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Abstract

In this paper we consider higher order infinitesimal bending of a surface
in Fs3. Sufficient condition for a toroid generated by polygonal meridian
to be non-rigid of higher order is given. This work is an extension of the
results [1]-[7]. Examples of non-rigid surfaces, with visual presentation of
infinitesimal bending are given.
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1 Introduction

We shall consider here infinitesimal bending of toroid rotational surfaces gener-
ated by polygonal meridian.

It is well-known [8], [9] that a sphere and a torus are rigid surfaces. Among
surfaces that are topologically equivalent to the torus Belov [1] pointed at a
class of non-rigid toroids. Belov’s non-rigid surfaces are generated by quadran-
gular meridian of a special form. Toroid surfaces non containing plane part,
generated by triangular meridian are rigid [2]. Infinitesimal bending of a toroid
generated by a quadrangular meridian, given by coordinates of apices, is studied
at [3]. More general, sufficient condition for non-rigidity of a toroid obtained by
revolving a polygonal meridian is given at [6]. A procedure for finding a field of
bending and rotation for such a surface is also outlined.

The second order infinitesimal bending for toroids is studied at [5]. Finally,
these considerations lead us to give sufficient condition for toroid rotational
surfaces with polygonal meridian to be non-rigid of higher order.

Higher order flexibility was studied at [11], [12] and [13].
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2 Infinitesimal bending of higher order of rota-
tional surfaces

Let S be a piecewise regular surface, given by equation
(2.1) S 7 =7(u,v),

included in a family of surfaces
L )]
(2.2) Sp 7 =T(u,v) + Ztﬂ Z (u,v),
j=1

©))
where ¢ € R is a small parameter and Zz (u,v) are continuous vector functions
defined at the points of S.
Definition 2.1. Surfaces S;(2.2), t € R are infinitesimal bending of the m-th

order of the surface S if
(2.3) ds? — ds® = o(t™).

This condition is equivalent to the system of equations ([8], [9])
G O
(2.3 drdz = 0, 2drd 3 —|—Zdzdjz =0, for j=2,....m

We shall use Cohn-Vossen’s method [8] for the investigation of the infinitesimal
bending of rotational surfaces. In the plane of the meridian which rotates around
the u-axis let’s introduce Descartes’ orthogonal coordinate system uOp and let
p = p(u) be the equation of the meridian. If € is unit vector of the axis of
rotation, a(v) unit vector of the p-axis, where v is the angle between the plane
of initial position of the meridian and a(v) then @'(v)Lla(v) and a'(v)Le (see
[8], page 90, or [9] page 253).

The equation of a surface of rotation, in the coordinate system with the base

e, a,a is

(2.4) S 7 (u,v) = ue + p(u)a(v),

where p = p(u) is the equation of the meridian. The fields of infinitesimal

(4)
bending z (u,v), j = 1,...,m can be represented at the system with orths
€, a(v), @ (v) in the form

) i () i
(2.5) z (u,v) = (&)(u, v)é + B (u,v)a+ @

5 (u,v)a’'.

i (4) i
The coefficients ((J)z)(u, v), B(u,v), (’Jy)(u, v), j =1,2,...,m, are periodical func-
tions with respect to v with a period 27, and according to [8] can be presented
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for 7 = 1 in the form

(1) (1) (1) iko (D) —ikv
0 (u,0) = @ g (u,0) = @ (w)e® + '@ (u)e ™,
(1) (1) (1) ) (1) )
(2.6) B (u,0) = f(u,0) = ¥ (w)e™ + by (u)e ™,
(1) (1) (1) iko (D) —ikv
v (u,v) = 7 (u,v) = X'p(u)e kv 4 X _r(u)e kv

1
where k > 2, k € Z, and (&))_k(u) is conjugate value of (go)k(u) and so on. The
(1)
functions (<p c(w), Vi (u), ()lg)k(u) satisfy the following systems of differential
equations

1) '

'
Xk)+poXk=0,

o W o, M
(2.7) Pr+p V=0, ikxy+ V=0, ihg,+p (ki) —

wherefrom one obtains a differential equation of the second order with respect
(1)
to 9y,

W’ L@
(2.8) pox+ (K =1)p" ¢y =0.
. . (1) (€]
We firstly solve the equation (2.8) and then determine ¢ 1 (u), X i (u) from (2.7).
Thus we obtain

(1) 1)
z (u,v) =z k(uav)

. 1 (1) 1
(2.9) = e[ (w)e + 1y (w)a(w) + Xy (w)a (v)
k(D) _ o _ (1) _,
+e Qe+ v (waw) + X (wa' (o).

i (@) i
For j > 1 ([8, 10, 11]) the functions ((J)z)k(u,v), 0 (u,v), (’Jy)k(u,v), j =

2, ..., m, have:
1) for even j, only even powers e**¥ and e°,
2) for odd j, only odd powers e**? i.e.

