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An analysis of the qualimetric indicators of the winding and laying processes used for the
manufacture of profiled long parts of aircraft from composites was carried out. A single curvature
panel was selected as a typical part that can be manufactured using manual laying or automated
winding processes.

The assessment of the duration of typical technological processes for the manufacture of a
representative part includes considering both the main and auxiliary technological processes of
preparation and direct production. A profiled long part of a square cross-section was selected
to include the pultrusion process in the comparison. Using the analysis of modern literary
sources, the influence of such a characteristic of technological processes as the complexity of
a part on the characteristics of its quality was separately investigated. A method for numerically
evaluating the quality indicators of technological processes for the production of composite
profiles was proposed. Also, the material utilization factor is used when comparing
manufacturing processes. This method involves the use of the method of expert assessments
that use the weighting factors of the influence of each technological process.

The goal of research is to develop an engineering methodology for comparing complex quality
indicators of technological processes with the subsequent selection of the most effective
process with the development of relevant recommendations.

The subject of research is the quality indicators of the technological processes of automated
winding, manual laying and pultrusion.

Methods used in the research. The study used the method of qualimetric analysis of the
indicators of the technological processes of manufacturing panels of single curvature and
profiled products from composites.

Recommendations have been developed for taking into account such most significant properties
of production processes and parts that are manufactured as the complexity and strength of the
product, the cost of production equipment, process productivity and qualification of workers,
which should be taken into account when analyzing quality indicators.
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Introduction

Winding, layup, and, less commonly, pultrusion processes are most often used
in the manufacture of profiled parts from composite materials (CM). Profiled parts
typically include heavily loaded spars, beams, stringers, and various fittings, which are
subject to complex stress-strain conditions during aerospace operations. Strict weight
requirements and the high cost of reinforcing and adhesive materials require a denser
fiber distribution per cross-sectional unit of the material and strict adherence to the
structure (reinforcement angles) specified by the designer. The combination of thermal
loading during material formation and the desired CM structure causes warping of parts
during manufacturing and subsequent assembly. This physical phenomenon must be
considered when choosing a particular forming process.

The wide range of capabilities of the fore mentioned processes — namely, direct,
spiral, and combined winding, manual and automated layup, and a combination of
pultrusion and spiral winding — require comparison for various purposes. A
comprehensive assessment can be conducted using qualimetric analysis.

The goal of research is to develop an engineering methodology for comparing
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complex quality indicators of technological processes with the subsequent selection of
the most effective process with the development of relevant recommendations.

The subject of research is the quality indicators of the technological processes
of automated winding, manual laying and pultrusion.

Methods used in the research. The study used the method of qualimetric
analysis of the indicators of the technological processes of manufacturing panels of
single curvature and profiled products from composites.

Review of previous studies

In extensive papers on the technology of manufacturing parts of polymeric
materials [1, 2, 3], a comparison of the technical and economic indexes of several
typical wide spread technological processes is presented. This comparison is carried
out using the example of the production of a single-curvature panel, which can be used
as aircraft skin, a car body part, and other transport equipment (Table 1).

By analyzing these values, we can draw the following conclusions [4-6]:

1. The index values are presented on a 10-point scale, which is not entirely
suitable for calculating qualimetric indicators. However, these values can easily be
converted into relative unit quality indexes (QIls). Their maximizing and minimizing
nature should be considered.

2. The proposed list of indexes lacks a rather important one — the coefficient of
material usage (CMU). CMU values can be easily estimated by examining the
formation mechanism of a part — in this case, the profiled part.

3. The large difference in productivity estimates between manual laying and
winding (3 times) raises some doubts. Machine time for winding and manual laying
should be calculated using known relationships [1-5]. By examining the process
sequence in detail, the relative labor intensity of these two processes for manufacturing
a profiled part can be estimated.

Table 1
Technical and economic assessment of production methods for reinforced plastic
products by 10 score points scale

Processes Part Part Cost Production | Qualification
Complexity | Strength of tooling volume of operator
Hand lay-up 9-10 3 1 2 10
Winding 4 10 6 6 >
Pultrusion 2 10 7 9 5

Labor intensity of winding. For winding of profiled parts with a complex
reinforcing material structure, it is rational to use the spiral (oblique) winding method,
the schematic diagram of which is shown in Fig. 1.

