the wing tip was performed in the same way (Fig. 7).

Fig. 7. Selection of curves in cross sections
along the wing tip

Cross sections were selected at a distance of 20 %, 40 %,
60 %, and 80 % of the airfoil chord from the airfoil toe.

Fig. 8 shows the DMU of the light aircraft wing tip, and
Fig. 9 — tooling (form) for its manufacturing.

During the construction of the DMU of the light aircraft
wing tip and the DMU of tooling for its manufacturing, their
shapes, geometric dimensions were finally adjusted, and the
properties of material, they should be made of, were described.

,“\

c

Fig. 9. DMU of technological tooling (form) for the light
aircraft wing tip manufacturing: a — the lower part;
b — upper part; ¢ — in assembly

3. 2. Calculating the geometric accuracy parameters of
the wing tip outline

In the technical specification for the aircraft assembly, the
deviations of the actual values of the outlines and contours
from their theoretical values are provided only for aggregates
and are limited by various tolerances: #1 mm, +1.5 mm, and
2.0 mm [30]. For the calculations, the value +1.0 mm was
chosen, which was previously selected by results of the de-
sign and technological analysis of the light aircraft wing tip.

The coefficient of fixation (clamping) while assembling in
the jig is found by (2):

-1.05
k, =1.5(1’300) =0.32
300

-1.05
k, = 1.5(1’300 =0.19.
150

For E@™, Ciry, oty caleulation, the dimensional
chains shown in Fig. 10 were built.

Table 1 gives data for calculating the manufacturing
error of the jig E5;"", where A; is the coefficient of relative
dispersion of the dimensional chain component link values —
the size error or tolerance, which for the Gauss dispersion

law (the so-called normal law) is equal to 1 [33].
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Table 1
Data for calculating the limit deviations of assembly jig mounting E;Z”""”
2 2
Dimensional chain link A, A, A, % (%) & o Ai 5 A; % E2-A7 (%)
Wing DMU — Assembly jig DMU 0 0 0 0 0 +1 | 0| 10| 10 0 0
Assembly jig DMU - Pr 0 0 0 0 0 +1 0 1.0 1.0 0 0
Pr—- CNC 0 0 0 0 0 +1 0 1.0 1.0 0 0
CNC - Contour locator +0.15 | -0.15 0 0.15 0.022 +1 0 1.0 1.0 0.15 0.0225
Contour locator — IS +0.1 -0.1 0 0.1 0.01 +1 0 1.0 1.0 0.1 0.01
IS — Wing assembly jig +02] 02 0 [ o2 ] 004 [+t 0] 10| to]| o2 0.04
Ecoon - - ol - - - - - - 0.27

The limit deviations of the jig manufacturing error are

determined by formulas (5), (6):

3.
=A, +—25=0.27 mm;

P jig Jig

A =2,

low jig

— % —_0.27 mm.
p)

Table 2 provides data for calculating the error of co-ordi-

nation for contours of rib and the assembly jig locator

Data for calculating the error of co-ordination for contours of rib and the assembly jig locator

C contour
Jjig—rib *

The limit deviations of the error of co-ordination for con-
tours the assembly jig locator and the element of airframe (rib)
were calculated by formulas (3), (4), and values are follows:

Up jig—rip

low

jig-rib

_AO

jig-rib

jig-rib

2

2

S.
+ 25 — () 47 mm;

5. .
=A, -7 —_017 mm.

Table 3 gives data for calculating the error of co-ordi-
nation for contours of rib and wing tip, respectively, C&"" .

rib—tip

Table 2

C contour

Jig—rib
Dimensional chain link A, A, | A, % (%)2 & o i A A, % g2.a2 (%)2
Wing DMU — Assembly jig DMU 0 0 0 0 0 +1 ] 0] 10| 10 0 0
Assembly jig DMU — Pr 0 0 0 0 0 +1 0 1.0 1.0 0 0
Pr- CNC 0 0 0 0 0 +1 0 1.0 1.0 0 0
CNC - Contour locator +0.15 | -0.15 0 0.15 0.022 +1 0 1.0 1.0 0.15 0.0225
Contour locator — IS +0.1 | -0.1 0 0.1 0.01 +1 0 1.0 1.0 0.1 0.01
IS — Wing assembly jig w02 02 0o 02 [ o004 |+t ] 0] 10] 10] o2 0.04
Wing DMU - Rib DMU 0 0 0 0 0 +1 0 1.0 1.0 0 0
Rib DMU —Formblock DMU 0 0 0 0 0 +1 0 1.0 1.0 0 0
Formblock DMU - Pr 0 0 0 0 0 +1 0 1.0 1.0 0 0
Pr- CNC 0 0 0 0 0 +1 0 1.0 1.0 0 0
CNC - Rib Formblock +0.1 | -0.1 0 0.1 0.01 +1 0 1.0 1.0 0.1 0.01
Rib formblock —Rib +0.3 0 0.15| 0.15 | 0.022 | +1 0 1.0 1.0 0.15 0.0225
cony - - 0.15 - - - - - - - 0.32