() (4) ipkv , () —ipkv
ak(uav) :Z[gppk(u)epk + @—pk(u)e Pk ]a

(p)
(4) @) , () ,
(2.10) B, 0) =Y [0 (w)e by (u)e PR,
(p)
() ()
Y p(u,v) = Z[ka
(p)

O P n

where
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1) p=0,2,4,...,j for even j
2) p=1,3,5,...,j for odd j

The fundamental field of infinitesimal bending of an order j is

Patu0) = [C (Bl + Y uee
(p)
(j) ipkv (J) —ipkv\] =
+ [0 (e 4 (e )] a(v)
(p)
+ IS e + § e )@ ).
(p)
) )

The functions (gjo)pk (u), ¥ pp(u), X pp(u), satisty following system of differen-
tial equations

(), ), (€)]
@pk(u) + P (u)wpk(u) = A;Dk(u)a
) (3) (€]
@A) iph X () + 0 i (w) = B pi(w),
() ) ), ()

ik D () + 9 () (iph () — X)) + p() K (1) = C ().

This system is equivalent to a differential equation of the second order with
)
respect to ¥,

D e D@
(212) pL/)pk +(p k _l)p wpk: Rpk(u’)a

where

G) @) G, e G,
(213)  Rpr(w) = =p"" Bpk(u) + pB Y (u) — p°k” Api(u) — ipk C (u)-

The right sides of the system (2.11) can be written more detailed in the known
way according to [10]

) ) 13 (), (=)
Apk(u) = Aanr(u) = 3 ZZ(QZ’;S/C @ i—2h;—ro)k
(2.14) i
(S)/ (J'—S)/ (s), (—s),

rek (j—2hj—rs)k + Xk X (j—2hj—rs)k)’
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(2.15)
@) @)
Bk (u )= B(j anj )k (1)

(s)  (i—s)
- __ZZ{ k? rs(j — 2h; —7’5)(<,0r5k P (j—2h;—rs)k

s=1 (r
o () s =), (G=9)
+ sk = X )i = 205 = 75)k Y on, ek = X (G—2hy—rs)k]

(s) (s) (—s) (G—s)
+ (ZTSk Xr.k + 1/)7’ k)[ (] - 2h’ - TS)k X (G—2hj—rs)k + 1/) (j—2h]~—rs)k]}a

(4) (4)
Cp ( ): C(j 2h~)k( )
(s), (3—3)
= —ZZ{Zk J —2h; —Ts)(</’;=sk P (—2h;—rs)k
(2.16) s=1(rs)
;o (G=s) G=9)
+1/)rk[Z(J—2hj—7"s)k VY Geoh—rk = X (j—2h;—rs)k)

(s) . (G—s)
+X;’k[(]_2hj )k X (J ohy—r )k T (G—2h—r )kl }s

where
1) j= 2 _
2)p; = for even j and pJ = L= for odd j
3) hy ~0,. P J =2,
4) the summation index 7'5 in (2.14-16) takes values in the set
{x(s—2hs),hs =0,1,...,ps} so that the numbers j —2h; —r, belong to the set
{£0 =5 =2h—5), hi—s) = 0,1, .., p(j—s)}3
5) To every number j, 2 < j < m, there correspond p; + 1 systems of equations
(2.11).

S. E. Cohn-Vossen [8] proved that at the breaking points of the meridian the
next theorem is valid (at [8] this fact is not formulated like a theorem but we
will here do this).

Theorem 2.1. (Cohn-Vossen [8])If the functions pr(u) and xx(u) are contin-
uous at the breaking points u = o of the meridian p = p(u), then at these points
the functions vy (u) satisfy the equation

()2.17 [o(w)d, (u) + (K = 1)p (w)yr (w)] [555= 0,
(2.17") p(o) W (o +0) = (0 = 0)] + (K = 1)[p (0 +0) = p'(0 = )] (o) =

We can prove the next theorem for the infinitesimal bending of the higher order:
Theorem 2.2. Suppose that at the breaking points uw = o of the meridian p =
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p(u), g (cr +0)#p (cr —0)) the functions (é))pk( ) and ()j()pk(u) are continuous

(4 m,p = 2,. m for even m, p = 1,3,....m, for odd m). Then at
these points the functions 1/) c(w), j=1,...,m satisfy the equation
G), - ENC) pro @)

(2.18) [p(w) ¥ pr(w) + Pk — 1)p"(w) ¥ . (w)] [5Z0= Q (o),
where

()

ka(a)
(2.19) , ) G, G

- (0~ 0) B (o — 0) = p(0) By (0 — 0) + iphC il — 0)

) ) 6))
—p'(0+0)Byr(c+0)+ p(a) B pi' (o + 0) — ipkC pi. (0 + 0).

