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Abstract

Complex composite structure design is frequently practiced in today’s aerospace and automotive industries. This study
deals with the winding optimization of polymer composite frames having complex 3D geometry using rovings, winding
heads, and industrial robots. This problem is addressed mainly from a geometrical perspective using a novel mathematical
model and approach. Attention is given to maintaining the required winding angles, avoiding gaps, minimizing roving
overlaps during winding, and ensuring the homogeneity of the windings process. Determination of the optimal number
of rovings used and their width during the winding process is solved first for the case of a straight frame, where the
central axis of the wound roving forms a straight helix on the frame surface. The winding technology for curved parts
of the frame is more complicated. In practice, the curved section of the frame often forms geometrically part of a ring
torus. The central axis of the wound roving then forms a toroidal helix on the torus. Optimization procedures are also
solved for this type of frame. The verification of the derived theoretical conclusions was done using practical examples
is a part of the research.
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Introduction
'Department of Mathematics, Faculty of Science, Humanities and

Today, composite materials are increasingly used in devel-
oping and fabricating many products. They gradually
replace conventional materials such as wood, steel, iron,
and metal alloys.'? Its advantages include lightness,
aggressive environment resistance, maintenance-free, ten-
sile, flexural, and compressive strength.>* Recently, poly-
mer composite frame applications have expanded. They
are mainly used as reinforcements for aircraft wings and
fuselages, landing gears, cabins, and doors of cars.
Composite frames are also used to construct safety cab
frames for off-road vehicles and agricultural machinery
(e.g. tractors and harvesters), boats (hull reinforcements,
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Figure |. Frame shapes: (a) open composite frame of complicated shape, (b) closed frame with test winding of one roving, and (c)

closed composite frame.

masts), and sporting goods, especially bicycles.!*¢
Figure 1 shows examples of composite frames. They can
be open (a) or closed (b), (c) and are often spatially
constructed.

Figure 2 describes each step of the composite frame
development process, while the individual steps are
explained below in more detail.

Steps | and 2

Before starting the development of a composite frame, it
is necessary to determine the shape and dimensions of the
frame. Composite frames are often shaped only in 2D
space. Determining the correct winding procedure is usu-
ally easier in such cases. In general, curved parts of frames
shaped in 2D and 3D are the most difficult to wind. It is
also necessary to define the requirements for the physical
and mechanical properties of the future composite to
ensure the composite frame’s tensile, flexural, torsional,
and compressive strength. Aggressive environment resist-
ance with minimal maintenance is often essential to the
composite requirements. A critical environmental aspect
is the need for longer lifespans for composite frames and
their recycling.

Step 3

The material composition and production technology
are designed based on the specified requirements
for the composite frame. The material composition
includes:

e the type and properties of reinforcement (e.g. car-
bon, glass, basalt, aramid roving) and polymer
matrix (thermosets, thermoplastic),

e number and orientation of layers,

e reinforcement preparation technology.

Three-dimensional or closed shapes require using a light-
weight core, which has no significant effect on the final
weight of the composite and its mechanical properties.
Software modeling tools (e.g. Ansys, Abaqus) signifi-
cantly assist in determining the components of composite
and its mechanical properties.

Step 4

This step focuses on the issue of proper fiber winding on a
composite frame from a geometric perspective and is the
main focus of the article.

Step 5

The frame dry rovings reinforcement is then impregnated
with resin and cured. Resin Transfer Molding (RTM) or
vacuum infusion technologies are often used, depending
on the resin type. The core (often from polyurethane foam)
remains part of the finished composite.

Step 6

Followed by a comparison of the determined properties of
the composite structure model (step 3) and the physical/
measured values obtained by loading the composite
component.

Steps 7 and 8

If the results of the practical tests of the composite proto-
type are in agreement, the technology for manufacturing
the composite frame, including material composite com-
position, can be accepted. Otherwise, changes in previous
Steps need to be made in the proposal, for example, in Step
3 when modeling the composite or material composition/
composite structure in Step 2.



Milynek et al.

1/ Beginning of composite frame development.

y

frame.

2/ Determination of the required properties and characteristics of the composite

A

y

of the used rovings.

3/ Load modelling of the composite frame with software development tools (e.g.
systems ANSYS, ABAQUS). Determination of the shape and dimensions of the
frame, the number of layers of rovings to be wound, and angles of roving
winding. Determination of roving material (e.g. carbon, glass, aramid), the width

4/ The process of winding the roving layers onto the frame at specified
winding angles (using a winding head and an industrial robot, calculation
of the off-line trajectory of the robot for frame winding).

5/ Impregnation of the wound frame with resin and subsequent heat curing.

6/ Practical testing of composite frame properties.

A

7/ Positive test results.

8/ Acceptance of composite frame development.

Figure 2. Schematic diagram of the composite frame development process.

Note 1

Roving is a fiber unit consisting of continual, unidirec-
tional oriented filaments, usually without twists. Its
cross-section has a lenticular shape.