Table 3

Data for calculating the error of co-ordination for contours of rib and wing tip C;">"
Dimensional chain link A, A A, % (%)2 3 o A A2 A, % RY (%)2
Wing DMU - Rib DMU 0 0 0 0 0 +1 0 1.0 1.0 0 0
Rib DMU - Formblock DMU 0 0 0 0 0 +1 0 1.0 1.0 0 0
Formblock DMU - Pr 0 0 0 0 0 +1 0 1.0 1.0 0 0
Pr— CNC 0 0 0 0 0 +1 0 1.0 1.0 0 0
CNC - Rib formblock +0.1 | -0.1 0 0.1 0.01 +1 0 1.0 1.0 0.1 0.01
Rib formblock — Rib +0.3 0 015 | 0.15 0.022 +1 0 1.0 1.0 0.15 0.0225
Wing DMU — Wing tip DMU 0 0 0 0 0 +1 0 1.0 1.0 0 0
Wing tip DMU - Tooling DMU 0 0 0 0 0 +1 0 1.0 1.0 0 0
Tooling DMU — Pr 0 0 0 0 0 +1 0 1.0 1.0 0 0
Pr—- CNC 0 0 0 0 0 +1 0 1.0 1.0 0 0
cnc — master model +0.2 | —0.2 0 0.2 0.04 +1 0 1.0 1.0 0.2 0.04
Master model — Wing tip tooling +0.1 0 0.05 | 0.05 0.0025 +1 0 1.0 1.0 0.05 0.0025
Wing tip tooling — Wing tip 0 -0.1 [ -0.05] 0.05 | 0.0025 -1 0 1.0 1.0 0.05 0.0025
ca - s S S N ) N B 0.35
The limit deviations of the error of co-ordination for con- The values the obtained expected (calculated) error
tours of rib and wing tip take the following values: do not exceed the tolerance of the wing outer contour that

equal to 1.0 mm.
The forming of the wing tip outer contour is implemented

sy = Do, +— =05 mm; in the forming tooling for moulding, which is a sort of as-
sembly jig for two halves of the wing tip.
According to (1), the value of deviation of the wing tip
Ay =B, —% =-0.17 mm. actual contour from the theoretical one is defined as:

contour __ pycontour
EZLip - ELip + Eother.\' ) (7)

The values of the maximum deviation of the actual wing

contour from the theoretical one are: . . .
where E""" is the manufacturing error in the outer contour

5 of the wing tip, which is determined by the dimensional chain
=A, +-2=0.84mm; in Fig. 11; Eers — error of the outer contour of the wing tip,
’ which occurs as a result of deformation after moulding and

5 usually is around 30 % of Ey", that is, E,,,, =03Eg"".
A,, =47, ——%=-0.65mm. The results of the calculation of the manufacturing error
t2 in the wing tip outer contour E;"*" are given in Table 4.
0 0 0 +0.2 Mast 0...+0.1 0..—0.1
Wing Tooling Pr CNC aster Wing Tip Wing Tip
pmMu —> bpmMyu —> —> — model TP quig T >

Fig. 11. Dimensional chain for calculation of manufacturing errors and co-ordination of the wing tip: Tooling DMU — primary
source of information for tooling; Pr — program; CNC — machine with computer numerical control; Master Model — a master
model of tooling for manufacturing the working copies of the wing tip technological tooling

Table 4
Results of calculating the manufacturing error of the wing tip outer contour E,;;’”"’”’
Dimensional chain link A, Ay A, i (i)z & o Ai 7&? A, i
" - , 9 9 D)
Wing DMU - Tooling DMU 0 0 0 0 0 +1 0 1.0 1.0 0
Tooling DMU — Pr 0 0 0 0 0 +1 0 1.0 1.0 0
Pr—- CNC 0 0 0 0 0 +1 0 1.0 1.0 0
CNC — Master model +0.2 -0.2 0 0.2 0.04 +1 0 1.0 1.0 0.04
Master model — Wing tip tooling +0.1 0 0.05 0.05 0.0025 +1 0 1.0 1.0 0.0025
Wing tip tooling — Wing tip 0 | —01 | —005 | 005 | 00025 | -1 0 | 1.0 1.0 0.0025
B - _ 0 _ _ - - - - 0.21




Then the values of the maximum deviation are:

— Xtip

sy Oz 2 =03 mim;

Osiy =-0.3 mm.

low):ﬂp - Aoznp 2

The values of the obtained expected (calculated) error for
the manufacturing the light aircraft wing tip do not exceed
the tolerance value for the outer contour of the wing 1.0 mm.