This design allows control of the winding angle and the combination of spirally
arranged layers of reinforcing material with longitudinal or transverse fibers. It enables
the winding of round, square, rectangular, and other convex-shaped products with
relatively smooth radii at the edges.

Considering the mechanism of filling the surface of a mandrel with tape, it is

easy to calculate the duration Tjaye, Of filling the surface of the mandrel with one layer

of reinforcing material:

56



BiokpuTi iHdbopmauiiHi Ta koMn'toTepHi iHTerpoBaHi TexHonorii, Ne 108, 2026 ISSN 2071-1077(print)
ISSN 2663-2411(online)

11 Lsp
Tlayer =5~ @
yer '
Vi, b
where /I — mandrel section perimeter; Vj,, — the rate of reinforcing tape income to a
mandrel surface; Lsp — semi-finished part length; b — width of reinforcing tape.

T

Fig. 1. Scheme of spiral winding: 1 — bobbin with tape;
2 — mandrel; 3 —winding tape

The controlled technological parameter in this dependence is the rate Vj,.

Recommendations for selecting its values lie in a fairly wide range — from 0.24 [1] to
18 m/min for some types of winding machines [3]. The practice of winding cylindrical
cylinders [6] leads to the conclusion that higher speed values should be considered in
the calculations, up to values at which drops of binder begin to break off from the “wet”
wound surface of the mandrel under the action of centrifugal forces.

The second important technological parameter is determining the required
mandrel length (or blank length). Analysis of the reinforcing material placement pattern
reveals that there are separate sections with an irregular layer filling structure at the
initial and final ends of the mandrel. The length of such sections is determined by the
perimeter of the mandrel, the fiber reinforcement angle, the width of the reinforcing
tape, and (in case of layers overlap) also by the overlap size. Required length of
winding semi-finished part Lsp with regular reinforcing angle can be calculated as

following:

Lsp = Lpart +211igp + + Ly, 2)

COS @
where Lpart — part length; ¢ — tape reinforcing angle; L, — length of allowances.

In this formula, the second and third terms determine the length (on both sides)
of irregular sections, while allowances are necessary to secure the initial sections of
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the wound tape, which can accumulate additional binder squeezed out by the laid turns
of tape, as well as other defects due to process imperfections. The length of allowances
is usually taken as 5-10% of the total length of the part for both sides of the mandrel.

An analysis of this relationship shows that spiral winding of short parts with a
large cross-sectional perimeter is less efficient than for long parts. When
manufacturing short parts, it is necessary to combine the winding of several parts on a
single mandrel. This ensures higher CMU values.

When winding profiled parts with significant changes in cross-sectional
perimeter along the part's length (end sections of spars and ribs, stringers, and beams
with variable cross-sections), it is necessary to reduce the perimeter (mass) of the
material fed into the winding (reinforcing material and binder). Feeding material to
areas with smaller cross-sectional perimeters from larger perimeters leads to the
formation of folds and bulges [7, 8].

In this case, using a combination of winding and laying out monolayers reduces
the likelihood of these shape and structure distortions. Laying out monolayers of the
appropriate structure can compensate for the reduction in cross-sectional perimeter.
For profile parts with a decreasing perimeter along the longitudinal axis, it is
recommended to control the feed rate of the wound material and the layer stacking
step.

To estimate the labor intensity (productivity) of winding and laying out, let us
consider an example of manufacturing a square profile with a side of 50 mm and length
of 1 m. The width of winding tape is 10 mm, reinforcing angle is 45°. Calculated length

of semi-finishes product LSp (2):

0.1
L. =10+42-02-1.0+——~14m.
P 0.71

Technological time T; for creation of a single layer of composite can be found
as following:

1.4
— for Vi, =1 m/min T;=0.2.—— =28 min, revolution speed is 7.6 rev/min;
0.01

— for Vj,, =10 m/min T;=2.8 min, revolution speed is 76 rev/min.