The current research on mechanics of composite materials
and structures mainly engaged on the issue of mechanical
design at material and structural aspects, material charac-
terizations,” determination of mechanical behavior of
composite structures at elastic to damage, and failure
stages while considering structural response of composite

subjected to various loads,® invention of high-performance
materials with improve functionality for smart application
and technology,” engineering of materials for improving
structural features within mechanical, thermal or even
electrical features,'® etc. Within the mechanical-manufac-
turing aspects, the development of bio-based and biode-
gradable composites (lessen the environmental effect by
traditional synthetic materials),'"!? structure with tailored
properties at micro-to-meso level'>!4, 3D/4D printing
within  additive manufacturing techniques,'>'® etc.
Experimental mechanics, assisted computational and
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numerical techniques have been the most wrought meth-
ods accompanied to provide comprehensive insight for
multidisciplinary study of composite and push the bounda-
ries to create innovation and design based on complex
industrial challenges.!”" Although a lot of researches
accomplished in these aspects, however there are plenty of
aspects missing in the loop of manufacturing of complex
composite structures including; defect formation at differ-
ent material-levels for higher integration through compact-
ing and layups,?® guaranteeing uniform resin flow, and
wetting to dense fibers,?! stable curing process and thermal
control for of optimum structural solidification,?>?* scala-
bility of the structure considering the fabrication tech-
niques, as well as incorporation of automation and robotics
and quality control in the manufacturing processes.’*%’
Emphasis in quality production of complex composite
structures for acrospace applications was a the main basis
in emerge of robotics and automation involvement in man-
ufacturing of high-quality and high-performance structure
pursued in research and development sectors of todays
advanced industries.”>?’ In this regard, robot winding is
proven to be an effective method for quality production of
curved composite frame, and recent researches has focused
on optimization of winding processes. However, the prob-
lem of winding quality (winding angles, gaps reduction, or
roving overlaps) is given much less attention in current
research states. To solve this issue, the correct geometrical
winding is essential to ensure the desired properties of the
composite frame. For example, compliance with the pre-
scribed angles of fiber layer orientation onto the frame is
necessary to provide the composite’s resistance to mechan-
ical stresses.?® 33

The most common manufacturing processes for com-
posite frames are braiding technology and filament wind-
ing. Two oppositely oriented layers from longitudinal
textiles interlaced to crossing points characterize the braid-
ing technology. The braided structure’s benefit is the high
adhesion of the fiber layer to the surface of the core or
frame and the exact copy of the shape. Changes in cross-
sectional shape or size are usually easy to solve by chang-
ing the feed rate. The core-feeding rate and trajectory
shape are realized by using a robot.3¢-38

In a commonly used procedure for filament winding
technology, the frame core is rotated around its central
axis. At the same time, the fibers are fed by a device
attached to the robotic arm and moving parallel to the axis
of the core. The angle of the filament winding depends on
the speed of rotation of the frame core around the axis and
the speed of movement of the filament feeder. The fibers
are impregnated with resin before winding. Filament wind-
ing techniques are discussed, for example, in article,* and
the advantages and disadvantages of using the winding
technology are discussed in article.** Publication*' exam-
ines the conditions for maintaining the required winding
angle.

The braiding technology and fiber winding procedures
mentioned above are not applicable to the closed frame
shape. The basis of the equipment for the production of
braided structures is a ring with two rail lines for the
opposing movement of the fiber carriers. Interference with
the ring in terms of opening and closing it would be very
complicated. For this reason, braiding machine manufac-
turers do not even offer a closed-core version of the braid-
ing machine.

This paper focuses on a different winding technology of
filament fibers on open- and closed-frame core types.
Winding technology applies under certain conditions to
frames with different cross-sectional shapes, such as cir-
cles, ellipses, triangles, or rectangles. The problem of
winding rovings on a non-load-bearing frame of circular
cross-section is solved in this article.

The winding head and industrial robot are used in the
winding process. The frame is attached to the end of the
robot’s working arm (robot-end-effector), and, based on
the suitable trajectory of the robot-end-effector, the frame
gradually passes through the rotating rings of the winding
head at a defined speed — a unidirectional fiber layers
formed on the frame from coils located on the circumfer-
ence of the rotating rings of the winding head (Figures
3(a), (b) and 4(a)). The setting of the size of the winding
angle between the fiber layer and the frame axis is based
on the assumption that the speed of the frame passage is
constant and, at the same time, the variable angular veloc-
ity of the rotating ring (the robot’s external axis controls
the angular velocity of the rotating ring). The winding of
two fiber rovings onto the frame as the frame passes
through the winding head with two rotating rings is shown
in Figure 3(b). A detail of the winding head is shown in
Figure 3(c).

