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Abstract. Deformation theory focuses on the examination of rigidity conditions
of surfaces. In this paper we present our tools for the examination of torus-
like surfaces with a polygonal meridian in the Euclidean 3-space E3. Based on
COHN-VOSSEN’s method we check infinitesimal bendings of the generated sur-
faces. Starting from given nodes of a meridian we perform the analysis and display
the obtained toroids and their deformed shapes. We use C++ and OpenGL to
carry out all underlaying calculations and the 3D model visualization.
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1. Introduction

The surface bending theory considers the bending of surfaces, i.e., isometric deformations
as well as infinitesimal bendings. It presents one of the main parts of global differential
geometry. Any bending transforms a surface into a continuous family of isometric surfaces,
i.e., such that angles and the arc length of curves on the surface are preserved. On the other
hand, an infinitesimal bending of a surface is — roughly speaking — an approximation of an
isometric deformation; we only require that for each curve the arc length remains stationary.

The basic aim of deformation theory is to find classes of rigid or non-rigid surfaces. The
main task at infinitesimal bending problems is to check the flexibility of a surface with respect
to the given class of infinitesimal deformations. In this paper torus-like surfaces are considered
which are obtained by revolving a polygonal meridian in E3.

In the last century the bending theory was developed thanks to the work of leading
mathematicians in the considered area like D. HILBERT, H. WEYL, W. BLASCHKE, S.
COHN-VOSSEN, A.D. ALEXANDROV, N.V. ErimMov, A.V. POGORELOV, I.N. VEKUA,
V.T. FoMENKO, I.KH. SaBiTOoV, [.I. KARATOPRAKLIEVA, R. CONNELLY, R. BISHOP,
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H. StACHEL, H. GLUCK, V.A. ALEXANDROV. The first result on infinitesimal bendings
of a non-convex surface is due to H. LIEBMANN [12, 13]. He has proved that the torus and
analytic surfaces containing a convex strip are rigid with respect to infinitesimal bendings,
i.e., infinitesimally rigid.

In 1938 A.D. ALEXANDROV [1] extended the results of LIEBMANN [12, 13]. He considered
closed surfaces, subdivided by piecewise smooth curves into a finite number of regions with
constant Gaussian curvature. He proved that these surfaces are infinitesimally rigid, i.e.,
they do not admit any nontrivial infinitesimal bending. Later, T. RADO and T. MINAGAWA
enforced the results of H. LIEBMANN. They proved the rigidity of the torus [15, 16] and of
surfaces of revolution of class C'!, containing a convex strip of class C2, under the presumption
that the bending field is of class C. Tt is also well-known [6, 5] that a sphere is infinitesimally
rigid.

The above mentioned results naturally lead to the question whether there exist non-rigid
closed surfaces. The first answer to this question was given by S. COHN-VOSSEN [4, 5]. He
proved that from each plane curve we can get the meridian of a non-rigid surface of revolution
of genus 0. This result of S. COHN-VOSSEN and his method influenced many papers on
infinitesimal bendings of non-convex surfaces of revolution. Surfaces of revolution of genus 0
or 1 generated by rotation of a polygon were considered by COHN-VOSSEN, BUBLIK, K.M.
BeLovV [3], and N.G. PERLOVA [17]. COHN-VOSSEN considered surfaces of genus 0 generated
by a polygonal line and argued about the non-rigidity of some of them. K.M. BELOV [3]
presented a class of flexible toroids that are topologically equivalent to a torus. At one class
the meridians have the shape of a special quadrangle (with mutually perpendicular diagonals
— one parallel to the axis of rotation).

Toroid surfaces containing no planar part and generated by a triangular meridian [21] or
by a parallelogram a meridian [26] are rigid. Generalizations of the investigations presented
in [3] were given in [22]-[25].

2. The basic facts of infinitesimal bending theory

We start with the basic facts of the theory of infinitesimal bendings of surfaces according to
(6] and [5]. The basic concept used in this work can be defined in different ways.

2.1. Infinitesimal deformations of surfaces
Let’s consider a surface S in E? of class C%, a > 3.

Definition 2.1. The surface S. is a deformation of the piecewise regular surface S if it is
included in a continuous family of surfaces

S.: 7= (u,v,e) = 7.(u,v), (u,v) €D CR?* £€]0,1], and 7.: D x[0,1] — R?,
and we obtain S for € = 0.

Here we consider a kind of continuous family of surfaces which is defined according to [6]:
Definition 2.2. Let the surface

S: ¥=7(u,v), (u,v)€D, DCR? (2.1)
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be included in a family of surfaces
Se: Te =T(u,v,8), €>0 (2.2)

depending continuously on the parameter ¢ and with S. = S for ¢ = 0. If

)
Se: e = 7(u,v) + Zej %(u,v), m>1, (2.3)
j=1

()
where %(u, v) € C* with a > 3 for j = 1,...,m are given vector fields, then the family S. is
called an infinitesimal deformation of order m of the surface S.

