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Abstract In this paper we study infinitesimal and finite flexibility for regular semi-
discrete surfaces. We prove that regular 2-ribbon semidiscrete surfaces have one degree
of infinitesimal and finite flexibility. In particular we write down a system of differential
equations describing isometric deformations in the case of existence. Further we find
a necessary condition of 3-ribbon infinitesimal flexibility. For an arbitrary n > 3 we
prove that every regular n-ribbon surface has at most one degree of finite/infinitesimal
flexibility. Finally, we discuss the relation between general semidiscrete surface flex-
ibility and 3-ribbon subsurface flexibility. We conclude this paper with one surprising
property of isometric deformations of developable semidiscrete surfaces.
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1 Introduction

A mapping f : R x Z — R3, where the dependence on the continuous parameter
is smooth, is called a semidiscrete surface. Let us connect f(t, z) with f(z, z+1) by
segments for all possible pairs (¢, z). The resulting surface is a piecewise ruled surface.

In this paper we study infinitesimal and finite flexibility for such semidiscrete
surfaces. By isometric deformations of a semidiscrete surface f we understand defor-
mations that preserve inner geometry of the corresponding ruled surfaces and in
addition that preserve all line segments connecting f (¢, z) with f (¢, z+1).
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Many questions on discrete polyhedral surfaces have their origins in the classical
theory of smooth surfaces. Flexibility is no exception from this rule. The general theory
of flexibility of surfaces and polyhedra is discussed in the overview by Sabitov (1992).

Bianchi (1890) introduced a necessary and sufficient condition for the existence
of isometric deformations of a surface preserving some conjugate system (i.e., two
independent smooth fields of directions tangent to the surface), see also in Eisenhart
(1960), etc. Such surfaces can be understood as certain limits of semidiscrete surfaces.

On the other hand, semidiscrete surfaces are themselves the limits of certain polygo-
nal surfaces (or meshes). For the discrete case of flexible meshes much is now known.
Basing on paper by Stachel (2010) made a significant contribution to discrete case
classifying all flexible Kokotsakis quadrilateral meshes (see Izmestiev 2014). We also
refer the reader to Bobenko et al. (2008), Pottmann and Wallner (2008), Kokotsakis
(1932), and Karpenkov (2010) for some other recent results in this area. For general
relations to the classical case see a recent book by Bobenko and Suris (2008). It is
interesting to notice that the necessary flexibility conditions in the smooth case and
the discrete case are of a different nature. Currently there is no clear description of
relations between them in terms of limits.

The place of the study of semidiscrete surfaces is between the classical and the
discrete cases. Main concepts of semidiscrete theory are described by Wallner (2009,
2012). Some problems related to isothermic semidiscrete surfaces are studied by
Miiller and Wallner (2013). Semidiscrete surfaces from the viewpoint of parallelity,
offsets, and curvatures were studied by Karpenkov and Wallner (2014).

We investigate necessary condition for existence of isometric deformations of
semidiscrete surfaces. To avoid pathological behavior related to noncompactness of
semidiscrete surfaces we restrict ourselves to compact subsets of the following type.
An n-ribbon surface is a mapping

fila, bl x{0,....,n} >R, (t,0)— f;).
We also use the notion

Afit) = fiv1(2) = fi(0).

While working with a rather abstract semidiscrete or n-ribbon surface f we keep
in mind the two-dimensional piecewise-ruled surface associated to it (see Fig. 1).

Note that, within this paper we traditionally consider ¢ as an argument of a semi-
discrete surface f. The time parameter for deformations is A.

In present paper we prove that every regular 2-ribbon surface (as a ruled surface)
is flexible and has one degree of infinitesimal and finite flexibility in the regular
case (Theorems 1, 2). This is quite surprising since regular 1-ribbon surfaces have
infinitely many degrees of flexibility, see, for instance, in Pottmann and Wallner (2001,
Theorem 5.3.10). We also find a system of differential equations for the deformation
of 2-ribbon surfaces (Definition 18 and Proposition 9). In contrast to that, a regular -
ribbon surface is rigid for n > 3. For the case n = 3 we prove the following statement
(see Theorem 3 and Remark 10).
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Fig. 1 A 3-ribbon surface

1.1 Infinitesimal Flexibility Condition

If a 3-ribbon surface is infinitesimally flexible then the following condition holds:
A = (Hy — HDA,

where

(f1. fi, Afo) (fos AF1, Afz)2

(2 P2 AR) (fr. Afo. )

and

(fis Afict, Af) + (fi, Afic, Af)

H;(t) = N
(fis Afi—1, AS)

, i=1,2

Remark Throughout this paper we denote the derivative with respect to variable ¢ by
the dot symbol.

Further in Theorem 4 we state that a regular n-ribbon surface (n > 3) has at
most one degree of finite and infinitesimal flexibility. Finally, we show that a regular
n-ribbon surface (n > 4) is infinitesimally or finitely flexible if and only if all its
3-ribbon subsurfaces are infinitesimally or finitely flexible (see Theorems 7 and 8).
We say a few words in the case of developable semidiscrete surfaces whose finite
isometric deformations have additional surprising properties. Let us mention that a
similar flexibility question for smooth conjugate nets was solved by Eisenhart (1960)
(see Section 141).

1.2 Organization of the Paper

We start in Sect. 2 with the introduction of necessary notions and definitions. In Sect. 3
we discuss flexibility of 2-ribbon surfaces. We study infinitesimal flexibility questions

@ Springer



406 O. Karpenkov

for 2-ribbon surfaces in Sects. 3.2 and 3.3. In Sect. 3.2 we give a system of differential
equations for infinitesimal flexions, prove the existence of nonzero solutions, and show
that all the solutions are proportional to each other. In Sect. 3.3 we define the operators
of infinitesimal flexion which is studied further in the context of finite flexibility for
2-ribbon surfaces. In Sect. 3.4 we prove that a regular 2-ribbon surface is finitely
flexible and has one degree of flexibility. In Sect. 4 we work with 3-ribbon surfaces.
After some preliminary statements of Sect. 4.1 we gives a necessary infinitesimal
flexibility condition for 3-ribbon surfaces in Sect. 4.2. In Sect. 5 we deal with general
n-ribbon surfaces for n > 3. We prove that a regular n-ribbon surface has at most
one degree of finite and infinitesimal flexibility in Sect. 5.1. Further after several
preparatory statements of Sect. 5.2 we prove that finite or infinitesimal flexibility of
regular n-ribbon surfaces is identified by finite or infinitesimal flexibility of all its 3-
ribbon subsurfaces. We conclude the paper with flexibility of developable semidiscrete
surfaces in Sect. 6. In this case isometric deformations have a remarkable geometric

property.

2 Necessary Notions and Definitions

In this section we introduce central notions and definition of the article.

2.1 Differentiable Regular Semidiscrete Surfaces

We start with several basic definitions.

Definition 1 Let M = (my, ..., m,) be the (n+1)-tuple of non-negative integers.
We say that an n-ribbon surface f is a M-differentiable if for every i € {0, ..., n}and
j € {l,...,m;} there exists a continuous derivative fi(/ ),

Denote by C™0-"n([a, b], R?) (or C¥([a, b], R?), for short) the Banach space
of all M-differentiable n-ribbon surfaces (where ¢ € [a, b]) with the standard norm

p(f,g) = max  max sup(fi(’) —glf/))_
i={0,..., n}]:{l,...,mi}[u’b]

Remark 1 Note that for two non-negative (n+1)-tuples M = (mo, ..., m,) and K =
(ko, - - -, ky) satisfying

mo sza ceey, My an
we have
cM(la, b],R?) c CX([a, b], RY).

Definition 2 We say that an n-ribbon surface f € Cc122..21([g ], R3) is weakly
regular if forevery t € [a,b]landi = 1,...,n — 1 we have

(fis Afi_1, Af) #0.
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Definition 3 We say that an n-ribbon surface f € C122.-21(1q, b], R?) is strongly
regular if

— f is weakly regular;
— foreveryt € [a,b]landi =1,...,n — 1 we have

(fi0), i), Afici(0) #0 and  (fi0), fi (1), Afi(1)) #0

2.2 Isometric Semidiscrete Surfaces

Let us now study basic properties of the definition of isometric semidiscrete surfaces.

Definition 4 Two n-ribbon surfaces f and g in the space C LL..1([q, b], R3) are said
to be isometric if

[fil = 1&il

[Afil = |Agil

(fzaAfz 1) = (&, Agi—1)
fl’ Af, (i, Agi)

ftv ft-H (i, &i+1)

(for all admissible i and 7).

Before we continue let us show that the conditions of Definition 4 are precisely the
isometric conditions for ruled surfaces. Let f] and f5 be differentiable curves (denote
by A1 f the curve f,— f1). Letus define aruled surface S(x, t) = xf1(t)+(1—x) f2(¢).
To show that the conditions of Definition 4 determine inner geometry we prove the
following proposition.

Proposition 1 The first fundamental form of the ruled surface S(x,t) is uniquely
defined by

il 1Al IAAL AR (B AR, (i, f)

and vice versa.

Proof Let us write all the coefficients of the first fundamental form of the surface in
the coordinates (x, t):

aS oS

(522 52) = (fi=fo fimfo) = IAST

aS adS§ . . . .
(52 57) = Ai=frox fir=x) fo) = x(Afi. fi) + =0 (Af. fo):
a5 aS

(522 52) = (it (=0 o0 2 fi+(1=2) fo(0)

= 22 fil? + 2x(1=x)(f1, o) + A=x)?| fo]*.
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408 O. Karpenkov

As we see, on the one hand the first fundamental form is defined by the above six
functions. On the other hand the values of the first fundamental form atx =0, 1/2, 1
defines the values of the above six functions.

2.3 Deformations and Flexions of Semidiscrete Surfaces

We start with the following general definition.

Definition 5 A deformation of a semidiscrete n-ribbon surface f is a family of n-
ribbon surfaces { f*} with parameter A in the interval [—A, A] for some positive A
such that f0 = f. In this paper we consider only deformations that are continuously
differentiable in A.

Remark 2 In this paper A is the parameter of deformations, while ¢ is the first argument
of semidiscrete surfaces.

Letus give a formal definition of deformations that do not change the inner geometry
of a surface.

Definition 6 We say that a deformation { f*} of a semidiscrete n-ribbon surface f is
isometric if all the surfaces in the deformation are isometric to each other.

Definition 7 Consider a family of functions, vector functions, or semidiscrete surfaces
y = {w*} with parameter A € [—e, ¢] for some positive €, and let w = w. We say
that the derivative

dw*

D = —
"= o hmo

is an infinitesimal deformation of w.

The infinitesimal deformation of an n-ribbon surface f in C M([a, b], R?) is an
element of the tangent space T7C M (la, b], R?), which is naturally isomorphic to
CcM((a, b], R?).