Proof. From (2.12.2):

&) () @)
Zp/prk( u) = Bp(u) — ‘/)pk(u)

&) () ()
Zpk ka/( ) B;Dk/(u) - wpk/(u)a
and from (2.12.3)

) , ) 1 @) ()
ipkp . (u) = — p'(w)[ipk ¢ p (u) — —(B -
(4) (4) (4)
p(u
A (B ) = D)+ Eet)
Multiplying the left and the right side with ipk we get

) (€] (€]
Pk e (w) =p(u) i () + Pk = 1)p" (u) P ()
,, ) () ()
+ 0/ () Bpi(u) — p(u) B ' (u) + ipk C pi (u).
At the breaking points of the meridian we have

(€] (7)

(2.20) P (0 —0) = pyp(o +0),

wherefrom

) )
p(o +0) (0 4+ 0) + (p*k* = 1)p (0 + 0) Y (0 4 0)
(j)/ - , ) )
=p(0—=0)¢Y (0 = 0)+ (pk* = 1)p (0 = 0) Y (0 — 0) + Q

()
i.e. we obtained (2.18), where @, is given by (2.19).
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3 Infinitesimal bending of higher order of rota-
tional toroids generated by a polygonal merid-
ian

We shall consider infinitesimal bending of a toroid generated by a polygonal
meridian with the apexes A;(u;, p,), l = 1,...,n, A,+1 = A; at the coordinate
system uOp. The equations of the sides are

Piyr — P (

u—ul) = kju+ny
Up+1 — W

(3.1) AiApg Pay =P T

1=1,2,...n, Aps1 = A1, ppr1 = p1, Uns1 = ug where Pay is the value of p on
the side AZAZ—H

(3.2) p(l)/:kl, p(l)”:(), 1=1,2,...,n.

()
Let us find the field of infinitesimal bending % k(u,v) on the side A;A;11

(©)) () ivkw () ikvaT —
Z pa(u,v) = [Z(<Ppk,z(u)€ PRy 4 b _pra(u)e Pk )]6
(p)
() ) () )
(3.3) + [Z(¢pk,z(u)€wkv + w—pk,l(u)e_wkv)]&(v)
(p)
()

+ [ R + 8 s 7)]a' w),
(p)
=12 ..n,
1)p=0,2,4,...,j for even j,
2) p=1,3,5,...,j for odd j.
Starting from (2.12), we get (according to (3.2)):

(€] (€]

(3.4) Py ¥ iy (w) = Rppi(u)
where

(4) G, ) 2(J’) @),
(3.5) Rpki(u) = pB 'y (w) — p"k™ App 1 (u) — ipk Cy y (u)

() () ()
and Apki(uw), Bpri(u), Cpri(u) are given by (2.14-16) on the side A;A;41.
Solving (3.4) we have

()
() R (5) ()
(3.6) Py = [[au [ B g R W
’ Py, (1)
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() (7)

where M py; and N, ; are arbitrary constants. From (2.13.2) and (3.6) we have
) 1 [m / / pk A ) ()

3.7 u) = - — Mg u— N .
(3.7 Xpra(w) o | B i P (u ph.l Pkl
(From (2.13.3) and (3.6),(3.7)

0 (J)
J ALUpk, I\Y) l U,
B a(w) = 1) fau [ Het)
o 2k2 o ()
(u) (JR) (u) 1 G) k (J)
Pay (U / ph, (U !
— du+ —Cpii(u) — B pgi(u)
(3.8) p*k? Py (W) ipk p?k?
p(z) (u) G) k'l p(z) (u) G)
kaQ B;Dk,l/(u) + (klu—|— kaQ’u— kaQ pk,1
1 .G)
+ k(1 + p—QkQ)Npk,l

1) p=0,2,4,...,j for even j,
2) p=1,3,5,...,j for odd j.
For p=0 from (2.13.2) we have

() ()
(3.9) Yo(u) = Bou(u),
and from (2.13.1):
) ) ) ()
(3.10) o (u) = [ Agu(u)du —k;Bo(u) + Mo,.

