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WRAPPABILITY OF CURVES ON SURFACES

Royce W. Soanes
U.S. Army Armament Research, Development, and Engineering Center
Close Combat Armaments Center
Benet Laboratories
Waterviiet, NY 12189-4050

ABSTRACT. In this paper, conditions are derived under which a path on a
general smooth surface is wrappable or capable of receiving an essentially one-
dimensional flexible filament under tension that clings to the surface
throughout its length and does not slip. Wrappability considerations are of
practical importance in the fabrication of filament-wound composite pressure
vessels, for instance. The general wrappability conditions derived are applied
to two special cases: general cylinders and general surfaces of revolution.

INTRODUCTION. Imagine a rotating spindle accepting string from some deliv-
ery point which moves parallel to the axis of the spindle. This is the essence
of the filament winding process where the "string"” is replaced by a band of
epoxy impregnated fiber glass, for instance; layer upon layer of this filament is
evenly laid down; and the whole thing is ultimately cured or baked into a
filament-wound composite structure - often a pressure vessel. The spindle or
mandrel is designed so that it may be broken down into parts and removed sub-
sequent to curing, leaving only the wrappings embedded in the matrix material.
This paper considers the question of how the winding or wrapping process is
limited by the differential geometric nature of the mandrel's surface.

PRELIMINARIES. Begin with point P in three space:
P = iX + jY + kZ

Restrict P by parameterizing with respect to x and 0, defining a surface S
embedded in three space:

X =x
Y = r(x,8)sin 8
Z = r{x,8)cos 6

where r(x,8) is the radius of the surface. We require r to be sufficiently
smooth, positive, and 2r periodic in 9, making S a closed surface with an inside
and an outside. If P is further restricted by defining 0 in terms of x, P will
lie on a curve or path embedded in the surface S.

Let ( )' denote g; { ), and let s denote distance along curve c. The

tangent vector t to curve ¢ is



dP et \=
t=g5=Ps)™

and the curvature vector x of any curve ¢ is

K = gg = t'(s')™

= (P"-ts")(s')"2

A family of vectors tangent to surface S at point P is

3P aP
dP = Pydx + Ppdd = 3% dx + 35 do

Two independent vectors spanning the tangent space at P are therefore Py and Py.
Now form the vector cross product of Pyx and Pg to obtain v, a vector normal to
the surface and pointing away from the outside of the surface.

v=PxxP9

WRAPPABILITY CONDITION I - NO LIFTOFF. Now, in order for ¢ to be a wrap-
pable curve on surface S, it is necessary for a length of flexible filament
under tension to cling to ¢ and S. In order for this clinging to take place, it
is necessary for ¢ to see the outside of S as being convex. This will be the
case only if the curvature vector of ¢ points away from the inside of the sur-
face. It is therefore necessary that the inner or dot product of v and k be
negative for clinging to take place. Now,

Vek = pe(P"-ts")(s')"2

but

vet = 0
therefore,

Vek = VeP"(g')"2

and since only the sign of vex matters here, the function A is defined as

A = vep"
Wwhen A is positive, a filament under tension tends to 1ift off the surface and
form a bridge between two distant points; when A is negative, the filament tends

to cling to the surface.

Now, the evaluation of A in terms of x, 6, and r is outlined.




I

First,
P' = Py + Pgo’
and
P" = Pyy + 2Pyg0' + Pgg0'? + Pgb"
but Pg is in the tangent space, so
VePg = 0
Hence,
A = VeP" 3 VePyy + 20ePyg0’' + VePggl'?
Note that all the inner products defining A are determined at a point on the
surface independently of the curve ¢ and that the only thing that changes A at a
point is the direction of c determined by 8'. Therefore, all curves with the
same direction through a given point on the surface have the same value of A at
that point.
Continuing the evaluation of v<P" we have .
Py = i+jYy + kZy
Pg = jYg *+ kZg
vV = PyxPg = 1(YyZg-Ygix) - jZg + kYy
Pax = J¥xx * KZxx
Pxe = j¥x *+ kixeg
Pog = jYee *+ KZge
The dot products in A are therefore
VePyux = YoZyux = Zg¥xx
vePxo = YoZxo - Zo¥xe
v+Pge = YoZge - Z9Yge
Obtaining the partials in these dot products