Definition 8 Consider a deformation { %} of a semidiscrete n-ribbon surface f in

Cc1:22-2.D([q, b], R?). We say that the deformation { f*} is infinitesimally flexible
if

DyIff1=0,  DyIAfH=0, Dy(fl Afl) =0,
D, (f* Af}) =0, and D,(f}, f,) =0
(for all admissible i and ¢).

In fact, infinitesimal flexibility is a property of tangent spaces rather than deforma-
tions.
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Definition 9 We say that a tangent vector D f at a semidiscrete surface f is an infin-
itesimal flexion if the deformation D,, f where

Yy =f+ADf

is infinitesimally isometric.
We say that an infinitesimal flexion D f is a finite flexion if there exists an isometric
deformation y with y(0) = f such that D, f =Df.

Finally let us determine isometrically nontrivial infinitesimal flexions.

Definition 10 An infinitesimal flexion of a weakly regular n-ribbon surface f in
CY1.0([a, b], R3) is said to be isometrically nontrivial (trivial) at point (¢, i) for some
t €la,blandn € {1, ..., n—1}if the corresponding infinitesimal deformation of the
angle between the planes spanned by ( f, (H)Afi—1(2)) and ( f, (t)Afi(t)) is nonzero
(or zero, respectively).

We say that an infinitesimal flexion of f is isometrically nontrivial if it is isometri-
cally nontrivial at least at one point (¢, 7). Otherwise an infinitesimal inflexion is said
to be isometrically trivial.

We say that an infinitesimal flexion of f is strongly isometrically nontrivial if it is
isometrically nontrivial at every point (¢, 7).

2.4 Spaces of Semidiscrete Surfaces with Fixed Initial Position

In order to calculate the degree of flexibility for a semidiscrete surface we should
eliminate trivial Euclidean deformations of the surfaces. Let us do this as follows.

Definition 11 Denote by
Y ([a, b1, R?) c CM([a, b], R?)

the subset of all 2-ribbon surfaces with fixed initial position, namely an n-ribbon
surface f isin Cé”([a, bl, R3) if and only if

- f1(0) € CM([a, b], RY);

~ f1(0) = (0,0,0);

— the vector f(0) is proportional to (1, 0, 0);

— the vector A fy(0) has the coordinates (p, ¢, 0).

Remark 3 Let ¥ denote all weakly non-regular semidiscrete surfaces. Notice that the
set Cé” ([a, b], R*)\T has a natural structure of an 8-fold covering of the quotient
space of C M ([a, b], R3)\E by the Euclidean congruence relation. In other words,
for every weakly regular M -differentiable semidiscrete surface f there exists exactly
eight semidiscrete surfaces that are congruent to f. These 8 surfaces are obtained one
from another by 8 symmetries of type

(e1, €2, e3) — (Fey, ke, £e3).
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410 O. Karpenkov

So, on the one hand one can consider any branch of the 8-fold for studying flexibility
properties of the original n-ribbon curve. On the other hand the set Cé” ([a, b], R?)
has a structure of a vector space. For these reasons from now on we prefer to consider
the space Cé”([a, b], R3), rather than the quotient space of CM([a, b], R3)\E by the
group of all Euclidean transformation.

Since Cé”([a, bl, ]R3) is a subspace of CM([a, b], R3) we have the induced metric
and topology (in particular, C(’)‘/’ ([a, b], R?) is a Banach space), definitions of defor-
mations, isometric deformations, infinitesimal and finite flexions, isometrically trivial
and nontrivial infinitesimal flexions in C(])V[([a, b], R3).

2.5 Rigid Semidiscrete Surfaces: Degrees of Flexibility

We start with the definitions for infinitesimal flexibility.

Definition 12 The set of infinitesimal flexions in Cé” ([a, b], R3) is a linear space.
We say that f has n degrees of infinitesimal flexibility if the dimension of the space of
infinitesimal flexions is n. If n = 0 we say that f is infinitesimally rigid.

In the finite case we define only finitely regularly rigid semidiscrete surfaces and
surfaces that has one degree of finite flexibility. In order to define finite regular rigidity
we use the following definition.

Definition 13 We say that an isometric deformation y of f in C(’)"’ ([a, b], R3) is
regular at 0if D, f # 0.

Definition 14 We say that an n-ribbon surface f in C(’)V’ ([a, b], R3) is finitely regularly
rigid if the set of regular isometric deformations of f is empty.

Let us finally give the definition of the property to have one degree of finite flexibil-
ity. As in infinitesimal case we consider only the space of semidiscrete surfaces with
fixed initial position C(’)” ([a, b], R3). This cancels excess trivial Euclidean rotations
of the whole semidiscrete surface. Of course, every finite isometric deformations of a
semidiscrete surface with fixed initial position still can be reparametrised, as a result
one has another isometric deformation of the surface. So the best thing would be to
try to normalize them.

In this paper we consider the following “natural parametrization” of an isometric
deformation. It is clear that for every isometric deformation { f*} in Cé” ([a, b], R?)
we have

kaf'(a) =0, DpAfola)=0, and DpAfia) = a(L) f@)x Afi(a)
for some real valued function «.

Definition 15 We say that an isometric deformation { f*} is normalized if and only
if for every admissible values of parameter A we have o(A) = 1, where « is the
real-valued function defined in the last expression.
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In our case by Corollary 1 below we have: if a(ig) = 0 then Dy fro =
0. Hence, there is no regular isometric deformation that preserves the frame
(fi1(a), Afo(a), Afi(a)) and the point fi(a). So we can give the following defini-
tion.

Definition 16 We say that a weakly regular 2-ribbon surface f has one degree of finite
Aexibility if
— f has one degree of infinitesimal flexibility.

— for sufficiently small ¢ > 0 there exists a unique normalized isometric deformation
of f defined on [—e¢, ¢].

3 Finite and Infinitesimal Flexibility of 2-Ribbon Surfaces

In this section we describe flexions of 2-ribbon surfaces. Such surfaces are defined by
three curves fy, f1,and f>. Our main goal here is to prove under some natural genericity
assumptions that every 2-ribbon surface is infinitesimally and finitely flexible and has
one degree of infinitesimal and finite flexibility. Our first point is to describe the
system of differential equations (System A) that determines infinitesimal flexions
corresponding to finite flexions and find solutions to this system (see Sects. 3.2). We
use it to derive finite flexibility in Theorem 1 (also in Sect. 3.2). Further via solutions
of System A we define the operators of infinitesimal flexion V* (in Sect. 3.3). Finally,
to show finite flexibility of 2-ribbon surfaces we study Lipschitz properties for V*
and prove flexibility Theorem 2 (in Sect. 3.4).

3.1 Basic Relations for Infinitesimal Flexions

In this small subsection we collect some useful relations.

Proposition 2 Let f be a 2-ribbon surface in C1>1([a, b], R?). Then for every infin-
itesimal flexion D f the following properties hold:

(fi.Df1) =0; ()
(fi = Afo.Dfy — DA fy) = 0; )
(fi+ A/, Dfi +DAS) =0; 3)
(Afo, DA fo) + (A fo, DASo) = 0; 4)
(Afi.DAS) + (A f1, DAfI) = 0; Q)
(f1.DAfo) + (D f1. A fo) = 0; (6)
(fi. DAY + (Dfi, Af1) = 0; @)
(Dfi. Afo) + (fi. DAfo) = 0; (8)
(Dfi, Afi) + (fi, DAf1) = 0. ©)]

Remark 4 For a semidiscrete or n-ribbon surface f the operations D, A, and %
commute, so we do not pay attention to the order of these operations in compositions.
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412 0. Karpenkov

Proof Equations (1) (2) and (3) follow from the fact that infinitesimal flexions pre-
serve the norms of f1, fo = f1 A fo, and f2 f1 + A f1 respectively.

The invariance of the lengths of A fy and A f; imply Equations (4), and (5) respec-
tively. They are equivalent to

ol
3, D(Afo. Afo) =0 and =D(Af1, Afi) =

Equatlons (6) and (7) follow from invariance of the angles between the vectors f1
and A f and the vectors f1 and A fp.

Let us prove Eq. (8). Since the angles between the vectors A f{ and fl are preserved
by infinitesimal flexions we have

0 .

—D{f1, Afo) = 0.

a7 (f1, Afo)
Therefore,

(Dfi, Afo) + (fi, DAfo) + (D f1, Afo) + (1, DA fo) = 0.

By Eq. (6) we have (D1, A fo) + (f1, DA fo) = 0 and hence

(Dfi, Afo) + (fi, DAfo) = 0.

We have arrived at Eq. (8).
Finally Eq. (9) is proved by analogy with Eq. (8).

3.2 Infinitesimal Flexibility of 2-Ribbon Surfaces

Our main goal for this subsection is to prove the following general theorem

Theorem 1 Ler f € Cé 2, 1([a, b1, R3) be a weakly regular 2-ribbon surface with

fixed initial position. Then f has one degree of infinitesimal flexibility.

First we write down and investigate a supplementary system of differential equa-
tions (System A) which describes infinitesimal flexions of weakly regular 2-ribbon
surfaces. We also show the uniqueness of the solution of System A for a given ini-
tial data (Proposition 3). The remaining part of this subsection is dedicated to the
proof of Theorem 1 mentioned above. In Proposition 4 we show that every infinites-
imal flexion satisfies System A. Then in Proposition 5 we prove that every solution
of System A with certain initial data is an infinitesimal flexion. After that we prove
Theorem 1.
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3.2.1 System A

Let

Gii=(Dfi, fi), Gu=(Dfi,Afo), Giz=(Dfi,Af1),
Ga1 = (DAfo, f1), G2 = (DAfo. Afo), G2z = (DA fo, Af1), (10)
G31 = (DAfi1, fi), G2 = (DAfi, Afo), G33 = (DAf1, Af1).

