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In this paper, we study canal surfaces imbedded in 4-dimensional Euclidean
space E*. We investigate these surface curvature properties with respect to the
variation of the normal vectors and ellipse of curvature. Some special canal
surface examples are constructed in E*. Furthermore, we obtain necessary and
sufficient condition for canal surfaces to become superconformal in E*. At the
end, we present the graphs of projections of canal surfaces in E3.

(cc)

Given a space curve v (u) called spine curve, a
canal surface associated to this curve is defined
as a surface swept by a family of spheres of vary-
ing radius r(u). If r(u) is constant, the canal
surface is called a tube or a pipe surface. Apart
from being used in pure mathematics, canal sur-
faces are widely used in many areas especially in
CAGD, e.g. construction of blending surfaces, i.e.
canal surface with a rational radius, shape recon-
struction or robotic path planning (see, [5], [11],
[12]). Greater part of the studies on canal sur-
faces within the CAGD context is related to the
search of canal surfaces with rational spine curve
and rational radius function. Canal surfaces are
also useful in visualising long thin objects such
as poles, 3D fonts, brass instruments or internal
organs of the body in solid /surface modeling and
CG/CAD. A national question is when the canal
surface is developable. It is well known that, at
regular points, the Gaussian curvature of a devel-
opable surface is identically zero. In [I4] it has
been proved that developable canal surface is ei-
ther a cylinder or a cone.
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This study consists of 5 sections: In section 2,
we explain some well-known properties of the sur-
faces in E*. In section 3, we give the canal surfaces
in E* and some examples are presented. Section 4
investigates the ellipse of curvature of canal sur-
faces in E*. Additionally we prove necessary and
sufficient condition of canal surfaces to become
superconformal in E*. In Section 5, the visualiza-
tion of canal surfaces are given with using Maple
programme.

1. Basic concepts

Let M be a regular surface in E* given with
the parametrization X (u,v) : (u,v) € D C E2.
The tangent space of M at an arbitrary point
p = X(u,v) is spanned by the vectors X, and
X,. The first fundamental form coefficients of M
are computed by

E=(X,,X.),F=(Xy,X,),G=(X,, Xp), (1)

where (,) is the scalar product of the Euclidean
space. We consider the surface patch X (u,v) is
regular, which implies that W2 = EG — F? # 0.
For the point p € M, we can take the decompo-
sition T)E* = T,M & T;"M, where T;"M is the
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orthogonal component of T, M in E* with the Rie-

mannian connection V.

The induced Riemannian connection V on M for
any given local vector fields X7, X5 tangent to M,
is given by

Vx, X2 = (Vx, X2)7, (2)
where T expresses the tangential part.
Let us consider the spaces of the smooth vector
fields x(M) and x*(M) which are tangent and

normal to M, respectively. The second funda-
mental map is defined as follows:

b (M) x x(M) = xS (M)
WX X,) = Vx,X,-Vx X, 1<ij<2 (3)
This map is well-defined, symmetric and bilinear.

If we take the orthonormal frame field { N1, Na} of
M, then the shape operator which is self-adjoint
and bilinear can be given by

A 1 (M) x x(M)
AN X = —(Vx,N)T,

which satisfies the equation:

— x(M)
Xi€x(M) (4)

(AN, X5, X3) = (h(X;, X5), Nip) = ¢, 1 < i, j, k< 2

(5)

15

for any Xy, Xo € T,M.

The equality (B]) is known as the Gaussian equa-
tion, where

VxX; = Zer715i,j§2 (6)
and

h(X;, X;)

ch Nk

Here Ffj are Christoffel symbols and c,’fj are the
coeflicients of the second fundamental form.

1<ij<2. (7)

The Gaussian curvature are given by
(h(X1, X1), h(X2, X5)) — (X1, X5)|*

g
and the mean curvature are given by

K= 8)

1
ng<h(X17 X1)+h(X25 XQ)a h(X17 X1)+h(X27 X2)>

(9)

IH|| =
where

g=1X1)? | Xa|” — (X1, X2)°.

If the mean curvature of M vanishes identically
in E", then M is said to be minimal [3]. See also

I

2. Canal surfaces in E*

Let v(u) = (f1(u), fa(u), f3(u),0) be a curve given
with arclength parameter. Then the Frenet for-
mulae have the following form:
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where {ej(u),ea(u), e3(u), eq(u)} is the Frenet or-
thonormal basis of 4. The canal surface in E* has
the following parametrization (see [0]):

M : X (u,v) = v(u) + r(u) (e3(u) cosv + eq(u) sinv) .