Y=r sin 8

Yy = Yry/r




Yo = Yrg/r + Z
Yyx = YPyx/T
Yxg = (Yryg+Zry)/r
Yoo = {Y(rgg-r) + 2Zrgl/r
Z=r cos @
Zy = ZIry/r
Zg = Zrg/r - Y
Iyx = Lryy/T
Zeg = (Zryg=Yry)/r
Zgg = {Z(rge-r) - 2Yrg}/r
The dot products then become
VePyy = PPyx .
VePyg = Fyg -~ FxTg
VePgg = rrgg - 2rg? - r?
Hence,
A = rryy + 2(rryg-ryrgle' + (rrgg-2rg2-r2)e'?2
= af'? + 2b9' +
2 H

= a(g' + 2 -0
a(e' + a) +¢- 3

It is clear that the sign of A is completely independent of 0' at points
for which ac > b2. Hence, any curve is wrappable where ac > b? and a < 0, but
the surface is unwrappable if ac > b2 and a > 0 anywhere. If ac < b?, some
curves will be wrappable and others won't. In any case, given the radius func-
tion r, its partial derivatives at a point, and the direction of a curve through
that point, one can immediately compute whether or not a taut filament following
the curve will tend to lift from the surface.

Consider two special cases. For a surface of revolution, rg = 0.
Therefore, A = rr” - (ré')2 [1]. If r" < 0 everywhere, all curves on the




surface of revolution are wrappable. Points for which r® > 0 are also wrappable
for curves with 8' sufficiently large. No surface of revolution is unwrappable
in the sense of liftoff.

For a cylinder, ry = 0, and
A = af'? = (rrgg-2rg2-r2)e'?

Hence, every curve on a cylinder is wrappable if a < 0 everywhere, but if a > 0
anywhere, the cylinder is unwrappable.

In this section the phrase "is wrappable"” has meant "does not experience
filament 1iftoff or bridging during winding.” In the next section, the defini-
tion of "wrappable” is augmented by considering friction between filament and
surface.

WRAPPABILITY CONDITION II - NO SLIPPAGE. If there were no friction between
filament and surface (or between filament and filament since the surface is
filament after the first layer is laid down), there would be only one type of
path along which one might wind filament without the filament slipping - a path
with no transverse (tangent to the surface and perpendicular to the filament)
forces acting on the filament - a path which curves neither left nor right in
the surface - a path with zero geodesic curvature - a geodesic path. If there
were no friction available, and only geodesic paths could be wound, there would
be no filament winding industry. In fact, for numerous reasons, it is seldom if
ever possible to wind along geodesic paths in practice [1]. The geodesic path
remains as an ideal, however, and in this section the degree of closeness to
this ideal is quantified.

Let
¢ = force per unit length that filament exerts on surface = T«

where T is the scalar tension in the filament and k is the vector curvature of
the filament.

Note that the curvature vector can be resolved into a component tangent to
the surface and a component normal to the surface k = Kg + Kn (2] where the
tangent component of k is called the geodesic curvature vector and the normal
component is called the normal curvature vector.

The force that a small length of filament exerts on the surface is

¢ds = TKRdS = (ng+xn)1ds = xgrds + KpTds




Now, in order to avoid slippage of this small section of filament, the
ratio of the magnitude of the tangent force to the magnitude of the normal force
should be less than u, the coefficient of friction

o TgiTs kg,
iknlitds Kn
k
(or more precisely, 0 € 0 = R <u, since we want kp < 0). We call this
n

ratio of geodesic to normal curvature the slippage function ¢. This function
measures how close a given path comes to the ideal geodesic path (0 = 0). The
evaluation of o is now detailed. First, if P is on the surface,
dP = P,dx + Pgdo
and
ds? = dP+dP = Py +Pydx? + 2P, *Pgdxd@ + Pg+Pgdo?

= Edx? ¢+ 2Fdxd® + Gdo2
Hence,

(s')2 = E + 2F8' + GO'2
for a point on a path on the surface.

We now define a Cartan frame [2-4] relative to the surface, i.e., an ortho-

normal basis having two vectors tangent to the surface and a third normal to it.
Let

= Py/ (PyoPy)¥

= P, /E%
and

@3 = PyxPg/IP,xPgl = v/Hvi
but from vector algebra,
{AxB)+(CxD) = (A+C)(BeD) - (A+D)(B-C)
Hence,
(PyxPg) e+ (PyxPg) = NPy xPgli?2 = Jvii2
= (Px+Px) (Pg+Pg) - (Px-Pg)*

= EG - F?