The rotating rings of the winding head are openable to
allow winding of the closed frame core. Fiber rovings are
wound dry only, wet winding cannot be used. The fibers
are impregnated with resin after the winding process. To
ensure the requested winding angle, it is also important,
the central axis of the frame must be perpendicular to the
plane of the rotating ring as the frame passes through the
winding head. The rotate rings of winding head are com-
posed of coils with fiber rovings (Figures 3(c), 4(a) and
(b)). When passing the frame through a winding head
with three winding rotating rings, the perpendicular posi-
tion is approximated so that the individual winding angles
are as close as possible to the desired value (deviation
between the frame axis and the plane of the winding ring
to be as close to 90° as possible). The problem of deter-
mining the optimized robot trajectory and ensuring the
correct angle of roving winding for individual layers is
described and solved in detail in the literature."*?> Figure
4(b) shows the winding of the straight frame by carbon
rovings and 4(c) combined winding with carbon and
glass rovings.
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Figure 3. (a) Preparation of winding 2 layers of rovings on the frame attached to the robot-end-effector. (b) An example of
winding only two carbon rovings on the frame is one at +45° and the other at —45° by two rotated ring of winding head. (c)

Winding head with three rotating rings and spools.

Figure 4. (a) Three rotating rings of winding head with glass rovings, (b) winding a straight frame with carbon rovings, and (c)

combined winding with carbon and glass rovings.

The winding of a frame with two parts with different
radii of cross-section is conditioned by a continuous transi-
tion between the parts (a truncated cone). The winding
angle of fibers depends on the speed of passage of the
frame through the winding head, the angular speed of rota-
tion of the winding head ring and the frame radius. The
speed of frame through the winding head is constant. To
maintain the same winding angle on both parts of the
frame, it is necessary to continuously change the angular
speed of the rotating ring of the winding head (angular
speed is controlled by the external axis of the robot). This
issue is dealt with in detail in article.*

Material and methods

Achieving the required winding angle and roving wind-
ings without gaps and minimal overlaps is an important
prerequisite for producing a quality composite frame. It is
easier to meet these conditions when winding a straight
frame with a circular cross-section. However, winding the
curved parts of the frame is more difficult. The tendency to
form gaps on the outer surface and large overlaps on the
inner surface of frame arises when the curved part of the
frame is wound. Also, the winding angle of the roving is
greater on the outer surface than on the inner surface of the
curved part of the frame.
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The following two notes are important from the point of
view of practical application of the presented results of
this paper.

Note 2

As mentioned in Note 1, roving is a unit of filaments
with lenticular cross-section. To simplify the mathe-
matical model of winding the roving on the frame, we
will further assume that the roving has a rectangular
cross-section. In the mathematical model, only the
width of the roving will be significant for the further
derived procedures. The height of the roving is not
solved in the model. These simplifications of the rov-
ing presentation do not affect the solution of the
problems of the correct winding angle, gap forma-
tion, and overlap between two adjacent wound rov-
ings. We examine only the geometric aspects of
winding.

At the same time, we assume that when winding the rov-
ing onto the frame, the roving adheres to the frame
along its entire length.

Note 3

The values of the roving width and the number of rov-
ings used in winding the fiber layer are limited in the
practical winding. The maximum number of rovings
used is limited by the possible number of bobbins
that can be attached to the rotating ring of the wind-
ing head. The width of the roving used is also limited
by the offered range of roving manufacturers.
However, knowledge the value of the overlap (gap) of
two adjacent wound rovings is useful in selecting the
appropriate roving width and the number of roving
used.

Figure 5. Display of two wound adjacent rovings (with
marked central axes hlg and h2g) unfolded into a plane.

Winding a straight frame

The central axis of the roving (see Figures 5 and 6(b))
forms a straight helix when the roving is wound onto a
straight frame with a circular cross-section. A right-hand
helix is formed when the winding angle is positive (denoted
by +). Conversely, a left-handed helix is formed at a nega-
tive winding angle (denoted by —). The winding of one

roving at an angle + % (+45°) and one roving at an angle

_T (- 45°) on a straight frame of circular cross-section

is shown in Figure 3(b). In the next part of the text, we will
deal with the problem of a positive winding angle; the
winding of a negative angle is analogous.

The parametric equation of right-handed helix %, ina
3D Euclidean coordinate system can be expressed in the
homogenous form*:

hy (t) = (x(t),y(t),z(t),l) = (r.cos(t),r.sin(t),v0 (t),l), (1)

where v, is the reduced pitch of helix (length of translation of
helix on o =z axis during rotation of the helix by 1radian
around o axis, fe < 0,00), see Figure 6(a). One turn of helix
is defined by relation (1) for fe < 0,27 >, 4, is an initial point,
and 4, the final point of one turn of the helix, » is the radius
of the frame, see Figure 6(a) and (b). The characteristics trian-
gle of helix A, with the definition of pitch, v is shown in
Figure 6(a). The pitch v is defined as (see Figure 6(a) and (b))

v =4 4| = /|hx ||2 —4n*rt.
It can be seen that tgo = v (Figure 6(a)), where o
2rr

is the pitch angle of the helix (i.e. in our case, the

winding angle). The central axes hl, and h2; in
Figure 7(a) of two adjacent wound rovings form right-
handed helices. Both helixes /1, and 42, have the
same pitch angle a,h2, is rotated around the helix axis
o (i.e. around the frame axis) relative to %l; by the
angle A.

Note 4

Composite and textile specialists often define B as a
winding angle where

p-Z-a @
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Figure 6. (a) Characteristic triangle of helix hg. (b) One turn of the right-handed helix hg, pitch of the helix v, helix pitch angle «.