6. Discussion of results of research as to the development
of technological preparation for the wing
tip production

In this studies, a portrait of the light aircraft wing tip in
STL format, for wing tip that actually physically exists, was
built, taking into account the accuracy provided by the selec-
ted scanner. The ARTEC Leo scanner allows to obtain geom-
etry with an accuracy of £0.1 mm. It should be noted that the
transformation of the portrait in the STL format (Fig. 4) into
the polygonal model in the STEP format (Fig. 5) did not re-
sult in a loss of geometry, contrary to the data reported in [11].

The construction of two variants of portraits for the wing
tip showed that increasing the number of markers (Fig. 2, a)
does not increase the accuracy of the obtained portrait geo-
metry but increase the labor input of the works related to its
processing. Thus, 8 hours were spent on cleaning the portrait
from markers by the first version, while for the second it
takes only 4 hours. However, in both versions, there were no
gaps during the assembly of the obtained scanned surfaces,
which was not taken into account in work [12]. In turn, the
use of markers did not increase the accuracy of geometric
data for complex-shaped parts in work [13], in which the
correct selection of scanning equipment becomes important.

Inspection in the Geomagic Control-X program of two
variants of polygonal models of the wing tip (in STER
format), which were obtained by organic and mechanical
methods, showed a lower accuracy for the latter. That is, the
deviations for the polygonal model built according to the or-
ganic method ranged from +0.23 to —0.22 mm, and according
to the mechanical method — from +1.05 to —0.42 mm. This
allows to choose a polygonal model that built according to
the organic method as the one that had the greatest geomet-
ric accuracy and would reduce the deviations of the geometry
of the polygonal model of the wing tip from the aerodynamic
airfoil. Such an intermediate stage for defining a polygonal
model complements the work [14].

A peculiarity of the approach proposed in this study is
the refinement of the aerodynamic airfoil and cross sections
of the wing tip according to the defined polygonal model,
which narrows down the search for airfoils and reduce the
time for comparison and determination of the most accept-
able geometry.

The introduction of such an approach also allows to com-
bine a number of decisions based on it, namely:

— to determine with high accuracy the geometry of the
DMU of convex-concave parts during their prototyping by
reverse engineering, which is proposed in paper [16];

— to use the polygonal model as an "ideal portrait” in the
system of rapid production with additive (in particular, ex-
tractive) technologies, as indicated in studies [5, 13].

Determining of the aerodynamic airfoil and cross sections
of the wing tip by this approach used for elaboration of its
DMU geometry, which became the only primary source of
information for constructing the DMU of technological tool-
ing — the form (mould) for the manufacture of the wing tip.
The simplicity of the approach is in the fact that when creating
a DMUs of an experimental convex-concave part and tooling
for its manufacture, it was used software of ARTEC Studio,
Geomagic Design X, Geomagic Control X and SolidWorks.
Such software is quite widespread and can be matched and
implemented with ease into existing CAD/CAM/CAE pro-
duction systems. Note that the use of geometry from a single
mathematical source guarantees the co-ordination of tooling
with high accuracy, which is determined by the accuracy of the
equipment used for the manufacture of geometric elements of
the tooling. Therefore, the use of DMU creates an opportunity
to solve a large number of tasks as to operating and mainte-
nance of metal-forming systems, as well as the PCM produc-
tion systems, development of material and labor standards of
TPP, implementation of technological processes, normaliza-
tion and unification of technological tooling, modernization of
equipment. This especially applies to the use of digital twins in
production, which is shown in detail in work [17].