Denote by System A the following system of differential equations

G =0,

L (Guafo.Af) | (fLAf, A (fL.Af0.Af0) ~ . (fr.Af0. D)

G = ((fl,Afo,Afl) <f1,Afo,Af1>) Gt anam C 3™ haf.am 023
L (fLAfLARD (fr.Af0, 00D | (Fi.Afo,Af1) _ (L fLAf

Gis = Fapamont ((fl,Afo,Afl)+<f1,Afo,Af1>) Ci3= Ao 032
S (UnAfo.Af) (fj,Afo,Af])) _ 1.0fo. A fo)

Gai ((fl;AfO»Afl) t Foanam) 27 GanamC

+ (flaAfOVfl) G23’

. (f1,Af0,Af1)
Gx»n =0,
Gy = — ((Afl,Afo,f'lfoo)(ﬂ,Afb,Afl) _ ULAfLfixAfO)Afo.Afo. Afy)
[FixAfol?(f1,Af0. Af1) [F1xAfol?(f1,Afo. Af1)
(f1,Af0xA fo, Af1) (f1xA fo,Af0,Af1D) (Af1,Af0,Af)
Tl T Axahl TG MM )G”
_ ((Aflyéf(),f.lXAfO)(fl,AfOfoO) + (fl,Afo,AfOXAfo)) G
L% Afol2(fi.Afo. A1) | fix Afol?
— ((f"l,Afl,f‘lfob)(fl,AJo,Afm _ ubfo.ixAf) (fl,AJo,Aﬂ)) G
[ fixAfol?(f1.Af0. Af1) | fixAfol? (f1,Af0.Af1) ’

Gay = —YLANLAN _((f'l,Afo,Afl) (fi,Afo,Afn)
(f1.0f0. A1) (.80, A0 T (f1,Af0,Af)

(fr.fL.Af)
Ao A 032

Gy = — ((Afo,éflsf.lXAfl)(flyAfl‘Afl) + (fl»Afl‘AfIXAf'l)) Gy

LfixAfIR(f1Afo. AfD) |fixafi?
_ ((Afo,Afl,f'lxAﬁ)(fl,Afo,Afl) _ 1.8 fixAf) (A fi.Afo. A1)
[fixAfi12(f1.Afo. A1) [fixAfi12(f1.Afo. A1)
LAfnxAf1Af) | (ixAfLAfLA) | (Afo,Afo. A1)
ST TN T Y PN (1. 800.AFD) )G“
_ ((f'l,Afo,f']fo1><f'1,Af'1,Af1) _ Lafhxaf) (fl‘Af'o,Afl)) G
[f1xAf112(f1,Afo0,Af1) [fixAfi]? (f1,Af0,Af1) ’

[ G33 = 0.

Remark 5 In Proposition 10 below we show an explicit formula for the function
G23+G3p, it is ® in our notation of Sect. 3.

Note also that G]z + Gzl = 0 and G13 + G31 = 0 in System A.

Example 1 Let us consider a simple example of a 2-ribbon curve where f , Afo,
and Af] are all constants. Let us call these surfaces book-shaped surfaces. Direct
calculations show that
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414 0. Karpenkov

(this happens, since all the summands in the coefficients of System A contain either
f1 ,or A fo, or A f1 which are all zeroes in our case). Hence all the scalar products
of the deformation with vectors f1, Afo, Af1 do not depend on ¢. Therefore, every
element of every isometric deformations of a book-shaped surface is a book-shaped
surface. Here is a typical example of isometric deformation in this class:

@ =(,0,0), AfJ)=(0,1,0), A}@t) = (0,sinx,cosA).

This deformation can be geometrically seen as an opening a museum book with two
rigid plastic pages.

In the following proposition we prove that for every single 2-ribbon surface f (not
for a deformation) and initial data for G;; at one point f (#y) System A has a unique
solution. Recall that ¢ is an argument of f.

Proposition 3 Let f be a weakly regular 2-ribbon surface in CH21([a, b], R3). For
every collection of initial data G;j(a) = c;j there exists a unique solution of System A
on |a, b].

Proof System A is the system of homogeneous linear differential equations with
smooth variable coefficients (since ( f1, A fo, Af1) never vanishes on [a, b]) and hence
for every collection of initial data it has a unique solution on the segment [a, b]. O

3.2.2 Every Infinitesimal Flexion Satisfies System A

Let us show the following statement.

Proposition 4 Let f be a weakly regular 2-ribbon surface in C>!([a, b], R3). Then
for every infinitesimal flexion D f the functions G11, G132, . . . , G33 computed from the
pair of semidiscrete surfaces (f, D f) satisfy system A.

We start the proof with the following general lemma.

Lemma 1 For every infinitesimal flexion D f we have the equalities
Gi1=Gn=G33=0, G1n+G =0, and Gi13+ Gz =0.

Proof The functions | 1|, |Afol, and |Af;| are infinitesimally preserved by infinites-
imal flexions, hence G 11, G22, and G33 vanish.

The invariance of angles between fl and A fp, and fl and A f] yield the equations
G12 + G2 = 0and G13 + G31 = 0, respectively. O

Proof of Proposmon 4. From Lemma 1 the functions Gy, G2, and G33 are zero

functions, thus Gl 1, Gzz, and G33 are zero functions as well.
Let us prove the expression for G 12 and G 13. Note that

Gio = (Dfi, Afo) + (D fi, Afo).
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Thus Egs. (6) and (8) imply
G = (Dfi. Afo) — (f1. DAfo).

Tp obtain the expression for Glz rewrite A fo and f1 in the basis consisting of vectors
f1, Afo, and Afy.
G2 = (Df1, Afo) — (f1, DASo)
((Afo, Afo, A . (f1 Afo, AfD o (i Ao, Afo) )
——— G+ "G+ ———F—-G13
(f1, Afo, Af1) (f1, Afo, AfD) (f1, Afo, Af1)
3 ((fy Afo, Af1) Gar + (_fl, i) G+ (fl, Afo, f1) G23)
(f1, Afo, Af1) (f1, Afo, Af1) (f1, Afo, Af1)
_ ((fl, Afo. A L (1 Af, Afl)) G
(fi. Afo. AfD)  (fi. Afo. AfY)
(fl,Afo,Afo) (f1, Afo, f1)

Gt 5 2 T G afo.am

The last equation holds since G1; = 0, G2 = 0, and G2; = —G12.

The same strategy works for the function G13.

Now we study the expressions for G21 and G31 From Lemma 1 we know that
Go1 = —Gpand G31 = —G13 and hence G21 —G12 and G31 = —G13 Therefore,
the equations for G21 and G31 are satisfied.

In order to get the expression for G23, we first show that the function ( f 1, Afo, A fo)
is an invariant of infinitesimal flexions. Indeed,

(f1. Afo, Afo) = (i, Afo, fi—fo) = —(f1, Afo, fo)-

The vectors fo, f 1,and A fp form arigid frame, hence their triple product is an invariant
of infinitesimal flexions. Hence the function (fi, Afy, A fo) is an invariant as well.
The infinitesimal flexion invariance of (f1, Afp, A fo) implies that

D(f1, Afo, Afo) = 0.

So we get

(D f1, Afo, Afo) + (fi, DASo, Afo) + (fi, Afo, DA fo) = 0.

Rewrite

—(Df1, Afo, Afo) — (fi, DASo, A fo)
—(Df1, Afox A fo) + (DAfo, fix A fo)

(f1, Afo, DA fo)

_ (AfoxAfo.Af, Afl)G _ (fr.AfoxAfo. Afl)G "
(f1,Af0,Af1) (f1,Af0,Af1)
_ (LA fo. Afox A fo) (fixA fo. Afo. Af1)
- Graham CBT T apam O
(f1.fixAfo. A (f1. Afo. f1xAfo)
o hafean 2T T Gajpan %
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Secondly, we have

(DA fo. Afo) = —(DAfo. A fo)
(Afo Afo, Af1) Goy— (f1. A fo, Afl) G (f1, Afo, Afo)
(f1. Afo, Af1) (f1, Afo, Af1) (f1, Afo, Afl)

Thirdly, we get

: g : : (fl Afo, Af1) (f1, Afo, Afo)
DA fy. 1) = —(Df1. A U1, Afo, Af) (1, Afo, A fo)
WPASo, i) = =PI Aok == e O T G afo A ©
Fourthly,
(Af1, Afo, fixAfo) o (fi AL fixAfo) :
DA s - - DA fy, A
(DA fo Aih = gy Ao ) e i Ay (A0 AR

(f1. Afo, Af1)
(f1, Afo, fixAfo)

After the substitution of the four above expressions and simplifications we have

(f1, Afo, DA fo).

(DA fo, Af1)
_ ((Afl, Afo. fix M) (i, Afo, AfD (1 Afis fixAfo)(Afo, Afo, Afr)
- | fixAfol2(f1, Afo. Af) |fixAfol2(fi, Afo. Af1)
(f1. AfoxAfo, AfD) | (fixAfo, Afo. Afl))
+ . + n Gz
| fixAfol? | fixAfol?
B ((Afl, Afo. fixAfo)(fr, Afo. Afo) (1. A, Afofo'o)) G
| fixAfol2(f1, Afo. Af1) | fixAfol?
B ((fl» Afi, fixAfo) (i, Afo, Afo) — (fr, Afo, ﬁfoo>) 6
| fixAfol*(fi, Afo, Af1) | f1xAfol?

Further, decomposing the vector A 1 into basis vectors fi, Afy, and Af; we get

(DAfo, A fi)=

(Af1, Afo. AP (fi. Af1, AP (f1. Afo. Af1)
Gr+ G + = Go3
(f1. Afo, Af1) (f1. Afo, Afr) (f1, Afo, Af1)

From the last two identities, by substituting G2 = 0 and Go; = —G12 (see
Lemma 1), we obtain the expression for

. 0 . .
G = E(DAfo, Af1) = (DA fo, Af1) + (DAfo, A f1).

The expression for Gz is calculated in a similar way. This concludes the
proof. O
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3.2.3 Existence of Infinitesimal Flexions

Let us prove that every solution of System A with certain initial data determines an
infinitesimal flexion.

Proposition 5 Let f be a weakly regular 2-ribbon surface in C*'([a, b], R3). Then

(i) Foran arbitrary nonzero o there exists a unique tangent vector D f at f satisfying
System A and the boundary conditions

Dfi(a) =0, DAfy(a)=0, and DAfi(a) = afi(@)xAfi(a).

(ii) This tangent vector is an infinitesimal flexion.

Remark 6 Here and below, for a function f defined on [a, b] by f (a) we mean the
one-sided derivative at a.

Proof We start with Proposition 5(i). Consider three vectors
vy =0, v=0, and v3 =afi(a)xAfi(a).
We introduce the notation

c = (v, f:1>, cr2 = (v1, Afo), c13 = (v1, Af1),
c21 = (v2, f1), 22 = (v2, Afo), c23 = (v2, Af1),
c31 = (v3, f1), c32 = (v3, Afo), ¢33 = (v3, Af1).

By Proposition 3 there exists a unique solution (G11, G2, ..., G33) satisfying the
initial conditions G;;j(a) = c;;. For every point ¢ € [a, b] the values D fl, DA fo,
and DA f) of the tangent vector D f are uniquely defined in the basis (f1, Afo, Afi)
by Eq. (10): here we substitute the solution of System A with the initial conditions
Gij(a) = c;j to the right hand side of Eq. (10). Hence, there exists a unique tangent
vector D f of f satisfying System A and the boundary conditions

Dfi(a) =0, DAfi(a)=0, and DAfy(a) = afi(@)xAfo(a).

This concludes the proof of the first item of the proposition. O

Proof of Proposition 5(ii) By the definition of an infinitesimal flexion it is enough to
check that the following 11 functions are preserved by the infinitesimal deformation:

\fil, IAfil, (fi  Afict), (fi Af), and (fi, fir)
(for all possible admissible i). ) )
Invariance of | 11, |Afol, |Afil, (fi, Afo), and (f1, Afi).