In this article, the angle of the roving winding will be
referred to as a angle.

Distance d of the central axes hlp and A2, of two
adjacent wound rovings, width m of the roving, and ¢,
overlap of adjacent wound rovings can be expressed in the
form m=d+e¢, (see Figure 5). At the same time,
d = Arsina , see Figure 7(b). We remind that A indicates
the helix A2, rotation angle around axes o relative to
helix A1, and r denotes the radius of the frame. From this
follows ¢, overlap of two adjacent rovings is equal to

&, =m—Arsina. 3)

It can be seen from relation (3) that the size of the ¢,
overlap depends on the m width of the roving itself, angle
A, radius r of frame, and a winding angle.

We assume that the roving coils are evenly spaced

around the circumference of the rotating ring of the wind-

ing head and the number of used coils is n. Then A = 2
and from (3) implies n

2 .
&, =mM———rsina. “)
n

Optimum m roving width can be expressed from relation
(4) and setting overlap ¢, =0.

Note 5

In the following, n number of rovings used will auto-
matically be taken to include the number of coils used
to wind the layer of rovings.

Optimum » number of rovings used in roving winding
can be expressed from relation (4) and ¢, =0 it follows

2r . .
n=—rsina. Since the value of n represents the natural
m

number of rovings used to wind the layer of rowings, it is
necessary to modify the expression of the optimal number

7 to the form
ﬁz{m‘rr sina—‘. 5)
m

The current corresponding overlap ¢, is equal to

~ ~ 2z .
&, =m—Arsina = m—7rsma. (6)

Note 6

The designation [x—| of a real number x is defined
as [x]|=min{p e Z;p>x}, where Z denotes integer
numbers.

The appropriate use of relation (4) can be used to
express the required value of one of the parameters
while knowing the remaining parameters. The proce-
dures for determining the optimal number »n of rovings
used and the optimal roving width m are described in
detail in Ref.*

The &, overlap value in relation (4) meets one of the
following three conditions.

1. If &, <0 in relation (4), then during the winding
process, there is a gap between two adjacent
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h2,

(b)

Figure 7. (a) One turn of helix hlz and helix h2z. Helix h2z is rotated around the axis of the helix o concerning the helix /1,
by A angle. (b) The unfolding of the cylindrical surface of hlz and h2x (one turn) into a plane.

rovings and the problem must be solved by increas-
ing the number n of used rovings or use wider rov-
ings (i.e. increase in the value of m).

2. 1If g, =0, then the theoretical ideal state occurs.
The width m of the roving is the same as the dis-
tance d between the longitudinal axes (two axes
hl, and h2j of two adjacent rovings in Figures 5
and 7(b)). Thus, no gap or overlap is created during
winding. In practice, however, it is preferable if
there is a small overlap (e.g. &y, =1 mm).

3. If g, >0, then there is no gap in the winding of
adjacent rovings, and ¢, -sized overlap is created.
In this case, it is necessary to consider whether
width ¢, overlap is acceptable in terms of the
winding’s quality.

Winding a curved frame

Winding rovings on the curved frame is more difficult than
the straight part. The same winding angle cannot be
achieved over the entire surface of the curved part of the
frame. Generally, the winding angle is greater on the outer
curved part of the frame surface than on the inner part. If
the bending of the frame is realized with a small radius and
a large angle of curvature, then it is technically difficult to
realize the winding of the rovings and to ensure an accept-
able deviation of the required winding angle. As a last
resort, it is necessary not to wind the frame and to design a
different geometry for the composite frame. The curve of
the frame part can be realized in 2D or 3D. Winding a 3D
curved frame section is generally more complicated than a
2D curve.

Winding a torus-shaped frame section. In practice, a curved
section of a frame often creates a geometric part of a ring

torus that is a rotating surface in 3D. However, the ring
torus curvature is only implemented in 2D. It is formed by
rotating a circle & with radius » and center K about an
axis o lying in the plane of the circle k£ at a distance R
from the center S (see Figure 8(a)).

The ring torus can be expressed parametrically in 3D
right-handed Euclidean space in the form (see Ref.,*
p. 65)

x(@,(p) = (R + rcos@)coyp,
y(9,(p) = (R + rcos9)sin(p,
Z(Q,(p):rsiHG. (7)

The major radius R denotes the distance of the point K
from the central axis o (see Figure 8(a)). Point K is the
center of the rotating circle & with minor radius 7.
Angles 0 and ¢ take values from the interval <0,27).
Angle 6 ensures rotation around point K with radius »
(circle k), whereas ¢ represents rotation circle k around
axis o.

The aspect ratio a of ring, torus is defined as
(see Ref.®)

a R ()
The parameter ¢ defined by relation (8) characterizes the
difficulty of winding the roving on the ring torus. The
closer the value of 4 is to zero, the better the conditions
for quality roving winding.
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(@)

(b) ()

Figure 8. (a) Description of the ring torus — used to define the rotation surface geometrically. (b) Two turns (@ =2) of toroidal
helix on ring torus. (c) Four turns (@ = 4) of four toroidal helices on the ring torus.