The choice of PrIM as a method of co-ordination for the
wing of a light aircraft and its tip is due to the availability of
the wing tip DMU and the DMU of its tooling, which are
built by to reverse engineering. The DM U availability means
its using for inspection of geometry at all stages of the part
production, which is shown in detail in [29, 30]. Thus, cal-
culations of the accuracy of the geometric parameters of the
wing tip contour according to the developed technological
dimensional chains (Fig. 10, 11) demonstrated the following.
The maximum deviation of the actual wing contour from the
theoretical one was as follows: upper deviation is +0.84 mm,
lower deviation is —0.65 mm. The maximum deviation of the
actual wing tip contour from the theoretical one was 0.3 mm.
The expected (calculated) errors did not exceed the specified
value of the tolerance on the outer contour of the wing (equal
to £1.0 mm), that is, the adopted method of assembling with
the method of co-ordination PrIM ensured the specified
geometric accuracy.

It should be noted that by the calculation of technologi-
cal dimensional chains it was solved the problem of ensuring
the dimensional accuracy of the closing link of the chain, and
the analysis of the expected accuracy of the dimensions of the
wing tip and the wing as a whole was performed, taking into
account the technological processes of their manufacturing
according to the chosen method of co-ordination, the PrIM.
Errors in the transfer of the primary size, i.e., the nominal
size of DMU, were used as components of the technological
dimensional chain; thus, the technological dimensional chain
reflects the size changes at all stages of its transfer during both
TPP and manufacturing of the wing tip of a light aircraft.
The set of dimensions considered in the calculations directly
participates in ensuring the accuracy of the geometric para-
meters of the light aircraft wing tip.

This study results allows to estimate and predict the
expected "dispersion” of deviations of the actually manufac-
tured wing tips contours from the theoretical contour, the
requirements for which are usually set by designers.

The disadvantage of using the proposed approach to
TPP is the need to determine an acceptable co-ordination
method, which increases the labor input of the work due to
the calculation and comparison of results by several methods.



However, in turn, this allows to determine the expediency of
using one or another method by criteria of "price-quality”.
Thus, the use of PrIM allows to reduce significantly the
time spent on TPP, provided that highly qualified specialists,
modern inspection tools and equipment are available. For
example, the labor input of the work when using PrIM with
the construction of DMU by reverse engineering compared
to the loft-template method of co-ordination is 1.5 times
less [33]. It should be noted that DMU is the primary source
of information not only for the parts manufacture but also
for co-ordination of technological tooling for assembling the
product as a whole. It should be noted that the use of reverse
engineering becomes appropriate not only during the TPP of
parts which documentation for was lost or they were manu-
factured using outdated methods and there is a need to renew
the production. It becomes indispensable at the stages of
inspection of the parts manufacturing and assembling of the
product as a whole. The implementing of reverse engineering
technology into the existing system of the enterprise can
be time-consuming but over time — justified by indicators
of economic efficiency. Therefore, this study could be used
to improve and update the existing technologies for the AT
production and may be used as the basis for further research
of another mechanical engineering objects.

7. Conclusions

1. A portrait (in STL format) of the wing tip of a light
aircraft has been created. An intermediate stage for con-
verting the obtained STL portrait of the light aircraft wing
tip into a polygonal model, a file in STEP format, has been
proposed. The latter made allows to increase the accuracy of
the geometry obtained by 3D scanning, which became the
basis for the further construction of DMU. The refinement
of the final geometry of the wing tip DMU was performed
by selecting the aerodynamic airfoil and cross sections of the
wing tip; the wing tip DMU became the only primary source
of information for the construction of the DMU of TT, i.e.,
the mould for the manufacture of the wing tip. The software
ARTEC Studio, Geomagic Design X, Geomagic Control
X and SolidWorks being used for those work can be imple-
mented with ease into existing CAD/CAM/CAE production
systems, resulting in increase the efficiency of implementing
the reverse engineering during TPP.

2. The accuracy of the geometric parameters of the
light aircraft wing tip outline was calculated, using the
probabilistic method, for co-ordination by PrIM. It was de-
veloped the dimensional technological chains of size trans-
ferring from DMU to the wing assembly components and
to TT elements for selected methods of co-ordination and
assembling. Using these technological chains, the problem
of ensuring the accuracy of the closing link size was solved,
and the analysis of the accuracy of the dimensions of the
component links was performed, taking into account the
technological processes of their manufacturing according
to PrIM. As a component link of the technological dimen-
sional chain it was taken the primary size — the nominal
one according to DMU. It was found out that the expec-
ted (calculated) errors did not exceed the specified value
of tolerance on the outer contour of the wing £1.0 mm. The
latter proved that the adopted method of co-ordination —
PrIM — will theoretically ensure the specified geometric
accuracy, which in turn confirms the correctness of using
PrIM for the light aircraft wing tip TPP.
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