The theory considering geometric objects in connection with S, up to the precision of order
m with respect to € for ¢ — 0 is called infinitesimal deformation theory of surfaces of order
m. Different and more special conditions give rise to different kinds of surface deformations.
Higher order deformations of polyhedral surfaces were, e.g., considered in [19] and [2].

2.2. Infinitesimal bending of first order

Let the regular surface S of class C*, o > 3, be given in vector form by (2.1) and included in
the family of surfaces
S. : 7e(u,v,€) = 7(u, v) + € 2(u, v), (2.4)

where ¢ — 0, (u,v) € D C R and 7(u,v,0) = 7(u, v).
Definition 2.3. The surfaces (2.4) are infinitesimal bendings of first order of the surface S if
ds? — ds* = o(e), (2.5)

i.e., if the difference of the squares of line elements of these surfaces is of order higher than
one. The field Z(u,v) for which

OF(u, v, ¢€)

9 = Z(u,v) (2.6)

e=0

is the velocity field or infinitesimal bending field of the infinitesimal bending.
According to [6, 5] this definition is equivalent to what is stated in the next theorem:

Theorem 2.1. A necessary and sufficient condition for the surface Se in (2.4) to be an
infinitesimal bending of the surface S in (2.1) is

dr-dz =0, (2.7)

with zZ(u,v) as the velocity field at the initial instant of deformation and - denoting the scalar
product.

Equation (2.7) is equivalent to the following three partial differential equations:

TFu 2u=0, Ty -Zy+7y-2,=0, 7, -2,=0. (2.8)
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Theorem 2.2. Under an infinitesimal bending of a surface each line element is transformed
according to
ds. —ds =o(g) > 0. (2.9)

dz
1+¢? (ds) ]
1/2
142 dz 2
ds

If we apply the development of the function f(x) = (1 4 2)/? into a Maclaurin series at
N\ 2
x = g2 <%> , we obtain (2.9). O

Proof: Based on (2.4) and (2.5) we have

ds? = dr* + *dz* = ds? = ds*

ie.,

ds. = ds

3. Infinitesimal bending of toroids with a polygonal meridian

Now we consider an infinitesimal deformation of a surface of revolution with a simple polygonal
meridian. We will give necessary and sufficient conditions for such a toroid to be non-rigid.
And we explain the procedure for generating a bending field.

Let P, be the simple polygon with apices A;(u;, p;), ¢ = 1,2,...,n, in a meridian plane
equipped with a cartesian coordinate system uOp with u as axis of rotation. The sides of P,
obey the equations

Pm+1 — Pm
AmAm-‘rl: P(m) :pm“‘—u +1 u— (u—um), (31)
m+1 — Ym
Pm+1 — Pm
p,(m):u+_u :k’ﬂﬂ m:172a"'7n; An—l—lEAl,
m-+1 m

where p(y) is the value of p on A,, A,,11. In order to consider an infinitesimal bending of this
surface of revolution with a closed piecewise smooth meridian, we will use COHN-VOSSEN’s
method [5]. The radius vector of the surface is

m(u,v) = ue + p(u)a(v),

where p = p(u) is the equation of the meridian. If € is the unit vector of the axis of rotation,
a(v) the unit vector of the p-axis, v the angle between the initial meridian plane including
a(v), then @' (v) is perpendicular to a(v) and to € (see [6, p. 90] or [5, p. 253]).

We try to find a fundamental infinitesimal bending field of the surface S in the form

Z(u,v) = Z(u,v) = [pr(u)e™ + Gr(u)e ™) e+
[ (w)e™ +dp(w)e ™ a(v) + [xu(uw)e™ + Xn(we ™)@ (v).

The functions pg(u), ¥x(u) and xx(u) satisfy the equations

o) + p/(u) ¥} (u) = 0,
) + ik v (1) = 0,
ik () + o/ () ik () — ()] + plw) X (w) = 0
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The differential equation of the second order
p(wA"(u) + (k* = 1)p" (w)A(u) = 0 (3.2)

is satisfied for A(u) = ¥p(u), xx(u). We omit the index k£ and denote with ;) the value of
the function ¢ on A; A;4q for i =1,2,...,n under A, ; = A;.
From the equations (3.1) and (3.2) follows also the linearity of the functions v;(u)

At the points u = o of the meridian, where p(c — 0) = p(c + 0), i.e., at the apices of the
polygon, we get, supposing the continuity of the function ) (u),

1/1(2‘)(%') = w(z’—l)(ui); 1=2,...,1n; 1/1(1)(U1) = w(n)(ul),
and from there based on (3.3)
Mzuz—i-NZ :Mi_lui—i—Ni_l 1= 1,2,...,”; M@ EMn, NO ENn