Technological time for winding of 20 layers is 56 min, auxiliary time (appr. 10 %)
is 5.6 min. Total duration is 61.5 min.

The rate of winding is selected as average from the range 0.24...18 m/min. This
ensures relatively quiet and stable winding conditions without significant influence of
inertial forces.

Labor intensity of laying-up process. To compare processes by parameter of
labor-intensity of parts manufacturing one can consider labor-intensity of analogous
part with square cross-section and side dimension of 50 mm, lenth of 1.0 m and wall
thickness 2.0 mm. The part consists of 20 layers of reinforcing material with thickness
of 0.1 mm and reinforcing angle 45°.

Predicted length of a semi-finished part is 1.1 m. Technological time Ti1 for
laying-up on smooth surface of a single layer with area S=0.5-11=5.5 dm? can be found
by following formula [5]

_-B+\B2+4x AxS

2A
where A=4.2.102; B=4.5 — empirical coefficients.

T
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Duration of a single layer laying-up on a single mandrel surface is 1.21 min,
duration of four surfaces laying-up is 4.84 min, duration of 20 layers laying-up is
96.8 min.

Auxiliary time which is spent for enveloping ribs of a mandrel and layers
overlapping or butt joining, checking-up and layers rolling down is approximately equal
to 1.5...2.5 times from the time for direct laying-up and assumed to be equal to 144.8
min. Therefore, labor intensity of laying-up overexceeds the winding duration in ~2.35
times even at manufacturing of relatively simple article by geometry.

Indexes of this comparison are very close to ones shown in the Table 1, exactly:
2.35 and 3.0 for profiled article and panel with single curvature correspondingly.

Let's compare other process parameters. The laying-up process requires a
tooling consisting of a smooth mandrel and four surface jig. The mandrel is virtually
identical in design to the winding mandrel. Manufacturing jigs from sheet material
requires minimal labor intensity, and they are reused multiple times. Therefore, the
transfer of their manufacturing labor intensity to the labor intensity of the part is
negligible.

CMU during winding is slightly higher than that during laying-up. During laying-
up, the length of the workpiece, including trimming allowances, is 10% of the length.

When winding a longitudinal part, the allowance for trimming an irregular
structure and the distortion of the part's wall thickness depends on the winding angle,
the perimeter of the cross-section profile, and the tape width (see formula (2)) and, in
the calculation, amounted to 40% of the part's length.

Based on literature sources it is possible to assume that CMU for laying-up is
0.9 and for winding is 0.55...0.75. To increase it, it is rational to combine two or more
parts on one tool.

Let's compare the qualimetric parameters of the winding and layup processes.
It should be noted that in a qualimetric analysis, it is advisable to consider 5-7 of the
most influential process parameters. This analysis must consider the feasibility of
implementing a given reinforcement scheme, the volumetric content of the composite,
and their degree of tension.

Based on these considerations source [1, 7, 8] develops a preferred sequence
for selecting manufacturing processes for parts: automated winding, pultrusion (can be
combined with winding), manual layup (preferably mechanized), and spraying.

To calculate for the technical and economic indexes of processes for a part
manufacturing author provides Table 1 with a few such indexes, presented on a 10-
point scale. These values can easily be converted to relative quality indexes [6], but at
the same time considering their maximizing or minimizing nature, and also replacing
the 10-point assessment with a 9-point one for simplicity of calculation (Table 2).

Table 2
Selected quality indexes K; for several typical manufacturing processes for articles
made of reinforced plastics (calculated using data shown in the Table 1) [1-3]

Operator
Process Part . Part C(.)St of . Labqr . | qualificatio | CMU**
complexity | strength | equipment | intensity n
Hand lay-up 0.9 0.3 0.9 0.2 0.1 0.95
Winding 0.4 0.9 0.4 0.6 0.8 0.65
Pultrusion 0.2 0.9 0.3 0.9 0.8 —

* The values of winding and laying-up productivity calculated by the author differ

59




BiokpuTi iHdbopmauiiHi Ta koMn'toTepHi iHTerpoBaHi TexHonorii, Ne 108, 2026 ISSN 2071-1077(print)

ISSN 2663-2411(online)

by only 1.7 times for the considered part.
**Average values for a square profiled section with reinforcement angle
calculated by the author.