Using (2.13.3) and (3.9,10) we get:
(4)

) Co(u) ()
(3.11) Do) = py () [ [+ Ko
it =0 | ] T w2
(€]
The coefficients of the fundamental field 7 k.1 (u, v) are given by (3.6)-(3.11). The

() (4)
constants Mpy 1, INpr, will be found using the fact that the field of infinitesimal
bending is to be continuous on the whole surface including the circles, described
by the apices of the meridian. At the apex A;(u;, p,) from
(4) (4) _
(312) ’lr/)pk,l(u’l"rl) = ’lr/)pk,l—',-l (U’H‘l)) l= 17 27 My )= 17 27 ey M

and from (3.6) we have

() () () ()
U1 Mpr 1 — w1 Mpg 141 + Npk 1= Nopki+1

(j)
[ f ity [ R
p(l+1) p(l)

(3.13)

U=UL41
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In the mentioned points A1, the equation (2.18) has the form
(4)

R
(Fig1uigr +niyg1) [(/ Mdu)
p(l+1) (u)

()
+ Mk, i1

U=U41
() ()
( 2k12 _ 1 k'l—i—l [(/ du/ ;Dk l+1 > —+ Mpk,l—i—lul—i-l + Npk,l+1:|
p(l+l) U=Ul41
(9)
Ropp(u) (4)
= pyy (U41) [(/ —=du + M1
“ p(l) (u) U=UL41
() ()
— (P*k* — Dk [(/ / pk it > + M pp 41 + Npk,l]
p(l) U=Ul41
)

= Q1 (ur41)

(4)
where Q. (u) is given by (2.19) [ = 1,2,...,n, j = 1,2,...,m. In that way, at
the apices of the meridian we have the system of the equations

B - ) - )
(ng + p*k kw1 ) Mpr 1 + (i + K kipiwig1) Mpk 141

(7) ()

(3.14) _
- () )
— (P?k* — Dk N pry + (0°k* — Dk Nprirr = V pr(wi51)

where

(5) () () ;o () ()

Vopr(wis1) = kiBpki — p, Bpt' + 0k C it — kig1 Bpk,i+1
()

(4) ) R "
+ 0, Bpri1r’ — ipk C prip1 — p, (/ MC&Q
Paty (u)

(2k2—1kl+1(/dU/ ;DkH-l >

Py (U

(P2k% — 1 kl(/du/ ”’“ w )
Pay (w)

(From above exposed, the following theorem holds:

Theorem 3.1. Sufficient condition for the toroid rotational surface generated
by polygonal meridian to be non-rigid of the order m, i.e. to have the field

U=Up 41
)
pk,I\U
o (/ RO d“)
U=UI 41 (1)

U=UL41

U=UL41

of infinitesimal bending Z (u,v) of the order m, as an extension of the fields

1) (2) (m—1)

Z (u,v), Z (u,v),..., Z (u,v) is the systems of linear equations with respect to
() ()

unknowns Mpk1, Npk; (3.13) and (3.14) to be compatible.
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4 Visualization of infinitesimal bending of toroid
generated by a polygonal meridian

Using a computer enables us analyzing non rigidity conditions and determi-
nation a family of toroids which satisfy them. The class of nonrigid toroids
”discovered” by Belov([1] is enlarged by some new examples of toroids satisfying
non rigidity conditions. As a examples here is given toroid with non convex
quadrangle meridian, one 5 apexes convex and one 9 apexes convex meridian.
In examination toroids and determination theirs properties we have used sym-
bolic program package Mathematica. Our program takes points of a meridian
as input, then determines rigidity conditions and gives as output symbolical def-
initions of rotational surface together with field of infinitesimal bending of the
first order. Then it can be pass as argument to some function for 3D represen-
tation. Considered bending on this way could have been graphically analyzed.
Graphical representations of deformations is considered in articles [14]-[16]. It
is useful to see rotational surfaces and influence of fields of infinitesimal bend-
ing on them. For the purpose of visual presentation animation of infinitesimal
bending of surfaces we developed SurfBend. SurfBend, the programm devoted
to visualize infinitesimal bending of toroids, developed in C++4 using OpenGL,
is partialy presented at the ESI Conference Rigidity and Flexibility, Viena, 2006.
Obtained analytical expressions are graphically represented in the following ex-
amples and illustrate theoretical considerations.

4.1 Examples

1. The first example of non rigid toroidal surfaces is the surface with non convex
quadrangle with apexes A(—1,1), B(0,2), C(1,1), D(0,3). The quadrangle
rotates around u-axis of the coordinate system uOp. Revolving AB generates
S(1y and by revolving BC, CD, DA, the parts S(2)53)53), the same for Z;,
are generated respectively. Let us denote that the deformed toroid Se.

