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Abstract: Filament winding pattern plays a key role in computer-aided filament winding, unfortunately there is
no reliable method for non-axisymmetric filament winding pattern design. In addition, a substantial amount of data
storage is an obstacle to non-axisymmetric filament winding. A filament winding pattern for elbows and a new data
processing method are presented in this paper.
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Fiber composites represent a class of new materials providing high strength, lightweight and excellent
chemical erosion resistance. Filament winding allows to place the fibers with a highly reproducible degree
precision, and has therefore become a widely used technique for the production of high quality composite structure.
Automation of the design and production can efficiently reduce labour-intensive design, development and cut down
production costs. Meanwhile it can effectually control the quality of composite products. This requires the creation
of a computer-integrated environment round the winding process, which includes design, production and quality
control of the wound part, and therefore computer aided filament winding is a important technique in filament
winding. The design and calculation of fiber paths and machine paths needs however considerable mathematical
effort. The axisymmetric filament winding has been researched for several years and the production of the
axisymmetric wound part such as revolving surface is relatively simple and mature. When winding an axisymmetric
part, a basic fiber path is repeated continuously by indexing the winding axis, opposed to an asymmetric part, which
consists of a number of different fiber paths that should be designed and computed individually resulting in a
substantial amount of data. Furthermore, it is much harder to control all fiber paths to meet the technical
requirements of filament winding such as stability, uniform coverage and non-bridging. Among the
non-axisymmetric components, the elbow is a main product of composites. CADFIL!'Y! and CADWIND!?! are the
only available software that is able to design and manufacture elbow and T-pieces part. Both adopted discrete
method, which divided the mandrel surface into triangular pieces on which the fiber path corresponds to a straight
[1.2]

line' =, and the computation of fiber path is relatively easy with only an additional processing for subdivision.

Nevertheless, it is extremely difficult to estimate and control the error. It is actually a trial and error process!!.
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In China, a wound elbow was manually produced by mechanics-controlled filament winding machine. It is
necessary to develop computer-aided filament winding (CAFW). CAFW is regarded as an inter-science and
inter-discipline, which cover Mathematics, Computer science and Mechanics. Among these, mathematics is
fundamental to fiber path design. In this paper, first we give a non-axisymmetric filament winding pattern (NFWP)
for elbow based on geodesic, semi-geodesic and dwelling technique, and then a new data processing method called
Node storage method is proposed which greatly reduces the amount of data storage. Finally, we develop an efficient

algorithm for fiber path design on elbows.

1 Filament Winding Pattern

Filament winding is a process of weaving fiber around the mandrel, and the production of high performance
composite structure needs an accurate placement of fiber path, hence the fiber path must be stable, that is to say the
fiber should be fabricated in certain pattern. Mathematically, the pattern is called filament winding pattern (FWP),
and it can be classified into two categories: geometric pattern and algebraic pattern!*. The former is mainly
involved in certain types of differential equations that specify the geometric characteristics of fiber paths, while the
latter deals with the distribution of fiber paths
around the mandrel. The design of fiber path is
equivalent to the design of FWP that includes
geometric pattern and algebraic pattern. Two kinds
of patterns are not independent, and they must be
consistent, and the algebraic pattern is greatly

subject to the geometric pattern.

The elbow, as a joint part, has flanges on each

end of it, and the flange can be considered as

Fig.1 A mandrel with flange;

cylinder as shown in Fig.l. The differential

. . . gray for elbow and drak gray for flange
equation of geodesic on elbow is easy to be solved,
but it is hard to obtain the analytical form of semi-geodesic on the elbow. The system of differential equations of
semi-geodesic can only be solved by numerical method, and the main problem is that we can’t control it to meet
requirement of full coverage, while it is convenient for us to get analytical solution of semi-geodesic on cylinder. A
feasible NFWP is given by employing geodesic on elbow, semi-geodesic on cylinder and dwelling technique which

trajectory dwells on the boundary circle instead of turning back immediately.
1.1 Geometric pattern

1.1.1 Geodesics on the elbow

To explain NFWP more clearly, we list some results of geodesic on elbow as follows.