If we consider this system as a system with respect to unknowns N;, i =1,2,...,n, we get
Ny —N, = —Myu; + Myu,
Nl — N2 = —M1U2 + M2U2
Nm—l - Nm = —Mp Uy + Mmum <34)
Nn—l - Nn - _Mn—lun + Mnun

At the apices of the polygon we have according to [5] the next equation

p(o) (o +0) = Yi(o = 0)] + (* = 1)vhu(0)[p'(o +0) = p'(0 = 0)] = 0.
Applying this equation to the apices M;, i = 1,2,...,n, we get the system of equations

pi(M; — M;_y) + (E* = 1)((M; w; + N;)(k; — ki—) = 0,

1= 1, 2, o, Ny MQ = Mn7 ]{0 = kn. <35)

The equations (3.4) and (3.5) represent a system of linear equations for the unknowns M, and
N;,i1=1,2,...,n. Let A denote the matrix of the system and P the extended matrix.

The system is compatible if and only if rank A = rank P, i.e., if and only if
n—1

i=1

1

Uy — Uy

M, =

According to (3.5) and (3.6) we get the reduced system

N —-N, = (Mn - Ml)ul
_N2 +Nn = (M1 — Mn)ul -+ (M2 — Ml)UQ,
_Nm +Nn - (Ml - Mn)ul + Zgg(Ml - Ml—l)ula (37)

Ny 1+ N, = (M, — My)uy + 375 (My — My,

for m=3,...,n—2.
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After introducing the notation
Ui —uj = Uiy, ki =k = ki

we get from (3.7)

Ny = N,+ - Un,2M1+Z?:_21 Ui i1 M;

Ul,n
Uy m—1 UmUn — U1Um+1 Uy n—1

Ny = N, + Doy Ui My A+ = My, + —— > 0 i M (3.8)
Ul,n Ul,n Ui,n :

Un n—2 UpUnp—1,1
Nyp—1 = Np+ + D> iy Ui My + T M,
UL,n—2 Ul,n
for m=2,...,n—2.

Then the system (3.5) with unknowns Mj, ..., M,,_1, N,, reduces to

n—1

[pﬂ,LQ’n + (/{2 — 1)k1,nu1u172} M1 = Zumﬂ [<k2 — 1)k17nu1u172] M1 (391)

i=1

[(k? — D)kojunur 2 — paurn) My + [paurn + (k2 — 1)kauiugs] Mo

3.9.2

+H(k? = Dk [ur 2Ny + uy Y075 w41 M;] =0 o

(K% = 1)k 1t >0 1 My + (62 = 1)k m 1 Ut —1,m + pintin] M (3.9.m)
+ (k2 = D1t Z?jm wij1 M; + (k* — Dkmm—1u1 n N, = 0 .

[on + (K2 = Dk atn] Y05 i1 M+ [pottn 11 4 (K2 = Dk 1ttt 1] Mo (3.9.n)

+ [pmul,n + (k2 - 1>km,m—1u1um,m+1] Mm + (k2 - 1>kn,n—1u1,nNn =0

Let B denote the matrix of the system (3.9). A necessary and sufficient condition for a
nontrivial solution of this system of homogenous linear equations is

det B = 0. (3.10)
After transforming B in triangular form we get the condition

B, , =0. (3.11)
In this way, the next theorem is proved.

Theorem 3.1. A necessary and sufficient condition for the non-rigidity of the surface of
revolution with the polygonal meridian with apices A;(u;, p;), pi > 0, u; # wip1, 1 =1,2,...,n,
is given by (3.10), which is equivalent to (3.11), where B is the matriz of the system (3.9)
and

_ Pit1 = pi

. k>2.
Ui+1 — Uy

Wij = — Uy, kij=ki—kj ki
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The procedure used here offers a possibility to determine the field of infinitesimal bending.
Under condition (3.10) we obtain from (3.9) the reduced system

biiNy +bioM, 1+ -+ +by,M; =0
booMy_1+ -+ + by, My =0

bp—1n—1Ms 4 b1, My =0

and from there My = bn-t1.n M, provided b,_1,-1 # 0, and Ms, ..., M,_;, N, expressed in

n—1n—1

terms of M; (undefined constant). Further we get ;(u) based on (3.3). In this way we get
the bending field.

4. Visualization of infinitesimal bendings of a toroid with a polygo-
nal meridian

The computer enables to display surfaces when seen from different points of view. Further-
more, it enables to analyze the non-rigidity conditions and to compute a bending field.

Previously, we started with a family of toroids and determined their properties using
the package Mathematica. We took points of a meridian as input, and checked the rigidity
conditions. The output string defined in symbolical notation the surface of revolution together
with the field of infinitesimal bending of first order. The result was the basis for the graphical
output which allowed a graphical analysis. Graphical representations of deformations have
been considered in [9, 10, 20].