From System A we have

Gii=0, Gn=0, G33=0, Gu+Gpn=0, G31+G;3=0,
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and hence the functions

D(fil) =2G1; D(Afol*) =2Gxn; D(Afil?) =2G33;
D(f1, Afo) = G2+ Ga1, and D(f1,Af1) = G31+G3

are constant functions. So it is enough to show that they vanish at some point: we show
this at point a.

D(fi(a). fi(@)) =2(Dfi(a), fi(@) = 2(0, fi(a)) = 0;

D(Afo(a), Afo(a)) = 2(DAfo(a), Afo(a)) = 2(0, Afy(a)) = 0;

D(Afi(a), Afi(@)) = 2(DAfi(a), Afi(@)) = 2(afi(@)x Afi(a), Afi(a)) = 0;

D(fi(a), Afo(a)) = (Dy fi(a), Afo(@)) + (fi(a), DAfo(a)) = (0, Afo(a))
+(f1(a),0) = 0.

D(fi(a). Afi(a)) = (D fi(a), Afi(a)) + {fi(a), DAfi(@)) = (0, Afo(a))
+{fi(@), a fi(@xAfi(a)) = 0;

Invariance of ( fo, Afo) and { f>, Af1). Note that

8 .
55 (Afo, Afo) + (i, Afo).

(fo, Afo) =

Hence by the above item we have

. 10 . 10
D{fo, Afo) = _EED(AJCO’ Afo) +D(f1, Afo) = —55(0) +0=0.

Similar reasoning shows that D( fr. Af1) = 0.

Invariance of {fo, f1) and (f1, f>). Let us prove that D(fo, f1) = 0. First, note
that

(Dfo, f1) = (Dfi, fi) — (DA fo, fi) = —(DAfo, f1)

. 0 .
= (DAJo, f1) — E(DAJCO, S1)-
Recall that %(DA]‘O, fl) = G21 = —Glz. Let us substitute the expression for Glz

of System A and rewrite f1 in the basis of vectors f1 , Afo, and Af]. One obtains

(Dfo, fi) = (DAfo, 1) +Gra
_ (f'l, A fo, Afl)(Dﬂ, Afo) + (f}» Afo, A fo)
(f1, Afo, Af1) (f1, Afo, Af1)
= (Dfi, Afo) = —(Dfi, fo).

(Dfi, Af1)
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Hence

D{fo, f1) = (Dfo, f1) + (Dfi, fo) = —(Df1, fo) + (D f1, fo) = 0.

Therefore, {fy, fl) is invariant under the infinitesimal deformation. The proof of the
invariance of (f}, fz is analogous. o
Invariance of ( fo, fo) and (>, f>). Let us prove that D{ fy, fo) = 0.

D(fo, fo) = 2(D fo, fo) = 2(DA fo, A fo) +2D(f1, fo) = 2(D f1, f1).
We have already shown that D(ﬂ, fo) = 0and (Dfl, fl) = 0. Hence

D(fo, fo) = 2(DA fo, A fo).

We rewrite the last A fj in the last expression in the basis f1, Afo, fi x Afo and get

(A fo, Afo, fixAfo) . (fiy Afo, fixAfo) :
DA A DA fo, . - DA fo, A
(PAfo o) = = gy Ao )t Ay (DA A0

(f1, Afo, A fo) o
: . DA fo, f1, Afo). 11
G os fuxafoy DA T AT ()

Let us rewrite (DAfo, fl), (DAfo, Afp), and (DAfo, fl, Afp) in terms of
Gily..n, G33. First, we have:

(DA fo, f1) = (Dfo, /i) = —(Df1, fo) = —(Df1, Afo).

The second equality holds since we have shown that D fo, f1) = 0.1f we rewrite A fo
in the basis f1, Afy, Afi, we get the following:

(f1 A fo, Afl) (f1, Afo, Afo)

DA - D A
DAJo- J1) = —PhAfo) = = e O A

Secondly, we have

(A fo, Ao, Afl) (f1, Afo, Afo)

DA fo, A DAfo, A
(PAfo Afo) = —(PASo, Afo) = =F= 2 2 Gra = e o6

Thirdly, with

Gas — (DAfo, Afy) = (DA fo, Afy) ((Af{‘ AAJ;:O f{]XXAAff;) (DA fo. f1)
(f1, Af1, fix Afo)
(f1, Afo, fixAfo)

(f1. Afo, Af1)

(f1. Afo, fixAfo)

(DA fo, Afo)

(DA fo, f1, Afo).
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and the expression for G3 of System A we get:

o (fixAfo, Afo, Af1) (fl,AfOXAfo,AfD)
DA fo, f1, A = — : +
(DAL, T A0 ( (f1, Mo, AfD) (f1, Ao, AfD)
(fl,Afo, Af0><Afo) Gis + (f1, Afo, f1><Afo)
(f1, Afo, Af1) (f1, Afo, Af1)

Finally, we substitute the obtained last three expressions for

(DAfo, f1), (DAfo, Afy), and (DA fo, fi, Afo)

respectively to Expression (11) and arrive at

(DA fo. A fo)
_ (7 (Afo, Afo, f1XAfo)(f1, A fo, Af) N (f.lj A fo, f.l.XAfO)(A'f.O» Afo. Af1)
(1. Afo, fixAfo)(f1. Afo. Af1) (f1. Afo, fixAfo)(f1. Afo. Af1)
U1 Ao, Afo)(f1xA fo, Afo, A (1, Afo, Afo) (1, Afox A fo, Aﬁ)) 61

(1. Afo, fixAfo)(f1, Afo, Af1) (f1. Afo, fixAfo)(f1. Afo, Af1)

(_ (A..f-o, Afo, fl XAfo)(fl, Afo, Afo) (f.l., Afo, Afo)(f'l, Ao, AfoXA.f.o)) Gis
(f1. Afo, fixAfo)(fi, Afo, AfY)  (fi, Afo, fixAfo)(f1, Afo. Af1)

(_ (1. Afo, ixAf) (1. Afo. Afo) . (f12 Afo. Afo) (1 Afo, i fo0>) o
(f1. Afo, fixAfo)(f1, Afo, Af1)  (f1, Afo, fixAfo)(f1, Afo, Af1)

It is clear that the coefficients of G13 and G»3 vanish identically. Let us study the
coefficient of G15.

Consider the following mixed product (A fo. A fo, fix Afp), itis identical to zero.
Let us rewrite A fo in the second position of the mixed product in the basis fo, Afo,
Af1. We get the relation

(A fo.Afo, A1) (f1. A fo, AfD)
(f1.Mfo.AfD) (Afo fla leAfO)+—'—(f A Aj)(AfO’ Afo leAfO)

_ _Urafdi) (A
B (fu,Afo,Af])( fo. Afi, fixAfo).

We apply this identity to the first two summands of the coefficient of G, and get the
following expression for the coefficient of G13:

(fi, Afo, AJo) (A fo, Afi, fixAfo)  (fi, AfoxAfo, AfD (i, Afo, Afo)
(f1, Ao, AfDIfIx Afol? (f1, Ao, AfOIfix Afol?
_ (fixAfo, Afo, AfD)(f1, Afos A fo)
(fis Mo, AfOIAixAfI2
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We rewrite this as

(f1, Afo, A fo)
(f1. Afo, AfDIfix Afol?

((Afoa Afr. fixAfo)=(fi. Afox A fo. Af)
—(fixAfo. Afo. Afl))~
Let us study the expression in the brackets.

(A fo, Af1, fix Afo)—(f1, Afox A fo, Af)—(fixA fo, Afo, Af1)
=—(Afox (fix Afo)+fix(Afox A fo)+Afox (A fox f1), Afi) = (0, Afi)=0.

The second equality holds by the Jacobi identity. Hence the coefficient of G5 is zero.
Therefore,

D(fo, fo) = 2(DA fo, Afo) =0,

and ( fo, fo) is invariant under the infinitesimal deformation.

The proof of the invariance of fa, fo) repeats the proof for ( fo. fo).

So we have checked the invariance of all the 11 functions in the definition of an
infinitesimal flexion. Hence D f is an infinitesimal flexion. O

Now we have all the ingredients to prove the main theorem of this subsection.

3.2.4 Conclusion of the Proof of Theorem 1

Existence The existence of an infinitesimal flexion follows directly from Proposi-
tion 5(7).

Uniqueness By Proposition 4 every infinitesimal flexion satisfies System A. Since we
consider 2-ribbon surfaces with fixed initial position, for every non-zero infinitesimal
flexion D f we have:

Dfia)=0, DAfoa)=0, and DAfi(a) =« fi(a)xAfi(a)
for some non-zero «. Hence by Proposition 5 this is one of the flexions of Proposi-
tion 5(i). So the set of infinitesimal flexions is one-dimensional. Since the set is a

linear space, it is a line. Hence f has one degree of infinitesimal flexibility. O
Theorem 1 together with Proposition 5 imply the following.

Corollary 1 Let f € Cé’z’l([a, b1, R3) be a weakly regular 2-ribbon surface with
fixed initial position, and let D f be its infinitesimal flexion satisfying

Dfi(a) =0, DAfi(a)=0, and DAfy(a) =0,

Then D f = 0. O
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3.3 Operators Related to Infinitesimal Flexions
Let us fix an orthonormal basis (e, e, €3) in R3. Denote by Qé «3 the Banach space
((C'fa, b))’ = (C'la, b))’
with the norm
Iz, )l = | max (max(sup [hij1. sup iz ).

Consider the following map
Z:C"%Y([a,h], R — Q) 5,
where for a 2-ribbon surface f the image Z( f) in the basis (e, ez, e3) is defined as

S1@) = (hi1 @), hia(0), hiz (),
Afo(t) = (ha1 (1), haa (1), has (1)),
Afi1(1) = (h31(2), 32 (1), h33(1)).

Note that every 2-ribbon surface f is defined by f1, Afo,and Af up to a translation.
So after fixing, say, f1(a) = (0, 0, 0) one has a bijection.

We say that a point # = (h11, h12, ..., h33) in Q§X3 is in general position if the
determinant
hit hia hi3
det | ho1 hoy haz | #0
h31 hz h33

for every ¢t € [a, b]. This condition obviously corresponds to the weak regularity
condition, i.e., to

(f1, Afo, Af1) #0.

Denote by Xq the set of all points % that are not in general position.

Definition 17 Denote by V£ : [0, A] x (2} ;\Zq) — QI _; two operators of

infinitesimal flexion in coordinates (h11, h12, ..., h33):
(em> Afo, Af1) (fi.em. Af)
yE Mh) = ——"—""G_11(h) + —G;_12(h
= o S G s g am SR
'7A s “m
U Afoew) oy, (12)

(f1. Afo, Af1)

for (1 < I,m < 3). Here G11(h), G12(h), ..., G33(h) is a solution of System A at
point f with the initial conditions corresponding to

Dfi(a) =0, DAfo(a)=0, and DAfi(a) =+ fi(a)xAfi(a),
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ie.,

Gii1(a) =0, Giz2(a) =0, Gi3(a) =0,
Gai(a) =0, Gn2(a) =0, Ga3(a) =0, (13)
G31(a) =0, G32(a) = £(fi(a), Afo(a), Afi(a)), G3z(a) =0.