Se : 7(u,v) = 7(u,v) + €z(u, v)

3 5 - 3 5 - _
Say 1 Tay(u,v) = [—gu + <Jeos(v)i + [—<u+ <]sin(v)j + uk,u € [-1,0],v € [0, 27],

8 8 8
_ 3 5 -3 b5
Sy 1 Tay(u,v) = [gu + g]cos(v)z + [gu + g]sm(v)] +uk,u € [0,1],v € [0, 27],
3 1 -3 1 - _
Sy 1 Tay(u,v) = [Zu + Z]cos(v)i + [Zu + Z]sm(v)] +uk,u € [1,0],v € [0, 27],
3 1 - 3 1 - _
Sy 1 Tay(u,v) = [—Zu + Z]cos(v)i + [—Zu + Z]sm(v)] + uk,u € [0,—1],v € [0, 27].

For the field zZ(u, v) of infinitesimal bending of the first order we have:
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Z(1)(u,v) = [2(u + =)cos(2v)cos(v) + (u + §)sm(ZU)sm(v)]z
+ [2(u+ g)cos(Zv)sin(v) —(u+ g)sin(Zv)cos(v)]j
+ [Sucos(20)]k,u € [-1,0],v € [0, 27]

Z(2)(u,v) = [2(—u + 5)003(20)005(0) + (—u+ §)sm(ZU)sm(v)]z
5

Lo 2
2% 790
1 5
+2(—zu+ —

2 90

+ [2(—u + =)cos(2v)sin(v) — (—u + g)sin@v)cos(v)]j
+ [Zucos@v)]l@, u € [0,1],v € [0, 27]
Z(s)(u, v) = [2(

)eos(2v)cos(v) + (—§u + %)sm@v)sm(v)]{
1 5

+ [Sucos(2v)]k,u € [1,0],v € [0, 27]

() = 205

)eos(2v)sin(v) — (

. 2 -
go)sm( v)cos(v)]y
L5
2" " 90

1 5

QO)COS(ZU)sin(v) —(

)eos(2v)cos(v) + (%u +

%)sin(%)sin(v)]{
%u + %)sin(Zv)COS(U)]j
+ [Fucos(20)]k, u € [0, =1],v € [0, 27]

than 2.

\

Following figures show rotational surfaces and influence of infinitesimal bend-
ing. For the purpose of insight view rotational parameter v is taken to be less

N
\\\\\
\

O

W
1\
!

O
W
W
Tk

N
AN

S
N
N

AN
\

XS
WX

3
>
2

Fig.1.

Fig.2.
On the Fig.1. are shown surfaces with all four parts without any deforma-
tions € = 0.0 and with v € [0, 37]. On the Fig.2. are shown surfaces with all
four parts with deformations € = 0.15 and with v € [0, 37].
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2. The second example of non rigid toroidal surfaces is surface with convex
pentagon with apexes A(—1,2), B(-2,3), C(0,4), D(2,3) E(1,19=x2641)

The polygon rotates around u-axis of the coordinate system uOp.

Fig.4.

Fig.3.
On the Fig.3. are shown surfaces with all five parts without any deformations

€ = 0.0 and with v € [0, 2n]. On the Fig.4. are shown surfaces with all five

parts with deformations € = 0.25 and with v € [0, 27].

3. The third example of non rigid toroidal surfaces is surface with convex

poligon with 9 apexes A(—1,1), B(—2,2), C(—4,3), D(-3,4), E(—2,6), F(0,8),
7 w+(—173450877+836\/43583479149)1/3 . 50005 )
304(3(—173450877+8361/43583479149))1/3 /’

G(3,12), H(L, 382 3362
1(0,3). The polygon rotates around u-axis of the coordinate system uOp.

a

//

T
/////////
25

Z
2,

7

N

sl il
i 77 I//}';’I///”/I/I/%
"y,
W,

%
%

2
.
/

7

%,

7

7

=
—

7
Ty
7

AN
}\\\ “\}\
1Y
i
N
1,
Z

S

it &K

77 7
N\

4

N\ W

Fig.6.

Fig.5.
On the Fig.5. are shown surfaces with all nine parts without deformations
e = 0.0 and with v € [0,37]. On the Fig.6. are shown surfaces with parts

GH,HI and I A with deformations e = 0.02 and with v € [0, 27].
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Remark. Let us remark that the main results at [1]-[7] can be considered as
particular cases of Theorem 3.
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