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Introduction

DGS 2022, Research funded by u_IF
o F DAy



Kokotsakis studied the following problem in 1932

Given is a rigid closed polygonal line p
(planar or non-planar), which is surroun-

ded by a polyhedral strip, where at each g
polygon vertex three faces meet. De- 5y
termine the geometries of these closed o
strips with a continuous mobility. l
Vh—1
In general these loop structures are rigid, vi

thus continuous flexible ones possess a so-

called overconstrained mobility.

Kokotsakis [Kok32] himself only studied fle- Yo
xible belts with planar polygons p.
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Review

Kokotsakis [Kok32] only obtained general re-
sults (arbitrary n) for the isogonal type; i.e.

in every vertex both pairs of opposite angles M
are (1) equal or (2) supplementary; 5y,
¥
(1) /\;k :lﬁv 5;k :7?7
(2) Mi+uf=m &+ =m. Vo

Vi
Special cases
n=3: Bricard octahedra of the 3rd type.
n=4: (3 x 3) building blocks of V-hedra, Yo
which are discrete analogs of Voss surfaces.
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Goal & Outline

Goal: We generalize Kokotsakis' problem
by allowing the faces, which are adjacent to
polygon line-segments, to be skew. We do
not restrict to planar polygons p but to the
isogonal type.

1. Spherical image
2. Solving the stated problem

3. Continuous flexible skew-quad
surfaces (especially V-hedra)

4. References
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1. Spherical image of the original Kokotsakis belts
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According to Stachel [Stal0] the Kokotsakis belt
is continuous flexible if and only if the spherical
image has this property.

Taking the orientation of the line-segments in-
to account, the spherical 4-bar mechanism,
which corresponds with the arrangement of faces
around the vertex V;, has spherical bar lengths:

di=m—207,
Ai=m—Af,

f)/i:ﬂ-_’y;ka
pi =T — ;-
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1. Spherical image
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of the original Kokotsakis belts

The spherical image of faces around two adjacent
vertices V; and V11 corresponds to two coupled
spherical 4-bar mechanisms.

The dihedral angles 8; and ajy1 are related by
the torsion angle 7;41 of the polygon p.

Remark: Note that p is a planar curve if all 7711
are either zero or .
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1. Spherical image
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of the generalized Kokotsakis belts

Vi

The non-planarity of
the faces imply that
B,',C,'+1,A,'+1 are not
longer on a great circle.
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1. Spherical isogram

In the isogonal case these 4-bar mechanisms are so-
called spherical isograms; i.e.

(1) A= pi, di = i,
(2) N\i+pi=m, 0;i + i = .

These two types are related by the replacement
of one of the vertices of the spherical isogram by
its antipodal point. Without loss of generality we
can restrict to type (1) by assuming an appropriate
choice of orientations.
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1. Spherical kinematics

According to Stachel [Stal0] the input angle a; and
the output angle 3; of the i-th spherical isogram of
type (1) are related by

b = fia;

with fj= SRESSRA £ 0 (%)

where a; = tan %' and b; = tan 'B’

The shift between the output angle 5; of the i-th
isogram to the input angle ;1 of the (i + 1)-th
isogram is given by the angle €j11; i.e.

bi+ejt1

. — 1 l+1
di+1 = m with €i+1 = tan (O)
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2. Solving the stated problem

Firstly, we formulate the so-called closure condition
ap —a, =0.
Within this condition we substitute a, by

an—1fa_1+en

an = l1-ap_1fr—1€n

which results from (o) under consideration of ().
By iterating this kind of substitution we end up with

q2a5 + qrao + o = 0,

where g;s are functions in fy,...,f,_1,€9,...,€n_1.
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2. Solving the stated problem

Thus the necessary and sufficient conditions for continuous mobility are:

qo =0,

Theorem 1.

For a given closed polygon p with n vertices,
there exists at least a (2n — 3)-dimensional
set of continuous flexible Kokotsakis belts of
the isogonal type over C.

q1 =0,

g2 = 0.
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2. Solving the stated problem

Thus the necessary and sufficient conditions for continuous mobility are:

qo =0,

Theorem 2.

For a given closed polygon p with n > 3
vertices, there exists at least a (n — 3)-
dimensional set of continuous flexible Ko-
kotsakis belts with planar faces of the iso-
gonal type over C. For planar polygons p
this dimension raises to (n — 1).

q1 =0,

g2 = 0.
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2. Property regarding the rotation angles

Dihedral angles along opposite edges mee-
ting in a vertex V; have at each time instant
the same absolute value of their angular ve-
locities.

Thus the absolute values of the rotation
angles around these two edges are the same
(measured from an initial configuration).

The same absolute values of the rotation an-
gle can always be assigned to three edges.

Vi

Vo
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2. Example: n=3

For any choice of §; and ~v; with v1 + 7 +
~v3 = 27 there exist e, €1, & € C such that
we get a continuous flexible Kokotsakis belt
of the isogonal type.

The resulting structure can be seen as an
overconstrained 6R loop, which belongs to
the third class of so-called angle-symmetric
6R linkages (cf. Li & Schicho [LS13]).

Remark: Note that for eg = e;1 = eo = 0 we
get a Bricard octahedron of the 3rd type.
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3. Continuous flexible skew-quad (SQ) surfaces

On page 168 of Sauer's book [Sau70] the follo-
wing open problem is mentioned:

Do there exist continuous flexible SQ surfaces?

A key result for the answering of this question is the following generalization of a theorem
given by Schief, Bobenko & Hoffmann [SBHOS]:

Theorem 3.