A comprehensive quality index that considers the key process characteristics,
as a first approximation, as the arithmetic mean of individual property indexes in their
considered environment. The weight of each individual property is determined by a
weight coefficient (Table 3).

Corresponded values of indexes K; and g; are shown in Table 4. Sub-index

1
I

relates to the list of manufacturing processes.

Table 3

Expert estimation of unit indexes value g; for profiled composite parts
manufacturing processes

Operator
Indexes Part. | Part Costof | Labor |, ificatio| CUM
complexity | strength | equipment | intensity n
Expert 1 0.8 0.9 0.4 0.3 0.6 0.5
Expert 2 0.3 0.9 0.5 0.5 0.4 0.3
Expert 3 0.7 0.8 0.4 0.4 0.6 0.7
Average 0.6 0.87 0.43 0.4 0.53 0.5
value
Table 4
Values of indexes product (K;- g;j) for different manufacturing processes
Part Part Cost of | Labor Operator
Process complexity | strength | equipment | intensity* | qualificati | CUM**
on
Hand lay-up 0.54 0.26 0.39 0.08 0.05 0.48
Winding 0.24 0.78 0.17 0.24 0.42 0.32
Pultrusion 0.12 0.78 0.13 0.36 0.42 —

* Values of manufacturability for winding and laying-up calculated by author
differ only in 1.7 times for considered part.
** Average values calculated for square section with reinforcing angle selected

by author.

The value of complex index of quality KcomIOI can be estimated by the following

formula [8-10]:

K compl :Zn:gi K 1

i1 N

where g; n K; — unit weight indexes and quality indexes of corresponding

manufacturing processes.
Results of analysis of complex quality index for processes of manufacturing
panels with single curvature and profiled parts made of composites show following

results:
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— for hand laying-up Kﬁfmpl =0.30;
— for winding K$MP! =0 36;
— for pultruzion Kgompl =6.68.

Conclusions

Analysis of these values of KCompl and ones shown in Table 4 allows to
conclude that the property of “part complexity” relates mostly to general characteristic
of part forming, nevertheless paper [1, 8] declares it for forming of single-curvature
panel. Generally, geometry of panels can be complicated, with different local elements
and smooth with low curvature. In this case, the analysis examines the molding
process of profile parts, which, in their product range, have a completely different,
simple shape, but are extended along a single axis. Therefore, as a preliminary
assumption, the property of "part complexity" can be excluded from consideration. All
other properties, to a first approximation, are important for analyzing the manufacturing
processes of profile parts.

After the appropriate calculations, we obtain:

— for hand laying-up Kﬁfmpl =0,25;

— for winding K\g;vompl =0,39;

— for pultrusion Kgompl =0,42.

Thus, a quality analysis of the production of profile parts in two variants reveals
the following process sequence, arranged in descending order of the overall quality
indicator: pultrusion, winding, and manual layup. This sequence is largely determined
by the productivity of the processes. The above calculation of the machine time for
winding and layup confirms the higher productivity of the pultrusion process.
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IHopiBHAHHSA KBAJIMETPUYHUX IOKA3HUKIB MpoLeciB
HAMOTYBAHHSI TA BUKJIAJAKHU NPOPUILHUX JeTa/ied 3 KOMIIO3UTIB

MpoBeaeHo aHania KBaniMeTPUYHWX MOKA3HUKIB MPOLECiB HaMOTyBaHHS Ta
BUKIAAEHHS, WO BUKOPUCTOBYIOTLCA AN BUFOTOBMEHHS NPOMISIbHUX OOBroOMipHUX
aetanen nitanbHUX anapariB 3 KOMMNO3UTIB. Y SKOCTI TUMOBUX AeTanen, ski MOXyTb
BUrOTOBNATUCS 3@ AOMNOMOIOK TEXHOMONMYHNX NPOLIECIB PYYHOro BUKNagyBaHHsS abo
aBTOMaTU30BaHUM HaMOTYBaHHSM 0B6paHO naHenb OAUHAPHOI KPUBU3HM.