T(6,p) is the vector representation of the elbow, and let g, denote the span angle.

(R+rcos@)cost 0 0
T(O,p)=| rsing , He{—%, S;’"}, ¢ €[0,2x]. (1.1)
(R+rcosp)sind

where 6 and ¢ are the parameters of the elbow, as shown in Fig.2.
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Fig.2 An elbow with parameters 6 and ¢

The first fundamental form of 7(6,¢p) can be obtained by easy computation,
VE=R+resp, F=0,/G=r (1.2)

and using Liouville formula, the geodesic curvature is expressed as
d .
k=2 0P _cosa (1.3)
ds R+rcose

Let k,=0, we obtain differential equations of geodesics as follows:

da S0P osa, (1.4)
ds R+rcosp
do __ cosa ’ (1.5)
ds R+rcose
dp _sina. (1.6)
ds r
Differential equations (1.4), (1.5) and (1.6) can be simplified as follows
dﬁ:_ rsing c9sa’ (1.7)
do R+rcose sina
g0 _ G cosay (1.8)
do R+rcose sina
From differential equation (1.7), we have
JEcosa=C. (1.9)

where C is a constant value determined by initial wind angle ¢, . This is well-known Clariaut equation.

The elbow is not always convex, even though the geodesics may bridge and may not cover the elbow unless the
initial winding angle ¢, meet certain condition. Stable winding condition was given in Ref.[5] as follows:

R-r |[R-
0<cosg, < 2 ! Rr . (1.10)
+r

1.1.2  Semi-Geodesics on the cylinder
In fact, the flange is a cylinder, so we only need design fiber path on cylinder and get the path on mandrel by
simple coordinate transformation such as rotation and shift.

Let parametric surface of the cylinder C be
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rcos Y
C(z,p)=| rsing 0<¢p<2m (1.11)
z
where z and ¢ are two parameters of the cylinder as shown X
in Fig.3. v,
Similarly, we have E=1, F=0, G=/. Thereby, the
parametric system (z,¢) is orthogonal, so we can use ‘a
Liouville formula to compute geodesic curvature k, b
k=4 IRE " .
¢ ds Fig.3 A cylinder with parameters z and @
Normal curvature £, is
. 2
sin”
k,=- ' (1.13)
-

< =7. (1.14)

From differential equations (1.12), (1.13) and (1.14), we derive the differential equations of semi-geodesic as

follows:

da  Asin’a

— == . (1.15)
. ds r
In addition, we have
dz
—=cosa , 1.16
- (1.16)
dp _sina (1.17)
ds r
Equation (1.15), (1.16) and (1.17) can be simplified as follows:
(% i (1.18)
do
E:rcotoz. (1.19)
do
(1.18) and (1.19) together with initial value
al.., =a, (1.20)
P=Pp
and boundary condition
n (1.21)
a z=z, =7
o=p. 2
where ¢, and «, meet Clariaut equation (1.9), ¢, is unknown.
From (1.18), (1.19) and (1.20), we have
tanZ = tan Lo o000 (1.22)
2 2
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1 1

=L : (1.23)
A sina  sing,

1.2 Algebraic pattern

Algebraic pattern can be defined by axis motion in axisymmetric filament winding, but we can’t simply
apply the definition to non-axisymmetric filament winding. In theory, a precise definition of NFWP is given based
on network®. The paper applies it to practical filament winding
on elbow and proposes a practical NFWP.

Owing to the geometric feature of elbow, we cannot
calculate the splitting number M on the transversal circle like
common method. But we notice the following truth: the length

of external arc defined by ¢ =0 on the elbow is the longest, so

if fiber paths cover this longest arc, they must cover the whole

- die aro leneth e mandrel. Considering periodicity of geodesics on elbow, we
prelio eyl only calculate M within a period, illustrated in Fig.4.
Fig4 & geodesic within a perind Let W denote the tape width. From (1.8) and (1.9) we

have

2” r(R+r)cosa,

Py = do, (1.24)
- l (R+VCOS¢)\/(R+VCOS¢7)Z —(R+r)cos’a,
where ¢, satisfies (1.10).
_{(RH)@W sinozo}+l (1.25)
-, |t

where [ ] is the floor function.
Apparently, These tapes uniformly cover this periodic arc, when we place M tapes sequentially from 6=0 to