The parametric expression of a right-handed foroidal
helix (see Figure 8(b)) can be expressed in the form
(see Ref.*)

x(t)= (R + rcos(cot))cost,
y(1)= (R + rcos(a)t))sint,
z(1) = rsin(wr). )

The parameters R and r have the same meaning as in rela-
tion (7). Parameter t € R and w is a real positive number.
Relation (9) describes the winding toroidal helix on the ring
torus surface defined by relation (7). If @ is a natural num-
ber, it indicates the number of turns of the toroidal helix on
the ring torus. Toroidal pitch H specifies the length of repeti-
tion along the central axis o of the ring torus (see Figure
9(a)) and is defined by the relation (see Ref.*%):

H = 2”—R (10)

0]

The central axis o of the torus (see Figure 9(a)) passes
through the winding head at the same speed as the central
axis o of the straight frame during winding (see Figure
6(b)). Recall that v denotes the pitch of the helix and «
desired winding angle. Then based on Figure 6(a) it implies

H=v =2nrtga. (11
From relations (10) and (11) it follows

o= 2rR R
2rrigo rtga

(12)

The relation (12) defines the @ parameter for equation (9)
of parametric expression of the toroidal helix. In the para-
metric expression of the toroidal helix (9), the @ parame-
ter replaces o winding angle. As the value of @ increases,
the number of turns of /4, axis roving around the torus
increases, and thus, the winding angle decreases.

The required o angle of the roving winding on the
frame can only be achieved on a straight frame. When
winding the roving on the ring torus, the largest winding
a,, angle occurs on the outer circle p; and the smallest
a,, on the inner circle p, (see Figure 9(a)) For @ wind-
ing angles on the remaining area of the ring torus, the
relation holds a,, <a < q,,, . At the same time @,,, <a
< a,,, where a is the desired winding angle. The issue
of winding angle is discussed in detail in Ref.*’

The arc length part [, (with endpoints 7, and 7))

of one rotation of 4, axis on the outer p; circle (see

Figure 9(a)) is equal to (see Ref.,** p. 11) [, = 2—”(R +7)
)

and analogously arc length part /;; (with endpoints 7; and
T,) of one rotation of /y axis on the inner circle is equal
2r
)
part of the outer circle p; is shown in Figure 9(b).

Let us assign the following values to 6, and &, singles

to /

e ( R—r). The placement of the roving on the

R+r

8, = arccos
R+ +r0’

>

R-7r
6, = arccos
NR=-r) +re’
and as well as ¢, ¢ parameters ¢, =m/sind, and
¢, =m/sind,.
In article,*” it is shown in detail that the ¢, overlap of
two adjacent rovings on the outer circle p, and g,
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R

central axis
o of torus

Il

p, circle

p; circle

(@

hg — central axis
of roving

roving =

]

m — width of roving

(b)

Figure 9. (a) Floor plan of ring torus; 0 — central axis of the ring torus, pi — circle on the outer surface of the ring torus, p>
— circle on the inner surface of the ring torus, arc length part lo, — one period distance of toroidal helix on the outer circle p, arc
length part I;3 — one period distance of toroidal helix on the inner circle p2. (b) Laying a roving of width m on part lo2 of outer

circle pi.

overlap of two adjacent rovings on the inner circle p, of
the torus are equal to

n.cy —ly, ne =l

goul =—’8inn = (13)
n

For a given number of used rovings » and their width m,
the size of overlaps ¢,,, and ¢,, of two adjacent wound
rovings on the outer p; circumference and inner p, cir-
cumference of the torus can be calculated using relation
(13). In general, the relation €,,, <&, is true, that is, the
overlap on p, the outer circuit is always smaller than on
P, inner circuit.

The ¢,,, overlap value in relation (13) meets one of the
following three conditions.

1. If &,, < 0, then a gap is created between two adja-
cent wound rovings on the outer circumference p,
of the torus. From the point of view of the quality
of roving winding, such a situation is unacceptable.
It is necessary to use a larger number n of rovings
or rovings with a larger width m.

2. If g,, =0, the windings of adjacent rovings build
on each other and are without overlap, which is the
ideal state. At the same time, it is necessary to

calculate the value of ¢,,,, which gives the overlap
of adjacent rovings on the inner circumference p,.
When it holds for a aspect ratio (see relation (8))
a — 1, there may be an unacceptable overlap of
two adjacent rovings on the inner circumference of
P,. The use of more n number of rovings with
smaller width m is required.

3. If g,,> 0, it is necessary to assess whether ¢,
and ¢,,, overlaps are acceptable.

ut

For the given ring torus, toroidal helix parameters, and
fixed n number of rovings used in the winding of a layer
on a curved section of a torus-shaped frame, the optimal
width m of the roving is derived in Ref.*’ The optimum
width m is then determined by the relation

m=2" (R+r).sing,. (14)
wn

For optimal m width of the roving determined by rela-
tion (14), ¢, =0 and the value of ¢, should be calcu-
lated according to relation (13).