Therefore,

e3 = PyxPg/(EG-F2)%

ey = e3xeq
a (PyxPg)xPy/ (E¥(EG-F2)%)
but again from vector algebra,
(AXB)XC = B(A+C) - A(B+C)
Hence,
(PyxPg)XPy = Pg(PyePy) = Py(Py+Pg)
a EPg - FPy
and
ez = (EPg-FP,)/(E%(EG-F2)%)

Now, e1 and e; span the tangent space (plane) at any point; therefore, the path
tangent vector t can be written

t = Aeq + Beg
If t makes an angle w with ey,

eq°t = A = cos W
and

e2°t = B = sin w
Hence
t = e cosw+ ey sinw

where w is the angle between the path and a meridian (0 = constant). Now

dt _ deq dez . dw
K=3ds ™ gs COS @+ 52 sinw+ (e cos w - e sin w) ds

Let
T = e3xt
= e3x(e] Cos w + €2 sin W)

= @2 COS W - @1 Sin w




— oitiedi n te T
R A o ke

Therefore,
deq dep . dw
K= 3s" COoS W + 35 sinw+ T ds
and .
deq dep _. dw
Tk =T o ds Cos w + T . ds- Sihw+ oo
but since
eqreq = epeey = 1
one has
deq dey
®1° 35~ *®2 g5~ =0
and since
one has
deq de,

. & T2t E e

We therefore have

deq deq

T . s~ * 2 ° gg- cosw

and
des dey, deq
T . ds- T "° ° gs- sinw=ez ¢ 3= sinw
Therefore
de de de
Tex = €9 » &§l Cos? w + ey a;l sin? w + gg = @y ° agl + gg

but

K= Kg+Kp and Texp = 0
hence,

Texk = T'Kg = .Kgl = kg

and the geodesic curvature is

de
kg = €2+ g5~ + gs = (ezver’ + w')/s’

a1




s0 kn must be computed, but most of the work has already been done to find kp.

Therefore,

vep" A

v
Kn = €3°K = 57 * * = {BI{sT)E = Wi(s™)?

®2:ey' * W' Mwi(s'):
A

At this point, a few dot products must be computed. We have the identity

Letting v = u,

Therefore

and

Letting w = u,

or

Hence

(Py*Py)w = Py*Puw + Py*Pyw

PusPuw = %(Pyu°Pylw

Px*Pxg = %Eg
PgePox = %Gy
Px*Pxx = %Ex
Pg*Pgg = %Go

(PysPy)y = PyePyy + Py°Pyy

= PyePyy + %(Py°Pyly

Py*Puu = (Py*Py)y - %(PyPy)y

Px*Pgg = Fg - ¥Gyx




and

Pe‘Pxx = Fx - kEQ

Recalling
e1 = PxE‘k
and applying d/dx,
e1' = Py'E% + Py(E7H)"

= (Pyx+Pyg0')E~% + Py (E™%)*

but
ez’Px =0
Therefore
ez+e1' = (e2-Pyy+e-Pyq0’)/EX
Now,

@9+Pyy = (EPg=FPy) +Pyx/ (EX%ilVil)
= (E(Fyx - %Eg) - F(XEx))/(E%Mvi)
e2+Pxg = (EPg-FPy)+Pyg/ (EXIVI)

= (E(%Gx) - F(%Eg))/(E¥NVN)

and therefore

egeeq' = {E(2Fy-Eg) - FEyx + (EGy-FEg)0'}/(2EHVH)

Now, consider the meridian angle w
e1°t = cos w

= Pyet/E%
= px.gg/gk

= px.p'/(s'ek)

10




.

= Py (Py+Pg0')/(s'E%)
= (E+F0')/(s'E¥)

Therefore,
(E(s!)? - _(E+FO')2)%
Tan @ = E"+ Fo'
. (E(E+2F0'4G0'?) - (E2+2EFQ'+F20'2))*
E + Fo°
. (EG=F2)%e' _  wvie'_
E + FO' E + Fo°

Solving for 8', we have

. E Tan w

(EG-F2)% ~ F Tan w
Therefore, ¢ can be computed in terms of X, 9, w, and w'.