(11)
Example 1. Consider the heliz ~(u) =
(acos,asin, b?“) in E3. Then the canal sur-

face of'y in E* has the following parametrization

u b U
X - 4 2 () sin 2
(u,v) (acos - + cr(u) sin — cos v,
b
asin © — -7 (u) cos Y cos v, (12)
c c c

~ + 77“( ) cos v, r(u)sinw).

Example 2. Consider the generalized helix

3 3
v(u) = (%, %, f) inE3. Then the canal
surface of v in E* has the following parametriza-

tion

(1-u)z
3 +7(u) 5 C0sY, (13)

—_

r(u) cosv, r(u) sinv).

Sl
[\
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The space which is tangent to M is spanned by

Xy = e1(u) —r7cosvey
+7r' cosves+r’ sinvey, (14)
X, = -—rsinveg+rcosvey.

The first fundamental form coefficients become

E = 1+ 02 +r?r?cos?v,
F = 0, (15)
G = r2.
The Christoffel symbols Ffj are given by
1 1
T L _*
ry, = 2EBU(E) z (Xouus Xu)
1 1
2 -
r, = 2GC?U(E) e (Xopu, Xu),
1 1
1oL _*
'y = 2E8U(E) z (Xou, Xu), (16)
1 1
rz, = — = _
12 2G8U(G> G <Xvu7 Xv> )
1 1 1
F22 == —ﬁau(G) - —E <XUu7XU> 5
1 1
2 _ - —
sy = 2GGU(G) e (X, Xy) = 0.

and they are symmetric according to the covari-
ant indices ([7], p.398).

If we take the second partial derivatives of
X (u,v), we find:

Xuuw = #rrcosver + (k— (r7) cosv —r'Tcosv)es
+cosv(r” — r7%)es + r'’ sinvey,

Xyuw = r7sinvey — 1’ sinves 4+ r’ cosvey, (17)

Xyw = —rcosveg — rsinvey,

Hence, by using (B]), we find the Gaussian equa-
tions;

Vx, Xu = Xuu=Vx, Xy +h(Xy, Xu),
VXquU = Xuv = VXquU + h(Xquv)7(18)
VXUXU = va = vXv)(v + h(vaXv)y
where
Vx,Xu = I%1Xu + F%lea
Vx, Xy = P%QXu + F%2Xvu (19)
Vx, Xy = TiXy+T5X,.
Substituting (I6]) and (I8]) in ([IJ), we obtain
1
+E <Xuv7Xu> Xv7
h(XuaXv> = Xu'u - % (Xuv; Xu> Xu (20)
1
—— (Xyw, X)) X
G < uv v> v
h(X'UaXU) = X’uv + l <Xuv7Xv> Xu

E

Further using (20])

<h(XU7Xu)7h(XU7Xv)> = <qu7va>

1
_E <qu7 Xu) <X1)v7 Xu> )

<}L(Xu;X'u)7h(Xu7Xv)> = <Xuv7Xuv>

1
_E <qua Xu>2

1 2
—= (Xou, Xo)7,
= )

(Xuw, Xow)
1
“z (Xuws Xu) (Xow, Xu),  (21)

<XU’LL7 qu)

<h(X’U/7X‘U)7h(X’U7X’U)> =

(h( X, Xu)y M(Xu, X)) =
1 2

— X'n“uXu

= )

<X’U/’U7X'U4>

— (2({ Xy, Xy
e eY )
+ (X, Xa))

(M Xy, X0), h( Xy, X0)) = (Xov, Xoo)

1
+z (Xuv, Xo) (14 2(Xow, Xu)),

1
(h( Xy Xu)y h( X, X)) = (Xuus Xuv) — E (Xuw, Xu)
1

K, Xo) (Xuw, Xo
e )¢ )

Thus, using (I4) with (I7) we get

(Xuw, Xow) = r21%cos®v —rr”,
(Xuw, Xuw) = r’r2sin®v + (r’)z,
(Xuu, Xuuw) = (krTcos v)2