Similarly, for the given roving width m, the
optimal number 7 of rovings used in the layer winding is
derived in detail in an article’’ and is expressed by the
relation
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(@)
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Figure 10. Carbon fiber reinforced layers; (a) Homogenous fiber distribution. (b) Layer with gaps (marked by arrows).

i=——(R+r).sind,. (15)
w.m

It is then convenient to calculate overlaps ¢,,, and ¢,,, in
relation (13) for a given 7 by equation (15).

Based on the derived relations in paragraphs 2.1. and
2.2. the following calculations can be performed for a
frame with a straight section and a section created by part
of the ring torus. Specified parameters are the following: r
—radius of frame, R — major radius of frame section that
forms part of ring torus and required a winding angle.

Straight section of the frame

1. Entered: number of n rovings used, m width of
rovings.

The &, overlap of two adjacent rovings can be deter-
mined by relation (4).

2. Determining m optimal width of the rovings
for a given number n of rovings used and setting
£y, overlap of two adjacent rovings & =0 in
relation (4). i

3. Determination of n optimal number of rovings
used for a given s roving width by relation (5)
and calculation of corresponding ém overlap by
relation (6).

Torus-shaped frame section

1. 1/ Entered: n number of roving used, m width of
rovings.

The €,, and ¢, overlaps of two adjacent rovings on the
outer p; and inner p, circles of torus can be determined
by relation (13). If €,,, < 0, then a gap is created between
two adjacent wound rovings on the outer circle p; of the
torus, and such a situation is unacceptable.

2. Determining m optimal width for a given number
n of rovings used relation (15). Performing the
calculation of &;,, by relation (13).

3. The m width of the roving is specified, and the
calculation of the optimal 7 number of used rov-
ings by relation (14). Then, calculate overlaps ¢,

and ¢,,, using relation (13).

The optimized winding of the rovings on the frame is

based on the following principle®:

(A) the winding of the frame must not contain a gap,
(B) overlaps of adjacent rovings should be minimal.

Compliance with condition (A) has a higher priority than
condition (B).

Based on the above principles, it is suitable to select the
appropriate width m and number n of rovings to be used
together on all parts of the frame. Since the winding of the
rovings on the frame is continuous, selecting the number
of rovings to be used and their width is necessary so that
conditions (A) and (B) are satisfied.

Result and discussion

This section focuses on practical examples of using the
derived relations in Chapter 2. Attention will be focused
on determining the optimal width of the wound rovings,
the optimal number of rovings used during winding, and
the possible gaps (Figure 10) and overlapping rovings
resulting from winding adjacent rovings.** The vertical
cross-section of all frames referred to in this chapter is cir-
cular. The calculation will be carried out successively for a
straight frame, a ring torus frame, and a frame composed
of two straight arms connected by a quarter-torus part.

An enlarged image of the roving winding on the frame
is shown in Figure 10. Subfigure (a) contains a homogene-
ous winding, while subfigure (b) contains gaps.
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Figure 1. (a) Winding a layer of eight rovings/tapes on a straight frame (corresponding to the following input values of
Table I: radius of frame r =18[mm], n =8, a= 45°). Overlapping adjacent rovings/tapes is zero (€« =0). (b) Detail of wound

rovings/tapes.

Note 7.

The width of the roving primarily depends on the num-
ber of used filaments. The most frequently used rovings
for winding technology are 24K (24,000 fibers,
9-10[/mm] width) and roving 12K (12,000 fibers,
5—6[/mm] wide). Roving filaments of 6K (6000 fibers)
or 3K (3000 fibers) are arranged in strands and are
more suitable for braiding technology.

Note 8.

Figures 11 to 15 are photographs of real windings. In
accordance with Notes 2 and 3, the winding was done
with green and blue tapes (to color distinguish adjacent
tapes) with a rectangular cross-section. Therefore,
when using color tapes, the following is indicated as
“roving/tape.” The conclusions drawn from the tests
and concerning the winding angles, gaps and overlaps
of adjacent wound strips are the same as for the rovings
with lenticular cross-section.

Example | — straight frame

As mentioned, when winding a frame with a circular
cross-section, the rovings can be wound at the desired o
angle. Let entered radius » of the frame and the winding
angle a; the following types of calculations can be
performed.

1. Width m of the roving and the number # of rov-
ings during the winding of the layer is determined,
using relation (4) to the calculation of size g, of
the overlap of two adjacent.

2. It is defined n number of rovings used during
winding, and it requires zero overlaps of two

adjacent rovings (i.e. &y =0), using relation (4)
can be determined the optimal width m of the
roving.

3. [Itis fixed m width of roving and the optimal num-
ber n of for roving can be calculated using relation
(5), and corresponding £, overlap is determined

by (6).

The winding of a fixed number 7 of rovings with the
optimum calculated width m of roving for angles o =
30°,45°, and 60° is shown in Table 1. The &, overlap of
adjacent rovings is zero (g, =0) for the optimal m rov-
ing width. Figure 11 shows the winding of rovings/tapes
on a straight frame corresponding to the second row of
Table 1.

Table 2 contains calculations of the optimal n number
of rovings used to wind and overlap &, for the specified
roving m width.

Figures 12 and 13 show the winding of rovings/tapes on
a straight frame corresponding to the fourth and fifth rows
of Table 2.