A non-degenerate SQ surface is continuous flexible, if and only if this holds true for
every (3 x 3) building block.
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3. Building block of a V-hedron with skew quads

q2 =hleors(e1e2fa + ere3fy + e163 — fifh) + erere3fr — e3hifo — e2fi — e1],

q1 :=e1exfohfz + exesfofifzs + eresfofs — eresfifa — fofifafs — e1eofy — exesfo + 1+
e(ereesfifs — erqeshofy — etfihbfs + esfofifh + exfofy — exfofs + e1fy — e3f3),

qo ‘=eo(eresfifr + erexfi + ere3fp — 1) + fi(erere3fy — e1fifh — &2 — €3).

We can solve this set of equations explicitly for e;, e, e3:

eofof-z(fl2—1)(f32—1):|:R1R2

€1 = Zhh—fh)h—fihh)+(hh—AE) (hH—f)’
&= — TRiR,
E(hfi—hh)(h—hhk)Hhhk—f)(hhh—f)’
0 = — eofifs(f2—1)(f2—1)£RiR,
S(hh—fif)(ofif—f)+(lof—if)(lofifs—f2)
with Ri: = \/&(hfi — £f:)(ff — Af) + (Ahif — h)(hhf — f) ,

Ry : = \/&(fhfifs — £)(fiffs — h) + (hfhafs — 1)(fif — fof3) .
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3. Building block of a V-hedron with skew quads

0 =hleohs(er1e22 + e2e3h + €163 — i) + e1e263Fr — e3hifh — &2 — e,
g =eexfohfs + exesfofifs + e1esfofs — ereshifa — fofihfs — erefi — exesfh + 1+
eo(e1ee3fifs — erqesfofa — e1fifafs + esfofify + exfofi — exfofs + eify — e3f3),
qo :=e(eresfifo + erexfi + exe3fh — 1) + f(e12e3f1 — e1fifo — e2f — €3).
We can solve this set of equations explicitly for fi, f>, f3:
f —(f2+1)eper(e2+1)(e3—1)+f(e2eles—etelel—e2elel—eleses+ei+el+ei—e2)tR3Ry

2ex(e3+1)(eofo+e1)(e0er—1o) ’

f = (f2+1)eper(e3+1)(e3+1)—fo(e2e?e2+e2ele2—e2elel—elelel—e2—e?+e3+e3)FR3Ry

2e2e3fo(ef+1)(e§+1) ’
fo = f(1‘02+1)e0e1(egfl)(ngrl)ffo(ege%eg7 5efe§+e§e§e§+e§e§e§7e§+e%+e§fe§)iR3R4
3 2e3(e3+1)(erfo+eo)(eoer—o)
with R34 ::[ﬁ)(egefeg +efelel —ehelel —elelel — e — el +es + eg)f

1
(fy + 1)ever(€3 + 1)(&5 + 1) £ 2fheres(ef + 1)(e5 + 1)]2
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3. Building block of a V-hedron with skew quads

A (3 x 3) building block of a V-hedron with skew
quads (left) and its spherical image (right).
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3. Lower bound on the dimension of the design space

This bound g can be obtained by comparing the number g, of free parameters for
constructing a ([3 + t] x [3 + s]) skew quad mesh with the number qco, of algebraic
conditions needed to make the mesh isogonal and continuous flexible.

Vigl Vip Vigl Vi Vi3 Vigl Vigl Vi3 Vi24s
Va1 Va2 Va1 Va2 Va3 Va1 Va2 Va s Vo245
Vai  Vio Vi3 V3245

Qpar = 21 + 10s + 10t + 3st,
Gcon = 11 + 7s 4+ 7t + bst.
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3. Lower bound on the dimension of the design space

Thus finally we get the lower bound g by:
q .= qpar_qcon_1:9+35+3t—25t.

The subtraction of 1 comes from the fact that the structure has a 1-dimensional mobility.

[ts O] T [ 2 ]3] 4] 5 ] 6 ] 7 | 8 ] 90 J 10 11 | 12 ] 138 [ 14 | 15 [i>15
0 [ 9] 12 [ 15 ] 18 [ 21 | 24 | 27 30 33 36 | 39 | 42 45 48 51 54 9+3i
I 13 [ 14 | 15 | 16 | 17 18 19 20 21 2 | 23 | 24 | 25 26 27 12+
2 13 | 12 | 11 | 10 9 8 7 6 5 7 3 2 1 0 <0
3 9 | 6 3 0 [ <0 [ <0[<0]|<0]<0][<0]<0][<0][<0] <0
4 T [ <0 [ <0 <0][<0]<0]<0]<0][<0][<0]<0]<0] <0
5 <0 [ <0 [ <0 <0 <0][<0]|<0]<0]<0][]<0]<0] <0

It remains open if a continuous flexible SQ surface of infinite dimension in rows and

columns exists.
wr
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3. Associated overconstrained mechanism
Definition: Reciprocal-parallel quad meshes Q and V (cf. Sauer [Sau70])

* @ and V are combinatorial dual; i.e. vertices correspond to faces and vice versa.

* The edges of adjacent faces are mapped to edges between corresponding adjacent
vertices and vice versa. Moreover, corresponding edges are parallel.
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3. Associated overconstrained mechanism

Sauer [Sau70] showed that every infinitesimal flexible quad surface Q possesses in general
a unique (up to scaling) reciprocal-parallel quad mesh V.

The corresponding deformation of V during the continuous flexion of Q has to be a
conformal transformation, as the vertex stars are rigid.
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3. Associated overconstrained mechanism

The corresponding
overconstrained mechanism
consists of rigid vertex stars
linked by cylindrical joints
and one rotational joint.
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