+(k — (r7)" cosv — r'T cosv)? +

+cos?v(r" —r72)? + (") sin? v,

(Xow, Xow) = 717, (22)
(Xuw, Xu) = r7(r7) cos? v +r'r",
(Xuu, Xo) = 7212 cosvsinw,
(X, Xo) = —11',
(Xuw, Xy) = —r2r%cosvsinw,
(X, Xo) = 11,
<Xuva va> =0
(X Xup) = rrsinv(k — (r7) cosv)

Proposition 1. The Gaussian curvature of the
canal surface M with the parametrization ({I1]) in
E* is given by

1 1
K = §(<Xw,Xm,) - (Xuu, Xu) (Xow, Xu) (23)

1 2 1 2
- Xu'uyxu’u ey Xu'uyxu -~ Xuv7X’v
( )+ = (X X + = (Xuw X))

where g = EG — F?.

Proof. By using the equation (&), we find

K = £ (X0 X0, R(X0 X)) = (X X0), (X X)),
(24)
which is the Gaussian curvature of the canal sur-
face M. Taking into account (ZI) and ([24]) we
obtain (23]). O

From the equations (22) with (23]) we obtain;
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Corollary 1. The Gaussian curvature of the
canal surface M with the parametrization (1) in
E* is given by

= LE{’I" cos® v(27° 4+ 2(r") 272 — "' + 7 (r7)))
g

+rPrtcost v — " —rr? (14 (7))}, (25)
where

E = 14 ()2 +r*rcos?v,

g = (1 + (") + 1% cos’v).

Proposition 2. The mean curvature of the canal
surface M with the parametrization (1) in E* is
given by

4HH”2 _ <qu7;(uu> +2<XUU7X1/'U> (Xv'v7j(uv>
E EG G
(Xuv, Xo)
E7G2(2 <va7Xu> + <Xuv»Xv>) (26)
(Xuw, Xu)
——— (2( X, Xo Kuwv, Xu
e (o )+ ( )
2 Kuu, Xu)?
_ETG<qu7Xu><Xv'U7Xu> - WTW

Proof. By considering (@) the mean curvature of
the canal surface M becomes

||| = é ((Xs X) 4 h(X g, X0), h(Xs Xo) + h(Xy, X))

(27)
Taking into account (2I)) and (27) we get the
result. O

By the use of (22) and Proposition 2, we have the
following results:

Corollary 2. The mean curvature of the canal
surface M with the parametrization (I1) in E* is
given by

1 r? ’ 2 1o1IN2
m[_E(TT(TT) cos“v4r'r’")
T

+r? cos® v((rkr)? +

I=)* =

((TT)/ + T/T)2 _ 7‘27'4 + 4_’_2 +
+3(7‘/)2T2 —2rr 2y

+4T4T4 cos* v — 2kr? cos U((TT)/ + ’I‘/T) +

+2r' 7 (r7m)")

+E2r% —2rr” 414 ()3,

Corollary 3. If the base curve v of the canal sur-
face M is a straight line, then the Gaussian and

mean curvatures of M are
/!

—r
K=————
r(1+ (r')2)2’
and
2 -1 1,.01\2
||HH - 47"2(1 + (7"/)2)3 {(TT r )
+2rr" = 1)+ (1))}
respectively.

3. Ellipse of curvature of the canal
surfaces in E*

Let M be a regular surface given with the
parametrization X (u,v) : (u,v) € D C E2. Con-
sider a circle given with the angle 6 € [0, 27]

in the tangent space T,M. The intersection of
the direct sum of the tangent direction of X =
cos #X1+sin #.X5 and the normal space TpLM with
the surface M forms a curve. Such a curve is
called as a normal section curve in the direction
. Denote this curve by vy. Normal curvature vec-
tor ng of vy lies in T;-M . When 6 changes from 0
to 27, the normal curvature vector constitutes an
ellipse called as a ellipse of curvature of M at p in
TPLM . Thus, the curvature ellipse of M at point
p is given as follows with the second fundamental
form h:

E(p) = {n(X,X) | X € T,M, [ X|=1}.

To see that this shows an ellipse, it is enough to
have a look at the formulas

X = cos0Xy +sin6Xs
and
hX,X)= H + cos 208 + sin 20C.