In order to have more flexibility in the visual presentation and to speed up the basic and
3D calculations, we developed SurfBand. It is very useful to examine surfaces of revolution
and to check their distortion under the influence of an infinitesimal bending field.

4.1. Use of SurfBand

SurfBand, the program devoted to visualize infinitesimal bending of toroids, has been devel-
oped in C++ [11] and uses OpenGL [8, 14] standard to display graphics. It should therefore
be portable, although it has only been tested on Microsoft Windows platforms. The under-
laying calculations of the geometric model were done in ANSI C++, but rising control to
interactive level was done using MFC [18].

It has early been presented at the ESI Conference “Rigidity and Flexibility” in Vienna,
2006. It takes as input cartesian coordinates of points of the polygon, and then performs
the non-rigidity analysis. If a polygon satisfies the non-rigidity conditions, we are able to
display the family of bendable surfaces. It also can show a few already found examples of
infinitesimally flexible convex and non convex toroids with a polygonal meridian.

As soon as the polygon of an appropriate flexible toroid is specified, we can use a
View/Property dialog in order to examine the shape. Here we can influence the visibility
and the colors of the conical sections of the surface. At the beginning the bending parameter
is set 0.0 (no bending), the angle of rotation is set 37”, and the number of subdivision points
of the grid is set to 20. Afterwards is can be changed via appropriate scroll bars, and the
effect on the 3D model can be inspected in the main application window.

Pressing and holding down the left mouse button, while dragging the mouse, will rotate
the surface. Pressing “w” is necessary to show the wire frame model and “f” for filling the
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model. The point of view can be positioned farer or closer to the model. There is a bright
spotlight to achieve more realistic pictures of the 3D object.

The program can run in the “drag and rotate” mode where the rotation of the model can be
repeated continuously (loop or reversed way). The apices of the selected polygon trace circles
around the z-axis during the rotation. Bending deforms the circles into curves which are
visible and manageable via the View/Cone borders dialog. Its activation pushes the program
to run in a mode, which hides cones or shows them only. It is possible to adjust interactively
properties like color and visibility of curves of all available polygon’s apices, the minimum
and maximum values of the bending parameter and the number of inner borders. The display
can show curves representing borders or meshes which are more suitable for representing the
surface formed by the bending borders.

We use a kind of Free-form deformation (FFD) in modeling the infinitesimal bending
of a bendable toroid. FFD [7, 20] is a general method for deforming objects that provides
a higher and more powerful level of control and is computationally efficient. It enables to
create an animation. We are able to define the initial form and properties of the model
via the AnimationBeginProperty dialog and the final form and properties of the model via
the appropriate AnimationEndProperty dialog. After checking the Drag to the animate box,
pressing and holding down the left button of the mouse while moving the mouse will memorize
the applied rotations. Releasing the left mouse button will finish the creation of animation
which shows the transformation from the initial to the final form.

5. Examples

e The first example of a non-rigid toroidal surface (Fig. 1) is given by the meridian, a

convex quadrangle with apices A(—3, %), B0, g—g), C(5, %), D(0, %), k=3,e=0.15.

e The second example (Fig. 2) is based on the convex pentagon with apices A(—1, 1),

B(-2,3), C(1, 4), D(2, 220895 B(1, 2), k =3, and ¢ = 0.01.

e The third example (Fig. 3) has a convex hexagonal meridian with apices A(—1, 1),
B(-2, 2), C(~1, 3), D(0, 6), E(1, 3), F(2,2), k=2, and ¢ = 0.1.

e The fourth example (Fig. 4) of a non-rigid toroidal surfaces is based on the convex
hexagonal polygon with apices D(0, %@), E1, 3), F(2, 2), A(—1, 1), B(-2, 2),
C(-1, 3), k=2, and £ = 0.1.

Figure 2:

Figure 1:



L.S. Velimirovié¢, S.R. Ran¢ié: Notes on Infinitesimal Bending of a Toroid 185

IS
\\\aﬁ\l\\l\\‘m\\

RS

Figure 3: Figure 4:

6. Conclusions

In this paper the authors analyse a class of surfaces topologically equivalent to a torus. It
is known that a circular torus is rigid. Based on theoretical considerations, the authors
present a tool for examining the infinitesimal rigidity of a toroid generated by a polygonal
meridian. In this way the family of surfaces that is non-rigid is enlarged, and the deformed
surfaces are presented. The developed program SurfBand starts with nodes of a meridian,
performs the analysis and displays the obtained toroid and its deformed shapes. Besides
theoretical considerations based on Differential Geometry and Fourier Analysis, we use C++
and OpenGL to perform the underlying calculations and the 3D model visualization.
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