(Here we take “+ sign for VT and “—” for V™)

Note that both VT and V™ are autonomous operators, they do not depend on time
parameter A.
It is important that the following statement holds.

Proposition 6 Let h be a point of Q%X3 in general position and ) € [0, A]. Then we
have

VEG, h) e QL ;.

Proof The proof is straightforward, all functions involved in Expression (12) are
continuously differentiable, and hence both V¥ (A, h) and V™ (A, h) are continuously
differentiable. O

Remark 7 Let us show in brief how to find the coordinates of the infinitesimal defor-
mation D f in the basis ey, e, e3 satisfying

Dfi@) =0, Dfi(a)=0, DAfola)=0,
and DAfi(a) = fi(a)xAfi(a).
First, one should solve System A with the above initial data, then substitute theiobtained
solution (G11, G2, .. ., G33) to Eq. (12). Now we have the coordinates of D f1, DA fy,

and DA f1. Having the additional condition D f}(a) = 0 one can construct D f1, D fo,
and D f>:

0]
Dfi(ty) = / Dji()d(). Dfy=Dfi —DAfy. Dfs=Dfi +DAF:.

a

Further we will work in the following subspace of Qéx3. Denote
Qs = {h € @ s|hia(@) = hi3(a) = has(a@) = 0}.

It is clear that Qéw is a Banach space itself.
We have the following important property of Q;x}

Proposition 7 For every A € [0, Al and h € Q;X3\EQ the subspace Q%w is an
invariant space of the operators V¥ (A, h) and V™ (X, h).
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Proof From the conditions
Dfi(a) =0, and DAfy(a) =0
we have G;j(a) =0foralli =1,2,and j =1, 2, 3. Hence by Expression (12)
Vi) (@) = V5 ) @) = ... = Vy5(h, h)(@) =0

forall A € [0, Aland & € Qéw. Therefore, for every A € [0, A]and i € Q%w\zg
we have VE(1, h) € Q} ;. o

Finally we have the following important statement.

Proposition 8 The map Z is a bijection of Qéw and C(l)‘z’] ([a, b], RY).

Proof The inverse map Z~!(h) = (fo, f1, f») is defined as

0 [ h () ha1(to)
filto) = hia(@) | dt,  folto) = fito) — | haa(to) |,
2\ hi3(1) h23(t0)
h31(t)
o) = | hza(to) | — f1(to).
h33(t)
atevery 1y € [a, b]. O

3.4 Finite Flexibility of 2-Ribbon Surfaces

In Sect. 3.2 we showed that every 2-ribbon surface in general position is infinitesimally
flexible and that the space of its infinitesimal flexions is one-dimensional. The aim of
this subsection is to show that a weakly regular 2-ribbon surface is finitely flexible
and has one degree of finite flexibility.

3.4.1 Lipschitz Condition

We start with the discussion of the initial value problem for the following two differ-
ential equations on the set of all points QéxS in general position (here A is the time
parameter):

oh . oh . _
5y = Vi) and oo =VTGL ). (14)

To solve the initial value problem we study local Lipschitz properties for V* and V™.

Definition 18 Consider a Banach space E with anorm |*| g, and a positive real number
A. Let U be a subset of [0, A] x E. We say that a functional F : U — E locally
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satisfies a Lipschitz condition if for every point (Ao, p) in U there exist a neighborhood
V of the point and a constant K such that for every pair of points (A, p1) and (A, p2)
in V the inequality

[FA, p1) — F(, p)lEe < Klp1 — p2lE

holds.
First we verify a Lipschitz condition for the following operator. Define G : [0, A] x
Q3 — Q)5 by
Gij(h,h) = Gij(h), 1=<i,j <3,
where G;;(h) are defined by Eq. (10).

Lemma 2 For every point h € U in general position, there exists a neighborhood Vy,
of h such that the functional G locally satisfies a Lipschitz condition in [0, A] x V.

Proof Consider a point & € U. The element (G11, G12, ..., G33) itself satisfies a
system of linear differential equations (System A). The coefficients of this system
depend only on a point of Q;xy Since the point 4 is in general position, there exists
a positive real constant K such that for a sufficiently small neighborhood V}, of & the
dependence is K -Lipschitz, i.e., for p and g from V), every coefficient ¢ of System A
satisfies the inequality

lc(p) —c(@)l < Kllp —qll.

Hence the solutions for ¢ € [a, b] satisfy the Lipschitz condition for a fixed initial
data on Vj,. (This is clear from the fact that the solution of the system with small
coefficients c(p) — c(g) will be almost constant, the difference in each coordinate will
not be greater than 9(b — a)K||p — ¢q||.) Finally the solution for ¢ € [a, b] satisfies
the Lipschitz condition for a fixed parameter and different initial data on V}, (See
Proposition 1.10.1 in Cartan 1967). Therefore, for some constants K; we have

sup(IGij(p) — Gij(@)) < Kijllp—qll, 1<i,j<3.

From System A we know that the Gi,j linearly depend on G11, G12, . . ., G33, there-
fore, we get the Lipschitz condition for the derivatives: for some constants K; we

have
sup(IGij(p) — Gij (@) < Kijllp —qll, 1<i,j<3.
Thus there exists a real number K such that for all points p and g in V,
G, p) =G, @Il = | max (max (sup|Gij(p) — Gij(q)l,

sup |G (p) — Gij(@)l)) < Kllp —qll.
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Thus G satisfies a Lipschitz condition on V},. Therefore, G satisfies a Lipschitz condi-
tion on [0, A] x V}, (since G is autonomous). O

Lemma 2 and Expression (12) directly imply the following statement.

Corollary 2 For every point h € U in general position and, there exists a neigh-
borhood Vy, of h such that both functionals V¥ and V™ locally satisfy a Lipschitz
condition in [0, A] x Vj,. O

3.4.2 Existence and Uniqueness of Solutions

Let us prove the following general statement.

Proposition 9 Let hy € Q%w be in general position. Then for sufficiently small
positive € there exists a unique solution y of the equation

oh .
o =Vien (15)

on [—e, ¢], such that y (0) = hy.
We start with the following general lemma.

Lemma 3 Let hg € Q;w be in general position. A deformation y with y (0) = hy is
a solutions of Eq. (15) if and only if y satisfies

Iy _ VT, y(L) forall ) € [0, A,
ar | =V (=r,y() forall » € [—A,O0].

Proof The proof of the Lemma is straightforward. O

Proof of Proposition 9 As we showed in Corollary 2, the operators Y+ and V™ satisfy
a Lipschitz condition in some neighborhood of the point Z~!(f). From the general
theory of differential equations on Banach spaces (see for instance the first section of
the second chapter of Cartan 1967) it follows that this condition implies local existence
and uniqueness of a solution of the initial value problem for the differential Eq. (14).
Hence by Lemma 3 for a sufficiently small positive ¢ there exists a unique solution y
of Eq. (15) on [—e¢, ¢] satisfying the condition y (0) = hy. O

3.4.3 Finite Flexibility

The key point for finite flexibility of 2-ribbon surfaces is the following lemma.

Lemma 4 Let {f*}, A € [—s, €] for some ¢ > 0, be a normalized isometric defor-
mation in the space C(l)’z’l([a, b1, R3) such that all 2-ribbon surfaces of the family
are weakly regular. Let also {Z~'(f*)} be the corresponding deformation in Q;X?

Then { f*} is an isometric deformation if and only {Z~'(f*)} satisfies Eq. (15) for all
A E[—e¢, €]
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Proof Let y = { fk}, A € [—e&,¢], be a normalized isometric deformation in
Cé’z’l ([a, b], R?) such that all 2-ribbon surfaces of the family are weakly regular.
Every normalized deformation satisfies Condition (13) at every point A € [—e¢, €]
with the positive choice of the sign.

Since y is an isometric deformation, D,, f * is an infinitesimal flexion at every point
A € [—¢, ¢]. Hence the corresponding functions G?j satisfy system A (by Proposi-
tion 4). Let us now write D,, fl)‘, D, AfOA, and D, Afl)‘ in the basis ej, e2, e3 using
functions Gf‘l Recall that

Dy [ = D, f1 DL+ Dy L AFASG + Dy f1 A AST
=G f] + GuAf} + GisAf).
Hence in the basis (eq, e3, e3) we have
af‘
1 _ f
3 .
z((evafO’Afl G (ff‘?emiAfl)h) G (flvAf()vem) G13)

11 12

m=1 (flsAvaAfl (fl)L’Af(?vAfl)L) (f]vAf01Af1

3

= > (Vi 6 271 ) ) em (16)
m=1

Similarly we have:

N .
N .
o zmzzll(v;m(,\,z l(f)‘)))em. (17)

Hence by Definition 17 the corresponding derivatives in the space S~2§X3 satisfy:

AZ7N( M

_pt —1 h
53 =V Z (")

for every A € [—¢, €].
Conversely, let Z~1(f*) satisfy
az—l A
% =Vro, 27 (M)

forevery A € [—e¢, ¢]. Then the corresponding D,, fl)‘, D, A f&, andD, A fl)‘ are defined
as in (16) and (17). Hence the correspondent scalar products Gl.kj satisfy System A for
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A € [—¢, ¢]. Thus D, fA is an infinitesimal flexion for every A € [—¢, €]. Hence by
{ f*} is an isometric deformation on [—e&, &]. From construction it follows that { f*} is
a normalized deformation. O

Now we prove the following theorem on finite flexibility of weakly regular 2-ribbon
surfaces.

Theorem 2 Every 2-ribbon weakly regular semidiscrete surface f in the space
Cé’ll ([a, b], R3) has one degree of finite flexibility.

Proof On the one hand, by Lemma 4 normalized isometric deformations of f with
a fixed initial position are in one-to-one correspondence with Solution of Eq. (15)
satisfying ¥ (0) = Z~'(f). On the other hand, by Proposition 9 for sufficiently small
positive & there exists a unique solution y of Eq. (15) satisfying ¥ (0) = Z~1(f).
Hence, there exists a unique normalized isometric deformations of f (with the para-
meter in [—e¢, ¢] for sufficiently small positive ¢). Therefore, f has one degree of finite
flexibility. O

Remark 8 Infact, one can prove the statement of Theorem 2 for the spaces of functions
Cg“mH’m([a, b], R3) for arbitrary m > 1. We are not going to use this later so we
omit the details here. The proofs mostly repeat the ones for the case m = 1 shown in
details above.

4 Infinitesimal Flexibility of 3-Ribbon Surfaces

In this section we find necessary infinitesimal flexibility condition of 3-ribbon sur-
faces. For the case of n-ribbon surfaces each 3-ribbon subsurface gives a condition of
infinitesimal flexibility.