Here,

(28)

B = %(h(Xl,Xl) — h(Xs, X2)), € = h(Xy, Xa),
(29)
are normal vectors and H — 1(h(X1,X1) +
h(X2,X5)) is the mean curvature vector. This im-
plies that, the vector h(X, X) goes twice around
the ellipse of curvature centered at ﬁ, while X
goes once around the unit tangent circle [9].

From the equation (28)), one can get that E(p) is
a circle if and only if for some orthonormal basis
of T,,(M) it holds that

(h(X17X2)7h(—X17X1) - h(—X27X2)> = 07
and

[A(X1, X1) — h(X2, Xo)[| = 2 ||h(X1, X2)||-
(31)

(30)

General aspects of the ellipse of curvature for sur-
faces in E* studied by Wong [13]. (See also [2],
1, [9) and [10))

Definition 1. The surface M with the
parametrization X (u,v) in E* is superconformal
if and only if its ellipse of curvature is a circle,

ie. <§,8> — 0 and HﬁH - HﬁH holds []. If

the equality <§, ﬁ> =0, the surface M is called

weak superconformal.

Theorem 1. The canal surface M with the
parametrization (1) in E* is superconformal if
and only if the equalities

1

<Eh(Xu7Xu) - lh(Xva)) Lh(Xquv» =0

G VEG
(32)
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and
2 Lh(x X,) th(X X)flh(X X,)
@ Uy v - E Uy u G Uy v
(33
hold.
Proof. If we use the orthonormal frame
X X X X
Xi= o= Xo= o = =, (34)
IXull  VE Xl VG
we get
1
h(X1,X1) = Eh(Xu,Xu),
1
h(X1,Xo) = —h(Xy, Xy), 35
(X1.X0) = h(Xu X)), (39
1
h(X2, X2) = ah(Xv Xy) .

Therefore, from (29]) the normal vectors B and

become
1 1

1
B = Xy Xo) — —h(Xo, Xo
and 8 !
= ——h(Xy, Xy). 37
e h(X,, X)) (37)
Suppose M is superconformal then by Definition

(B,C) = 0 and ‘ﬁ” - H?H hold. Thus by

the use of the equalities (B6]) and (B7) we get the
result.

Conversely, if the equations (B2)) and (B3]) hold
then by the use of the equalities (36) and (B7)

(©)

87

, which

we obtain ﬁ 8 =0 and H?’

shows that M is superconformal.

Substituting (2I]) and (22]) into ([B2]) we obtain the
following results.

Corollary 4. Let M be a canal surface in E*
given with the parametrization (I1]). Then M is
weak superconformal if and only if the equality

0 3 ((k — (r7) cosv)(1 + (r')?)

o7 sinv
+r7cosv(r'r” + krtcosv))

holds.

Corollary 5. FEvery canal surface whose spine
curve is a straight line of the form v(u) = (aju+
b1, agu + by, asu + b3, 0) is weak superconformal,
where a1, as, az, by, ba, by are real constants.

4. Visualization

The 3D-surfaces geometric modeling are very im-
portant in the surface modeling systems such
as; CAD/CAM systems and NC-processing. We
give the visualization of the surfaces with the
parametrization

X(u,v) = (z(u,v),y(u,v), 2(u,v), w(u,v))

in E* by use of Maple Software Program. We plot
the graph of the surface with plotting command

plot3d([z,y, z + w],u = a..b,v = c..d).  (38)
We construct the geometric model of the canal

surfaces defined in Example 1 for the following
values (see, Figure 1);

(b)

Figure 1. The projections of canal surfaces of helix in E3
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Figure 2. The projections of canal surfaces of general helix in E3

(a)

(b)

Figure 3. The projections of canal surfaces of straight line in E?

a) r(u) = e’
b) ru) = u’
c) r(u) = 3u+b.

Further, we construct the geometric model of the canal
surfaces defined in Example 2 for the following values (see,
Figure 2);

2

a) r(u) = e,
b) r(u) = 5u
¢) r(u) = 3u+bs.

Additionally, we construct the geometric model of the canal
surfaces defined in Corollary 3 for the following values (see,
Figure 3);
a) r(u) = e
b) r(u) = sinhu.

5. Conclusion

In this manuscript, we considered canal surfaces in the 4-
dimensional Euclidean space E*. Most of the literature on
canal surfaces within the CAGD context has been moti-
vated by the observation that canal surfaces with rational
spine curve. We have proved this property mathematically
and also illustrated with some nice examples.
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