=0 . with interval —2&

“Yeycle

along the external arc. We use the same number M determined by (1.25) on the

cylinder.
Let {6,} i=0,M —1 be a partition of 8, defined by
iec cleff .
0 =—320i=0,M -1 (1.26)
M

and {¢,} i=0,M — 1 is a partition of 27, and ¢ , is defined by

_ le r(R+r)cosa,

2 Y (1.27)
0 (R+rcos¢7)\/(R+rcosg0) - (R +7r) cos’a,

The distribution of fiber paths is completely determined by the starting point and the initial winding angle &,
because of the uniqueness of geodesic, so we can only control the fiber distribution on cylinder to design ideal
NFWP.

7(0,0) is the starting point of the fiber path. Because the mandrel surface is symmetric about plane z=0, we

only consider the positive half mandrel.
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span

The number of @, when the fiber path passes through the half elbow from € =0to 6 = is denoted by

n, and n, denotes the number of ¢, when the fiber path passes through the half cylinder, and then the skipping
number K is defined by

K =4n,+4n, (mod M) (1.28)

where n, is determined by «,, so we should choose proper n, by designing semi-geodesic on cylinder in

order to let M and K be relative prime.

From the Clariaut equation (1.9), we know that there are M different winding angles which are the initial
winding angles of semi-geodesics when M different geodesics pass through the elbow to the flange. From (1.22) and
(1.23), ¢, and A are determined by «, and z,, so the value ¢, — ¢, is different according to the

e

different «, . We use dwelling technique to deal with the hard problem such that ¢, — ¢, = n, i/[—n
2 Node Storage Method
iy O pan :
Let {#,} be apartition of |0, % defined by
JOae . 57
6=t j=0l, @.1)

M0§ an
where /=] —2% |[+1.

cycle

Let s,(¢) (h=0,M—-1) beasemi-geodesic on cylinder, which is determined by (1.22), (1.23) and winding

angle «, , and the {(pﬁ} (p=0,n,) be apartition of ¢! — @, defined by

h h
9, =0, +p% 2.2)
where « and ¢, meet(1.9),and ¢! isdeterminedby ¢/, @] and z,.
Along the semi-geodesic s,(¢) , we define height partition of the cylinder {z:ﬁ — zh(go['f)} .
From (1.27), (2.1) and (2.2), the fiber path with starting point 7(0,0) consists of the point sequence T(Hj,(p,)

on the elbow and C (z"

P

,gof,) on the cylinder, where i= j(modM) .

R . . ; . _ _ _h
Definition 1. The intersection points between parametric curves ¢ = ¢, and ¢=6¢, or between p=¢,

and z=z, iscalled node, where i,h =0,M—1,j=0,1, p=0,n,.

According to above result, we only calculate and save the values at nodes, so this method for data processing is
called Node Storage Method. This method greatly lowers the computation cost and the amount of data storage, and
it is very convenient for us to control quality of composites, we only need a simple processing for subdivision. The

following table1 shows the efficiency of the method:

Tablel Runtime of designing wound elbows

Winding parameters Time of using CPU (s)
#=02 w=20mm ¢,=78° 6, =90°

span 3

#=02 w=l0mm ,=78° 6,_, =90°

span—
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3 Results

The NFWP designed in Section 2 and Node Storage Method have been successfully applied to the CAD system
for filament winding, which is a main part of the important technology project of the national Ninth Five-Year-Plan
of China. The following figures illustrate the filament winding on elbow. We’ll perfect this software for composite
material industry and produce sample of wound elbow this year. In the future research work, we will concentrate on

filament winding on T-pieces.

Fig.6 A winding pattern with ©=02, o=78°, w=15mm without mandrel

Fig.7 A finished wound elbow with x#=0.2, o, =76°, w=10mm
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