4.1 Preliminary Statements on Infinitesimal Flexion of 3-Ribbon Surfaces

In this subsection we prove certain relations that we use further in the proof of the
statement on infinitesimal flexibility condition for 3-ribbon surfaces.
Consider the following function

¢ = (Afo. Af1).

This function plays a central role in our further description of the infinitesimal flexibil-
ity condition of 3-ribbon and n-ribbon surfaces (see Theorems 3 and 7). Let D® be the
infinitesimal flexion of ®. Via the function D® we describe monodromy conditions
for finite flexibility. Proposition 10 and Corollary 3 deliver necessary tools to describe
continuous and discrete parts of the monodromy condition on .

Remark 9 In the proofs of the statements of this subsection we fix the flexion of the
initial frame (f1(a), Afo(a), Afi(a)) in the following way

Dfi = DAfi(to) =0
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(compare to the space Cé"’ [a, b], R3 where D fl (a) = DAfp(a) = Oinstead), as usual
we fix the point fj(a) as well. This simplifies calculations for the 3-ribbon surfaces,
since the fixed bar with endpoints f](a) and f>(a) belongs to the middle strip.

4.1.1 Continuous Shift

Here we study the dependence of the infinitesimal flexion D® on the argument .

Proposition 10 (On continuous shift.) Let f be a weakly regular 2-ribbon surface
in CY21([a, b], R3). Then for every infinitesimal flexion D® the following condition
holds:

AfOs Afl) + (fls AfO? Afl)
(f1, Afo, Af1)

o,
Dd (1) = Dd(1y) - exp /(fl’
h

This is a direct consequence of the next lemma.

Lemma 5 Let f be a weakly regular 2-ribbon surface in C>1([a, b], R3), then

(fi, Afo, Af) + (f1, Afo, Af1)
(f1. Afo, AfD)

Do =

Proof Note that

D® = (DAfo, Af1) + (Afo, DAf1),  and _
Dd = (DA fo, Afi) + (DAfo, Af1) + (A fo, DASL) + (Afo, DA fi).

Let us prove the statement of the lemma for an arbitrary point #y. Without loss of
generality we fix D f1 (to) = 0 and DAf1(t9) = O (this is possible since every flex-
ion is isometric to a flexion with such properties and isometries of flexions do not
change the functions in the formula of the lemma). Then DA fy (o) is proportional to
fl (to) x A fo(tp), and hence there exists some real number « with

DAfo(to) = e f1(10) x Afo 1)
Thus we immediately get
DO (19) = (DAfot), Afi(1)) = a(f1(t0), Afolto), Afi(to)).

Let us express the summands for Dd(1). We start with (DA fo (ty), Afi (to)). First we
note that

Afy = (Af1, Afo, flefo)f . (fi, Af1, fixAfo) Ao
(f1, Afo, fixAfo) (f1. Afo, fixAfo)
(flsAfO? Afl) f]XAf(). (183)

(f1. Afo, fixAfo)
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Equation (6) implies
(DA folto), fi(t0)) = —(D f1(t0), A fo(to)) = —(0, A fot9)) = 0. (18b)
From Eq. (4) we have

(DA fot0), Afo(to)) = —(DASfo(to), A fo(t0))
= —a(fi(t0), Afolto), A fo(t0)). (18¢)

The function (A fo, fl, A fp) is invariant of an infinitesimal flexion, therefore:
(DA fo. f1. Afo) + (A fo. D fi. Afo) + (A fo. f1. DAf) =0,
and hence

(DA foto), fi(to)x Afo(to)) = — (A folto), fi(to). DAfo(to))
= —a(Afoto), fi1(to), fi(to)x Afo(t)). (18d)

Now we decompose A fo (fo) in the last formula in the basis of vectors fl (t0), Afo(ty),
and Afi(t):

(A folto), fi(to), fi(to)x Afolto))
(f1(t0), A folto), Afi(to)) : .
=L Afolto), f1(t0), fi(to)x Afo(h
(fl(to),Afo(to),Afl(to))( fo(t), f1(t0), f1(10)x Afo(to))
(f1(t0). Afo(to). A fo(to))

(f1(t0), Afo(to), Afi(to))

(Afi(t0), fi(t0). f1(to)x Afo(tn)).

Therefore, after substitution (18) of Af, we apply (18b), (18c), (18d), and the last
expression and get

(DA fo(to), Afi(10))

_ (fit), Afito), fit))x Afo() , ,
= i), Botio), Framxafot) 1@ A0 Afoli)

(o), A fo(t0), Afi (1 : .

o ((t(f )1 (z)ﬁ)(t(ﬁ 0(;1) (to)’:i;i)(m)) (Afotto). Fi(to). f1(t0)x A fo(to))
(o), Afo(to), A fo(t . ,

- (/i ((tof)l(Z)fo(t()f;)(;])(to)iogof?(to)) (Af1(10). f1(t0). f1(10) % A fo(to))

= —a(fi(t0). Afi(t0). A fo(to)).
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Similar calculations for the summand (A fo(to), DA fl (to)) (applying Egs. (3), (5),
and (7) and the conditions Dfl (to) = 0 and DAf1(tp) = 0) show that

(Afo(to), DA fi(to)) = 0.
Further we have

(DAfo(to), A fi(t0)) = a(f1(t0), Afolto), A f1(to)).
(A folto). DASi (1)) = 0.

Therefore,

Dd(tg) = a((fi(t0), Afolto), Afi(t0)) + (f1(t0), Afolto), A fi(1))),

and consequently

(f1(t0), A foto), Af1(10)) + (f1(t0), Afolto), A f1(t0))

Dd(19) = .
(1) (f1(0), Afo(to), Afi(to))

Do (1).

Thus Lemma 5 holds for all possible values of #. O
4.1.2 Discrete Shift

Every 3-ribbon surface contains two 2-ribbon surfaces as a subsurfaces. Each of them
has an infinitesimal flexion D®; (i = 1, 2), where

D1 =(Afo, Afi) and Dy = (Af1, Af2).

Let us show the relation between D®; and D, for the same values of argument 7.
First, in Proposition 11 we show a relation for D(f|, f1) and D{f>, f>). Secondly,
in Proposition 12 we give a link between D( ﬁ, f]) and D®;. This will result in the
formula of Corollary 3 on the relation between D®| and D®,.
We start with a formula expressing D{ fa, o) via D(fi, f1).

Proposition 11 Ler f be a strongly regular 3-ribbon surface in the space C'%21
([a, b], R3), and let D f be its infinitesimal flexion. Then the following equation holds:

2o (2 Af) e
D(f2, f2) = = D{f1. f1).
(f1, f1. AfD)
Proof We do calculations at a point f, again assuming that D fi(fy) = 0 and

DAfi(to) = 0 (by choosing an appropriate isometric representative of the defor-
mation). Let us show that D f>(y) = 0. First, note that

D f>(t9) = D fi(tg) + DA fi(to) = DA fi(to).
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Secoqdly we show that the inner products of DA fl (tp) and the; vectors fl (t0), Af1(to),
and fi(t9) X Afi(to) are all zero (this would imply that DA fi(z9) = 0).
From Eq. (7) we have

(DA f1(t0). f1(t0)) = —(D f1(t0). A fi(t0)) = —(0. A f1 (1)) = 0.
Further, from Eq. (5), we get
(DA fi(t0), Afi(10)) = =(DAfi(10), A f1(10)) = 0.
Finally, from the equation D( f1, Afi, A fi) = 0 we obtain

(DA fi(0), f1(10)x Afi(10)) S
= —(Afi(t0). D fi1(t0), Afi(t0)) — (A fi(to), f1(to), DA fi(to)) = 0.

Therefore, DA fi(f9) = 0, and hence D f>(1y) = 0.
From Egs. (1) and (9) we get

(Df1(10), fi10)) = 5(Df1 (to), f1(10)) — (f1(t0), D f1(t0))

=0—(fi(t0),0) = 0;
(D i), Afi(t0)) = —(fi(t0), DASi(t0)) = —(fi(t0), 0) = 0.

Therefore, for some real number 8; we have

D fi(t0) = Bi1 f1(t0) x Afi(1o).

By a similar reasoning (since we have shown that D fz (to) = 0) we get

D f>(t0) = B2 f>(10) x Afi (1)

Since %(D(f'], Afl, fz)) = 0, at point 7y we have

(D fi(t0), Af1(t0), fot0)) + (f1(t0), Afi(t0), D fo(tg)) = 0.

Hence,

Bi(f1(to)x Afi(t0). Afi(to). f2(t0)) + B2 (f1(t0), Afi(to), folto)x Afi(te)) =0,

and, therefore 81 = B,. This implies

D(fi(t0), f1(t0)) = 2(D fi(to). f(t0)) = 2B1(f1(t0), Afi(to), fi(t0))

and
D(fa(to), fo(t0)) = 281 (f2(t0), Afi(to), fo(t0)).
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The last two formulas imply the statement of Proposition 11. O
Now let us relate D(fi, f1) and D®.

Proposition 12 Let us consider a weakly regular 2-ribbon surface f in the space
CL-21([a, b], R?). Then the following identity holds:

(fl, Ju, Afo)(f1, fi. AF)
(f1. Afo. Af1)?
Proof Werestrict ourselves to the case of a point. Without loss of generality we assume

that Dfl (to) = 0 and DAf1(tp) = 0. So as we have seen before, there exists o such
that

D(f1. fi) = Do.

DAfo(ty) = a fi(to) x Afo(to)

and hence
DO (1) = a(f1(t0), Afo(to), Afi(10)).

Let us calculate D{ fl, f1) =2(D fl, f1) Decompose

.. Afo, A LA , A
7= (fi, Afo fl)f+ (fi, fi, Af) Afo + (f1, Afo, f1) Afi.
(f1. Afo, AfD) (f1. Afo, AfD) (f1. Afo, Af1)
Since
(Dfi(to). fitt)) =0,  and (D fi(to), Afi(to)) =0
we get

_, 10). i), Afi (1))

: D ) Ao,
(f](tO)’AfO(tO),Afl(to))( f1t0), Afolto))

D(fi(t0), f1(10))

By Eq. (8) we have

(Dfi, Afo) = —(f1. DAS).

Hence after the substitution of DA fo(fp) in the first summand one gets

(f1(t0), f1(t0), Afolto))

Dfi, Afo) = a( fi(t0), f1(t0), Afo(to)) = Dd(to).
(Df1. Afo) = a(f1t0), f1(10), Afolto)) (100, D oti), A (1)) (t0)
Therefore, we obtain

DU o). At =2 (1), frt0). Af1(t0)) (f1(t0). f1(t0). Afolto)) Do)

(f1(t0), Afolto), Afa(10))’
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Since the statement does not depend on the choice of the basis and invariant under
isometries, we get the statement for all the points. O

Let us show a formula of a discrete shift.