The basic metric coefficients in terms of our parameterization are now com-
puted:

P=1iX + jY + kZ

but
Px = 1 + jYy + kZy

and

Y = Yry/r

Zy = Iry/r
hence,

E 2 PyoPy =1+ Yy2 #2221+ ;gi (Y2422) = 1 + ry?
Now
Pg = jYg + kg

and

Yg = Yrg/r + Z

11




Zg = Zrg/r - Y

Hence

F = Px’Pe = YxYe + 2xze

Yry Yrg Iry Irg

= -== (-F- + Z) + -== (-F- -Y)
Pyl
2 -EEQ (Y2+Z2)
= 'xFo

Also

G = PgePg = Yg2 + Zg%

= cmmam § mm——— 2
r2 r z
Z2rg? 2YZr

+ ---Q- - --_-g ye

re r
=r2 + rez

Now some of the more important relations can be summarized:
A = PPy + 2(rryg-ryrg)é' + (rrgg - 2rg2-r2)(9')?
(s')2 = E + 2F9' + G(8')?

lvllz2 = EG - F2
..... (ez,ell + W'“
ey+eq' = {E(2Fy-Eg) - FEy

+ (EGy - FEg)0'}/(2EWVH)

* ol - F Tan @

m
W

= 1 + ry?

G =r? + rg?

12




Now consider the two special cases addressed before. First, the general
cylinder (ry = 0): :

E=1,F=0,6=r2+rg2, G =03Ey=Ep
vl = G%

ezee;' =0

A = (rrgg-2rgi-r2) IEE%-Q
sSec w G% w'
g = N Tan? w
(rrgg=-2rg2-r2) -
(r2+rg2z)3/2Ccsc w Cot w w' (r2+rge)a/z

d
x (-Csc w)

(rrgg-2rg2-r2) Frgg - 2rg2 - rz d

hence,
(r2+rg2)a/e| y' |

where u = Csc w. Note that u = 1 at turning points and u > 1 between turning
points. (A turning point is defined as a point at which ' = o or iet = 0.)
Also note that at points for which u' = 0, the path is geodesic. In addition,
o+ 0 if rgg - —», while rg and u' are bounded. This can be called a "knife
edge” condition where o is zero due to infinite normal curvature instead of zero
geodesic curvature. Now, consider the general surface of revolution (rg = 0):

E=1+r'2 , F=20,G=r2, Eg=0-=Gy

vl = (EG)% = r/1 + r'2
E Tan w

8' = Segocecs = (g)k Tan w

ez+eq' = EG'9'/(2ENVH)

= -8 _ . (Eyx
2 (E0)% (G) Tan @
= gé Tan w

13




(s')2 = E +G - g Tan? @
s' = Ex Sec w = (1+r'=)xSec W
A= rr" -r2e')2 =rr" - r2 . g Tanz @ = rr" - (1+4r'2) Tanz w
E%Sec_w_(EG)¥% G

- L}
FFT - E Tan? (ZG Tan W + @ )‘

- | -rfl#riz)Sec w Tan w
ret - (1+r'2) Tan2 @ 'r

1
L. +Cotw w')

Now,

rl - d, inw = 9- -
- + Cot w ' = ax inr + ax In Sinw = ax in(r Sin @)

It is clear that if r Sin w = constant, o will be zero and the path will be
geodesic (Clairaut).

One can define a quasi-geodesic path on a surface of revolution by replacing
Clairaut's relation [2,3,5] with r Sin w = rq [1] where the function ro has the
following properties:

* ro(x) = r(x) at exactly two values of x (turning points), and

* ro{x) < r{x) at all points between the turning points.

The function ro is called the polar radius function, because it is the radius of

the surface at the boundaries of the uncovered polar regions [1]. Now, w will
be eliminated in favor of ro. Since
r
sin w = -2
rl

one has that

14




and
d ro'
dx Inrg = F;-

Hence, one finds after simplification that

Note the following: o = | ry'| at turning points; ro' = 0 at geodesic points;
g = (E-)zlro'lif r is linear; ¢ - 0 if r" - -o; while r' and ro' are bounded
)

(knife edge)}; and positivity of the denominator in o implies that
,-oz > weeccooces

It has been shown how the slippage function o can be computed for a general
closed surface (ry#0#rg) and what simplifications take place in the F a 0 cases.
It should be emphasized, however, that ¢ is more than just a number to be com-
pared with the coefficient of friction u to determine whether or not slippage
occurs. The slippage function o measures pointwise path quality and should
ultimately be usable to synthesize or define quality wrappable paths on general
closed surfaces,
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