Example 2 — closed frame — ring torus

The winding of rovings on the curved frame of the ring
torus part is solved in this example. For simplicity, the
entire ring torus is considered in the example. Let the val-
ues R and r of the ring torus and the desired winding
angle a be specified. The following types of calculations
are possible to perform.

1. The m width of the roving and the » number of rov-
ings used are specified. Calculate the overlaps of
adjacent rovings on the outer circle p; (overlap ¢,,,)
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Figure 12. (a) Winding a layer of rovings/tapes on a straight frame (corresponding to the following input values of Table 2: radius
of frame r =18[mm|, m=10[mm], a=30°). Overlapping £, of adjacent rovings/tapes is small. (b) Enlarged view of wound

rovings/tapes with negligible overlaps marked.

(a) (b)

Figure 13. (a) Winding a layer of rovings/tapes on a straight frame (corresponding to the following input values of Table 2: radius
of frame r = I8[mm], m= IO[mm], o= 45°). Overlapping &, of adjacent rovings/tapes is negligible. (b) Enlarged view of wound

rovings/tapes with negligible overlaps.

’
’
7
’
N
4

S -

(a) (b)

Figure 14. (a) Winding a layer of rovings/tapes on a toroid-shaped frame (corresponding to the following row input values of
Table 4: major radius of torus R =90 mm], minor radius r = I9[mm],m = IO[mm], o = 45°). (b) Enlarged view on outer surface
(circle pi, see Figure 9(a), marking of overlaps). (c) Enlarged view on the inner surface (circle p2, see Figure 9(a), marking of

overlaps).
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Figure 15. Winding a layer of rovings/tapes on a shaped frame (input values correspond to Table 5: major radius of torus
R= |02|:mm:|, minor radius r =18[mm], winding angle a = 45°). (a) Several rovings/tapes according to parameters of the toroidal
part (nine, Table 5), (b) Detail of overlaps on the toroidal part.

Table I. Calculation of the optimal m roving width at zero overlap of adjacent wound rovings (when €4 =0).

Input parameters Output parameter
Radius(r) [mm] Number of rovings (n) Winding angle Optimal width of roving
() (m)
[] [rad] [mm]
18 8 30 0.5235 7.0085
45 0.7853 9.9963
60 1.0471 12.2430
36 12 30 0.5235 9.4247
45 0.7856 13.3284
60 1.0471 16.3235

Table 2. Calculation of the optimal n number of used rovings, and overlap &x of adjacent rovings for a fixed roving m width.

Input parameters Output parameter
Radius Width of roving Winding angle Optimal number of rovings Roving overlap
(" (m) (@) (n) (80)
[mm] [mm] [*] [rad] [mm]
9 6 30 0.5235 5 0.3451
45 0.7853 7 0.2877
60 1.0471 9 0.5586
18 10 30 0.5235 6 0.5752
45 0.7853 8 0.0035
60 1.0471 10 0.2054
36 14 30 0.5235 9 1.4336
45 0.7856 12 0.6713

60 1.0471 14 0.0078
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Table 3. Calculation of the optimal m roving with zero overlap at the external circle pi of adjacent wound rovings (€o: = 0).

Parameter o is calculated by relation (12).

Input parameters

Output parameters

Major radius Minor radius Number of rovings ~ Winding angle  Param.» Optimal width of roving  Internal overlap
(R) (r) (n) (@) () (m) (&im)
[mm] [mm] [’ [mm] [mm]
90 19 8 30 8.2044 85513 2.6005
45 4.7368 11.5228 2.9067
60 2.7348 134713 2.4200
12 30 8.2044 5.7008 1.7333
45 4.7368 7.6687 1.9199
60 2.7348 8.9792 1.6105

Table 4. Determination of optimal number 7 of rovings with width m. Calculations overlap £, and overlap £;,, . Parameter ®

is calculated by relation (12).

Input parameters

Output parameters

Major radius  Minor radius  Width of rovings  Winding angle Param. Optimal number External overlap Internal overlap
(R) (n (m) (o) ® of roving (Eout) (Eimn)
[mm] [mm] [mm] [’ () (n) [mm] [mm]
90 19 6 30 82044 12 0.3649 2.0618
45 47368 16 0.8374 1.7577
60 27348 18 0.0279 1.0971
10 30 8.2044 7 0.2837 3.2206
45 47368 10 1.2481 3.3218
60 27348 11 0.4690 2.1032

and inner circle p, (overlap ¢,
relation (13).

2. Specified n number of used rovings to winding of
layer. Calculation of optimal m width of rovings
by relation (14) and overlap on the inner circle p,
(overlap ¢,,,) by relation (13). Overlap ¢,, on
outer circle p, is equal g,, =0 for optimal m
width.

3. Specified m width of the roving. Calculation of
optimal » number of rovings by relation (15) and
the overlaps of adjacent rovings on the outer circle
p, (overlap éow) and inner circle p, (overlap éinn)
by relation (13).