Corollary 3 (On discrete shift.) Let f be a strongly regular 3-ribbon surface in
Cc1221(a, b], R?). Then the following holds:

(f1), i), Afo@) (fo(0), AfI (), Afa(0))’
(20, 2@, AL®) (fi(0), Afo(t), Afi (1))

Do, (1) = DP1(1).

Proof The statement follows directly from Propositions 11 and 12. O

4.2 Necessary Condition of Infinitesimal Flexibility

In this subsection we write down the infinitesimal flexibility monodromy conditions
for 3-ribbon surfaces (via continuous shifts of Proposition 10 and discrete shifts of
Corollary 3). Recall that

A = L1010, Af®) (HO. AR, Af®)’
(L@, L@, ALD) (fi(6), Afo(t), Af(0))

and

(fi (@), Afimi (), Afi(0) + (fi (1), Afim1 (1), Afi(0)
(fi(0), Afizi (1), Afi(0)

Hi(t)z s l=1,2

Theorem 3 Let f be a strongly regular 3-ribbon surface in C1>21([a, b], R3). If the
surface f is infinitesimally flexible then for every t1, t» € [a, b] we have

123 n
A(f) - exp /H1 (t)dt | = A(fy) - exp /Hz(t)dt
t n

Remark 10 The condition of the proposition can be written in the “almost” equivalent
infinitesimal form:

A — (Hy— H)A =0.
Here the left hand side expression is considered as a function in the interval [a, b].

The last expression has one disadvantage, A involves the third derivatives of f; and
f>, while the expressions in proposition involve only up to the second derivatives.
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Proof Let f be infinitesimally flexible and D f be its infinitesimal nonzero flexion.
On the one side by Corollary 3 we get relations between D®(#;) and D, (¢;) for
i = 1, 2. On the other side, Proposition 10 relates D®;(¢1) and D®; (r;) fori =1, 2.
These four relations define the monodromy condition for ®; that is the condition in
the theorem, Therefore, it holds if a surface is infinitesimally flexible. O

Remark 11 Let us write a more simple expressions for a surface w defined as

P
wo =11 = Gapam A0
wy = f1;
wy = f2;
w3 = fr+ —————Af.

(f2,Af1,Af)

As one can see, all rulings of w (if non-vanished) are parallel to the corresponding
rulings of f. In addition the middle strip of f coincides with the middle strip of w.
Notice that

(W1 (), Awo(), Awi (1)) =1 and  (wa2(r), Awi (1), Aws (1)) = 1
for all arguments 7. Hence we have:

(u'n W ,Awo)
. . ’
(wz,wz,sz)

A =
H; = —(w;, Aw;_1, Aw;), i=1,2.

Note that this expression holds momentary.
We conclude this subsection with the following open problem.

Problem 1 Find a sufficient condition for infinitesimal/finite flexibility of semidis-
crete and 3-ribbon surfaces.

5 Flexibility of n-Ribbon Surfaces

In this section we study flexibility questions for general case of n > 2. We show
that a strongly regular n-ribbon surface has at most one degree of finite and infinites-
imal flexibility (Sect. 5.1). Further we study flexions of combined n-ribbon surfaces
(Sect. 5.2). This allows us to prove that finite or infinitesimal flexibility of regular
n-ribbon surfaces is identified by finite or infinitesimal flexibility of all its 3-ribbon
subsurfaces (Sect. 5.3).

5.1 At Most One Degree of Flexibility for Strongly Regular n-ribbon Surfaces
In this subsection we prove that all nontrivial infinitesimal flexions of strongly regular

n-ribbon surfaces are strongly isometrically nontrivial, and that such surfaces has at
most one degree of infinitesimal flexibility.
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Let us start with a useful tool to work with isometrically nontrivial flexions.

Lemma 6 An infinitesimal flexion of a weakly regular n-ribbon surface f in the space
C%1.9([a, b], R3) is isometrically nontrivial at a point (t, i) (wherei € [1, ...,n—1])
if and only if

D(Afi—1(t), Afi (1)) # 0.

Proof Since f is weakly regular, the pairs of vectors ( f,-, Afi—1) and ( f,-, Af;) span
two non-coinciding 2-spaces 1 and 5.

Since 71 and 7> do not coincide, the condition D(Af;_1, Afi) # 0 is equivalent
to the fact that the infinitesimal flexion of the angle between 7| and 7, is non-zero.
Therefore, by Definition 10 the last is equivalent to f being isometrically nontrivial
at a point (¢, i). O

In the next proposition we prove two important preliminary statements.

Proposition 13 Consider n > 2. Let f be a strongly regular n-ribbon surface in the

space Cé’z’z""’2’l ([a, b], R3). Then the following two statements hold.

(i) Every isometrically nontrivial infinitesimal flexion of f is strongly isometrically
nontrivial (i.e., f is isometrically nontrivial at every point (t,1)).

(ii) Foreveryregularisometric deformation y there exists alocally monotone function

& suchthaty (§) is anormalized isometric deformation of f in some neighborhood

of 0.

Proof We prove Theorem 13(i) by induction in 7.

Base of induction. Case n = 2. Let D f be a nontrivial infinitesimal flexion of
a weakly regular 2-ribbon surface f in Cg’z’l ([a, b], R?). Therefore, there exists 7
such that D®(#9) # 0. By Proposition 10, D®(#y) # 0 implies that D® (¢) # 0 for
every t € [a, b]. Hence, by Lemma 6 f is isometrically nontrivial at each point (¢, 1).
Therefore, f is strongly isometrically nontrivial.

Case n = 3. Let Df be a nontrivial infinitesimal flexion of a regular 3-ribbon
surface f. Therefore, there exists a point (zp, i) such that D®;(#9) # 0. Without loss
of generality we assume that i = 1 (the case i = 2 is similar).

By the above in case n = 2 we have: D®(tp) # 0 implies that D® () # 0 for
every t € [a, b]. By Corollary 3 (and the strongly regular condition for f), for every
t € [a, b] the statement D® () # 0 implies that D®, () # 0. Hence, by Lemma 6 f
is isometrically nontrivial at each point (¢, 1) and (z, 2). Therefore, by Definition 10
f is strongly isometrically nontrivial.

Step of induction. Consider a strongly regular n-ribbon surface f with n > 4.
Denote

Fl=o fiseos m)s 2= (flsees fuots fu) and f22=(fi, ooy fum1)

Let D f be isometrically nontrivial flexion of f. Without loss of generality we assume
that Df! is isometrically nontrivial. Hence by the induction assumption D f! is
strongly isometrically nontrivial. Thus, D f!? is strongly isometrically nontrivial.
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Since f!?isa (n—2)-ribbon (withn > 4), we have that D f? is isometrically nontrivial.
Then by the induction assumption D f2 is strongly isometrically nontrivial.

Since n > 3 and both f! and f? are strongly isometrically nontrivial, f is strongly
isometrically nontrivial as well. This concludes the proof of Proposition 13(i).
Let us prove Proposition 13(ii). Let { f*} be a regular isometric deformation of f with
parameter A € [—A, A]. Since f has a fixed initial position, we have:

Dpfi%a) =0, DpAfy®a) =0, and
Dy AfT (@) = € f{" (@)% Af* (@)

for every Ag € [—A, Al

Since {f*} is regular, D I f9 # 0. Therefore, there exists ¢ > 0 such that
'Dfx f Ao # 0 for Ay € [—¢, ¢]. From Proposition 13(i) it follows that for every
Ao € [—e¢, €] the flexion D . f *0 is strongly isometrically nontrivial. Hence

a(d) #0 for A e[—¢, ¢l

Therefore, (1) is either a positive function or a negative function on [—e¢, ¢]. Denote

A

@A) =/Ol(1’)d1’.

0

The function ¢ is monotonous on [—e¢, €], and hence there exists an inverse function
¢~ ! on that interval. Denote

£ = gD_l, if ¢ is increasing,
“ | —¢~!, if ¢ is decreasing.

Choose positive & such that £ is defined on [—¢, £]. Then

ag() =1

for all A € [—¢, £]. Hence y o & is a normalized isometric deformation. O
Now we study degrees of finite and infinitesimal flexibility.

Remark 12 To be consistent we mention the case of 2-ribbon surfaces. Let f be a
weakly regular 2-ribbon semidiscrete surface in the space C(l)’z’ ! ([a, b], R?). Then the
following two statements hold.

(i) The surface f has one degree of infinitesimal flexibility (Theorem 1).
(i) The surface f has one degree of finite flexibility (Theorem 2).

Let us prove a similar statement for the case of n > 3.

Theorem 4 Considern > 3. Let f be a strongly regular n-ribbon surface in the space
Cé’z’z"“’z’ ! ([a, b], ]R3). Then the following two statements hold.
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(i) The surface f has at most one degree of infinitesimal flexibility (i.e., all infinites-
imal isometrically nontrivial flexions are proportional).
(ii) The surface f is either finitely regularly rigid or has one degree of finite flexibility.

Proof (i) Let us assume the converse. Suppose there are two non-proportional
isometrically-nontrivial flexions D! f and D? f. By Proposition 13(i) both flex-
ions are isometrically nontrivial at (a, 1) Hence there exists « such that the
infinitesimal flexion

Df=D'f—aD?f

is isometrically trivial at (a, 1). Since D' f and D? f are non-proportional, there
exists a point (z, i) at which the flexion D f is isometrically nontrivial. Hence by
Proposition 13(i) the infinitesimal flexion D f is isometrically nontrivial at (a, 1).
We arrive at a contradiction.

(i) By Theorem 4(i) all infinitesimal flexions are proportional. Hence f has at most
one degree of infinitesimal flexibility. If it is zero, then the f is infinitesimally
rigid and hence it is finitely regularly rigid.

Let f has one degree of infinitesimal flexibility. If f does not have regular isometric
deformations then f is finitely regularly rigid. If f has a regular isometric deforma-
tion, then f has a normalized isometric deformation. Let us show that there exists at
most one normalized isometric deformation of f. Let { f*} be a normalized isometric
deformation of f. As before we denote

oF = (Afl, AfH).
Notice that for normalized isometric deformations we have:
D (Pf(a)) = (Afg (@), fi (@), AfD).

Therefore
A
®h(a) = / (AfE @), f@). AfYdp.
0

Hence CID%) (a) coincides for all normalized isometric deformation of f. Therefore, by
Proposition 10 and Corollary 3 for every (¢, i) and every parameter A the value

(1)

is the same for all normalized isometric deformations. Therefore, by Theorem 2 every
restriction of an arbitrary normalized isometric deformation { f*} to the deformation
of a 2-ribbon subsurface of f does not depend on the choice of the normalized isomet-
ric deformation { f*}. Hence, all normalized isometric deformations of f coincide.
Therefore, f has one degree of finite flexibility. O

@ Springer



Finite and Infinitesimal Flexibility of Semidiscrete... 439

Remark 13 The strong regularity condition of Theorem 13 is essential. Let us illus-
trate this with a simple example of a 3-ribbon surfaces which is not strongly regular.
Consider

fo(®) =@, 1,0); fi(t) =(¢,0,0); f2(t) = (¢,0,1); f3() =(,1,1);
This surface has two distinct isometric deformations:

) fE@) = (6, 1,00;  fX@) = (,0,0); f2(1) = (t,0,1);
f3@) = (t,cosa, 1 +sina);
G fl )y =@ 1,0: fFay=@,0,0;
) =@, sinB,cosB); L) = (1,v/2sin(B + %), V2 cos(B + T));

The infinitesimal flexions defined by these isometric deformations are not proportional.