OuiHka TpuBanocTi TUMOBMX TEXHOMOMYHMX MpPOLECIB  BUFOTOBIIEHHS
npeacTaBHULBKOI AdeTasii BKMAYae BpaxyBaHHA $IK OCHOBHUX Ta i AOMNOMDKHUX
TEXHOOriYHMX NPOLLECIB NiArOTOBKM Ta NpoBeAEHHSA 6e3nocepeaHboro BMpobHuMLUTBa.
[na BKNOYEHHA 00 MOPIBHAHHA TakOX npouecy nynTpysii obpaHo npodinboBaHa
AOBroMipHa AeTanb KBagpaTHOro nepepidy. 3a [OMOMOrok aHarnisy Cy4acHux
nitepatypHUx mKepen OoKpeMoO [OOChiAKEeHO BMNAMB TaKOli  XapaKTepUCTUKK
TEXHONOMYHNX MPOLECIB SK CKMagHICTb AeTani Ha XapakKTepucTuky 11 SKOCTI.
3anponoHOBaHO METOAMKY YMCITIOBOrO OLLiHKOBAHHA MOKa3HMKIB SIKOCTI TEXHOMOMYHNX
npouecie BUPOOHMUTBA KOMMNO3UTHUX MpodhiniB. Takox npu MOpPIBHAHHA MNpouecis
BUIOTOBMEHHS BUKOPUCTOBYETLCS KOeiLliEHT BUKOPUCTaHHA MaTepiany. Lia meToguka
nepenbavae 3anyyaHHs METOAY EeKCMEePTHMX OLIHOK, SKi BMKOPUCTOBYHOTb BarosBi
KoemiLlieHTM BNAMBY KOXXHOIO TEXHOSOMYHOro rnpoLecy.

MeTolo pocnigkeHHA € po3pobka iHXEHEepPHOI MeTOAMKM MOPIBHSHHSA
KOMMMNEKCHUX MOKa3HMKIB AKOCTI TEXHOMOr4YHMX Mpouecis 3 noganbwum BuUOOpom
HanbinbL eeKTUBHOro Npouecy 3a po3podbku BigNOBIAHMX pekoMeHaaLin.

MpeamMmeToM AOCHIMAXKEHHA € MNOKA3HUMKM SKOCTI TEXHOSMOrYHMX MpoLeciB
aBTOMaTU30BaAHOrO HAMOTYBAHHSA, PYYHOT BUKNAAKM Ta NynTpysil.

MeToan, Wo BUKOPUCTaHi y AOCHIAXEHHi. Y [O0CnigKeHHI BUKOPUCTAHO
MeTo[ KBaniMeTpU4HOro aHanidy rnokasHUKIB TEXHOSOrNYHMUX NpoLUEecCiB BUrOTOBMNEHHSA
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naHenen ognHapHoOI KPUBU3HM Ta NpodinboBaHNX BUPODIB 3 KOMMNO3UTIB.

Po3pobneHo pekomMeHAauii WOAO0 ypaxyBaHHA Takux Hambinbl BaromMmx
BNacTMBOCTEN npoueciB BUMPOOHWMUTBA | [[eTanen, Wo W BUIOTOBASKTbCH, $K
CKIMaAHICTb i MiUHICTb BMPOOY, BapTIiCTb BUPOBHNYOro yCcTaTKyBaHHS, NPOOYKTUBHICTb
npouecy 1 kBanigikauia pobiTHUKIB, AKi cnig ypaxoByBaTu Npu aHanisi NoKasHUKIB
SIKOCTI.

Knroyoei crnioea:. KBaniMeTpuyHUM aHarsnisa, HaMOTYBaHHS, BWKITaOEeHHS,
KOMMO3UTU, TEXHOMOTIYHICTb, AKICTb.
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