) of the torus by

Table 3 contains the calculation of the optimal m width
of the roving when the number n of rovings to winding at
the desired winding a angle is specified. At the optimal
width of m roving, there is zero overlap of adjacent wound
rovings on the outer circle p, (see Figure 9(a)), and the
calculated overlap ¢,,, on the inner circle p, is shown in
the table.

Determination of the optimal number 7z of rovings (by
relation (15)) used for a given m width of roving during
the winding process on the torus. At the same time, overlap
£,, on the outer circle p, and overlap &,, on the inner

out

circle p, ofthe ring torus are calculated in Table 4 by rela-
tion (13).

Figure 14 shows the winding of rovings/tape on a ring
torus frame corresponding to the fifth row of Table 4.

Example 3 — curved composite frame

The winding of a composite frame composed of two arms
connected by a quarter torus is solved in this example. The
frame will be wound at an angle a = +45°. The optimum
number 7,,.;, of used rovings on the straight arms of the
frame and the optimum number 7,,,; on the curved part
are calculated for a fixed width m =10 of used rovings.
The calculated optimal values of used rovings are given in
Table 5.

All three parts of the frame in Table 5 are wound with
the same rovings for the specified winding layer. The opti-
mal number 7,,, of rovings used to wind the frame is 9,
as avoiding gaps is a higher priority than larger overlaps. At
the same time, the overlap &, . of the rovings on the
straight parts of the frame and the outer overlap &,,,_ sy,
and inner overlap £,,, ;.. On curved sections of the frame
are calculated. Figure 15 shows the winding of a composite
frame composed of two arms connected by a quarter torus

and with the parameters corresponding to Table 5.
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Table 5. Determination of optimal number n of used
rovings for winding a composite frame composed of two arms
connected by a quarter torus.

Input parameters

Major radius of frame torus part R =102[mm]

Minor radius of the frame torus part and radius of the straight
part of the frame r =[8[mm]

Width of used rovings m =10[mm]

Winding angle o = 45°

Auxiliary calculation

Parameter of torus w = 5,6666

Output parameters

Frame straight part — optimal number of rovings Asuaign: = 8,
overlap &syigne = 0,0034[mm]

Frame torus part — optimal number of rovings Neons = 9
overlap &im =2.3657 [mm], overlap €. = 0.6562 [mm],
Overall optimum

Overall optimal number of rovings Afame =Nwors = 9;
overlap Eg_fiame =1.1141[mm],

overlap &im_fame = Eimn = 2.3657 [mm],

overlap &ou_fiame = Eouw = 0.6562[mm]

Note 9

The zero overlaps of adjacent rovings are usually con-
sidered using the relations in Chapter 2 (especially
relations (4) and (13)). In practice, it is possible to con-
sider the roving width m-1 [mm] instead of m [mm] and
thus require an overlap of 1 [mm] instead of zero
overlap.

Note 10

The verification/validation of the correct winding of the
rovings in the examples in this chapter can be done as
follows. The correctness of the winding angle a for a
straight frame can be determined by measuring the
pitch v of the helix formed by the axis of the wound rov-
ing hp while knowing the radius r of the wound frame
(see Figure 6(a), tga =v /2xr). Similarly, two adja-
cent rovings can be wound only and measure their over-
laps or gaps between them and verify the measurements
with calculations using relations (4), (6) for a straight
frame, or using relations (13), (15) for a frame section
forming part of a torus.

Conclusion

The fabrication technology of a specific type of polymer
composite frame by winding of fibers is based on the expe-
rience of specialists in composite materials and the outputs
of the software modeling tools used. The mathematical
modeling of the loading of the composite frame deter-
mines the geometric shape of the composite, the number of
wound layers formed by the fiber reinforcement, and their
material composition. The usual materials based on fibers

are carbon, glass, and aramid rovings, or their combina-
tion. When combining materials, rovings made from recy-
cled materials are also increasingly used. The outputs of
modeling also include the required winding angles of the
individual winding layers depending on the load on the
composite frame.

However, some output requirements may be difficult to
meet in the practical process of fabrication of a composite
frame. Compliance with the required winding angles can
be difficult with more complicated frame geometry.
Similarly, achieving windings without gaps and large
overlaps of adjacent rovings is difficult, especially for
curved frame parts. If the curved frame section forms part
of the ring torus and the aspect ratio of the corresponding
torus is large, the winding is complicated.

The theoretical outputs of the paper can be the basis for
the initial design of composite reinforcement (material and
type of roving) for layer winding. With a fixed number of
rovings (determined by the number of coils on the rotating
ring of the winding head), the optimum width of the fiber
roving can be determined. Similarly, for a given number of
rovings used in winding the fiber layer, the optimum width
of the rovings used can be calculated. For a desired wind-
ing angle, a specific roving width, and a number of rov-
ings, the mathematical relationships presented in this
article can be used to determine exactly whether a gap or
overlap will form when two adjacent rovings are wound
and calculate its size. Calculations can be performed for
frames containing straight sections and sections forming a
ring torus part. The calculation procedure allows for avoid-
ing the trial-and-error method, and based on the techno-
logical, design, and material inputs, a qualitatively
homogeneous fiber reinforcement/layer for the future
composite part can be obtained.
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