5.2 Flexibility of Combined n-Ribbon Surfaces

Let us now study finite and infinitesimal flexions of combined strongly regular semi-
discrete surfaces.
As above, for an arbitrary semidiscrete surface f = (fo, f1, ..., fn) we denote

Fl=o fiseoos fm1)s 2= (flseees fuors o) and 2= (fi, ooy fu1)
(19)

5.2.1 Infinitesimal Case

We start with the infinitesimal case.

Theorem 5 (Infinitesimal flexibility of combined semidiscrete sur{aces} Letn > 4.
Consider a strongly regular n-ribbon semidiscrete surface f in Cé’z’ e ([a, b], RY).
Let surfaces ' and f? defined by (19) be infinitesimally flexible. Then f is infinites-
imally flexible and has precisely one degree of infinitesimal flexibility.

Proof Let D' f! and D? 2 be isometrically nontrivial flexions of f! and f? respec-
tively. Since f! and f? are strongly regular (n—1)-ribbon surfaces for n > 4,
Theorem 13 can be applied. By Theorem 13(i) the surfaces f! and f? are strongly
isometrically nontrivial. Hence by Theorem 13(i) in case n > 4 or by Theorem 1
(see Remark 12 above) in case n = 4 the induced flexions D! £12 and D2 12 are
proportional, i.e, there exists « such that

D! 12 — op? 12
Thus the surface f has the combined infinitesimal flexion D f that induces D' f! and

aD? 2. This flexion is infinitesimally nontrivial, since the induced ones are infinites-
imally nontrivial. Hence f has at least one degree of infinitesimal flexibility.
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On the other hand by Theorem 13(i) the surface f has at most one degree of
infinitesimal flexibility. Hence f is infinitesimally flexible and has one degree of
infinitesimal flexibility. O

5.2.2 Finite Case

We start with the following general statement on reparametrisation of deformations.

Proposition 14 Let f be a strongly regular n-ribbon surface (n > 2) in the space
C12221([q, b), R?). Consider two regular isometric deformations y| and y> of f.
Then there exists a monotonous function & such that y1 (L) = y2(E())) in some small

neighborhood of 0.

Proof By Proposition 13(ii) there exists monotonous functions &; and &, such that
y1 0 &1 and y» o & are normalized isometric deformations of f. Hence by Theorem 4
in case n > 3 and Theorem 2 (see Remark 12 above) in case n = 2 we have

yioér =yr0é

in some neighborhood of 0. Set § = & o & ! The function & is the monotonous
function such that y; (1) = y2(£(X)) in some small neighborhood of 0. O

Theorem 6 (Finite flexibility of combined semidiscrete surfaces) Let n > 4. Consider
a strongly regular n-ribbon semidiscrete surface f in Cé’z’z"“’z’l([a, b], R3). Let
surfaces ' and f? defined by (19) be finitely flexible. Then f is finitely flexible and

has one degree of finite flexibility.

Proof By Theorem 4(ii) the surfaces f! and f2 have one degree of finite flexibility.
Therefore, there exist unique normalized isometric deformations y; and y» of f! and
f? respectively. They induce two deformations 7| and 7 of the (n—2)-ribbon surface
f12. By Proposition 14, since n — 2 > 2, these two deformations locally parameterize
the same curve in Cé’z’z"“’z’l([a, b], R3), i.e., in the segment [—e¢, £] for some ¢ > 0
there exists a locally increasing function & such that y; (1) = y2(£(X)).

Now consider the deformation y of the surface f inducing both isometric defor-
mations y; for f; and y» o & for f, in the segment [—e¢, ¢] for some ¢ > 0. The
deformation y is isometric, since the induced ones are isometric. In addition, y is
normalized, since its restriction to f 1 is a normalized isometric deformation. Hence
f is finitely flexible (and not finitely regularly rigid). Therefore, by Theorem 13(ii) f
has one degree of finite flexibility. O

Remark 14 Note that the statements of Theorems 5 and 6 are no longer true for the case
n = 3. On the one hand every infinitesimally flexible (and, therefore, finitely flexible)
3-ribbon surface should satisfy a condition of Theorem 3, and, as it is easy to see, not
every strongly regular 3-ribbon surface satisfies it. Hence there are strongly regular
3-ribbon surfaces that are finitely regularly rigid. On the other hand every 2-ribbon
subsurface is weakly regular and hence it is finitely (and, therefore, infinitesimally)
flexible. These two statements together contradict to the version of the statement of
Theorems 5 for the case n = 3.
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5.3 An n-Ribbon Surface and Its 3-Ribbon Subsurfaces

Let us finally describe a relation between finite/infinitesimal flexibility of n-ribbon
surfaces and finite/infinitesimal flexibility of all 3-ribbon subsurfaces contained in
them.

Theorem 7 Let n > 4. Consider a strongly regular n-ribbon surface f in the space
Cé’z’z"“’z’ ! ([a, b], R3). Then f is infinitesimally flexible (and has one degree of infin-
itesimal flexibility) if and only if every 3-ribbon surface contained in the surface is
infinitesimally flexible.

Proof Let f be infinitesimally flexible. Therefore, there exists an infinitesimal flexion
Df that is isometrically nontrivial. Therefore, by Proposition 13(i) the flexion D f
is strongly isometrically nontrivial. Hence all its 3-ribbon surfaces are isometrically
nontrivially flexible.

Suppose now that all 3-ribbon subsurfaces in a strongly regular surface f are
infinitesimally flexible. We prove that all k-ribbon surfaces are infinitesimally flexible
for k = 3,4, ..., n by induction in k.

Base of induction. The case k = 3 is tautological.

Step of induction. The k-th statement follows from the (k — 1)-th by Theorem 5.

Hence f is infinitesimally flexible. Therefore, by Theorem 4(i) f has one degree
of infinitesimal flexibility. O

For the finite flexibility we have the following.

Theorem 8 Let n > 4. Consider a strongly regular n-ribbon surface f in the space
Cé’z’z"”’z’] ([a, b], R?). Then this surface is finitely flexible (and has one degree of
flexibility) if and only if every 3-ribbon surface contained in the surface is finitely
flexible.

Remark 15 We think of this theorem as of a semidiscrete analogue to the statement
of the paper Bobenko et al. (2008) on conjugate nets and all (3 x 3)-meshes that they
contain. In this paper we do not study phenomena related to non-compactness and
hence we restrict ourselves to the case of compact n-ribbon surfaces.

Proof Let f be finitely flexible. Therefore there exists a regular isometric deformation
y of f.Since y is regular we have D,, f # 0. Since every finite flexion is infinitesimal
flexion we are in position to apply Proposition 13(i). We get that the flexion D,, f
is strongly isometrically nontrivial. Hence the induced isometric deformations of all
3-ribbon surfaces have corresponding nontrivial finite flexions. Therefore, all 3-ribbon
surfaces contained in f are finitely flexible.

Suppose that all 3-ribbon subsurfaces in a strongly regular surface f are finitely flex-
ible. Let us prove that every k-ribbon surface f is finitely flexible fork = 3,4,...,n
by induction in k.

Base of induction. The case k = 3 is tautological.

Step of induction. The k-th statement follows from the (k — 1)-th by Theorem 6.

Hence f is finitely flexible. Therefore, by Theorem 4(ii) f has one degree of finite
flexibility. O
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6 Isometric Deformation of Developable Semidiscrete Surfaces

Suppose that all ribbons of a semidiscrete surface are developable, i.e., the vectors
fi, Af;, and fi, are linearly dependent. We call such semidiscrete surfaces devel-
opable. In this section we describe an additional property for flexions of developable
semidiscrete surfaces. We start with 2-ribbon surfaces.

Recall that

_ (1 Afo M) + (fr. Afo. AT

Hi :
(f1, Afo, Af1)

(as defined on page 31).

Proposition 15 Consider a developable weakly regular 2-ribbon semidiscrete surface
finCY%1([a, b],R3). Let

Jo(0) = a@) fi()) + b Afo(t) and  fo(t) = c(t) fi(t) +d(O)AS1 ().
Then we have
Hi(t) =d(t) — b(t).
Proof First, we have

(fr, Afo, AfD) = (fi, fi = fo. Af) = —(f1, fo. A1) = —(f1, afi +bASfo, Afr)
—b(f1, Afo, Af1).

Secondly, in a similar way we get

(fi, Afo, Afi) = d(f1, Afo, Af).

Finally we have

_ GnAfo A+ Ao A _

H, :
(f1, Afo, Af1)

This concludes the proof. O

This fact gives a surprising corollary concerning the flexion of a 2-ribbon devel-
opable surface. Denote by «(#) the angle between A fy(7) and Afj(¢).

Corollary 4 Let f be a weakly regular 2-ribbon developable surface in the space
C'21([a, b], R3). Consider its isometric deformation y. Let us choose the parameter
A of y such that cos(x(ty)) linearly depends on A. Then for every t € [a, b] the value
cos(a(t)) linearly depends on .
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Proof First of all, notice that
[AfollAfilcosa = (Afo, Af1) = D,

and hence

D

cose = ———,
[AfollAfil

By Proposition 10 and further by Proposition 15 we have
1 1
D, ®(t1) = D, P(1y) - exp / Hy(t)dt | =D, P(ty) - exp /(d(t) — b(t))dt
to fo

Therefore, the ratio D, @ (¢1)/D, ® (1) is a nonzero constant that depends entirely on
the inner geometry of a 2-ribbon surface, but not on its embedding in R3. Therefore,
the ratio

cosa(t) _ D, @(t1) [Afolto) | Afi(to)]
cosa(ty) Dy D(to) IAfo(tDIIASf1(f1)]

is a nonzero constant that depends entirely on the inner geometry of a 2-ribbon surface
but not on its embedding in R? as well. This implies the statement of the corollary. O

In fact, Corollary 4 implies a similar statement for an isometric deformation of a
strongly regular n-ribbon developable surface.

Corollary 5 Consider a strongly regular finitely flexible n-ribbon developable surface
of f in CY21([a, b],R?). Let y be a nontrivial isometric deformation of f (i.e.,
D, f # 0). Then there exists a choice of the parameter ) of the deformation y, such

that for all t € [a,b] and i € {1,...,n—1} all the cosines of the corresponding
angles o (t) linearly depend on X (here «;(t) denotes the angle between Af;(t) and
Afit1(0)). o
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