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ABSTRACT. A curve « is called (¢, £)-isochordal viewed if a straight segment of constant length £ can
slide with its endpoints on « and such that their tangents to « at these endpoints make a constant
angle ¢. These tangents determine the so-called ¢-isoptic curve of a. In this paper, an explicit
characterization of all (¢, £)-isochordal-viewed multihedgehogs with circular ¢-isoptics is provided
by their support functions, which are obtained as the solutions of a differential equation. This
allows to construct any example of these curves in a very simple way from some free parameters.
In addition, it is shown that a regular polygon of side length ¢ can slide smoothly along these
multihedgehogs.

1. INTRODUCTION

In the recent years, the study of isoptic curves, support functions and related topics has attracted
the interest of many researchers (see [3], [5], [I5] or [6] among others). A curve a parameterized by
a support function h can be written as

a(t) = h(t) (cost, sint) + h'(t) (—sint, cost), tel,

where I = [0, 2m n|, for some m € Z, and the function h is 2w m-periodic. The curve « is called a
m-hedgehog (sometimes called multihedgehog, see [7]) and it has m cooriented supporting lines to
a with a given normal vector. Convex curves are examples of 1-hedgehogs (see in Figure [5| other
examples). Any rosette (see e.g. those of Figure 2}right) is a multihedgehog [§].

Given ¢ € ]0, 7], the ¢-isoptic of « is defined as the locus of points through which a pair of
tangents to « pass making an angle ¢ (see e.g. [I] and [2] for an introduction to isoptics and
Figure |1| for a visualization).

Isoptics have many applications in engineering, mainly related to cam mechanisms and gears
(see [12] and [13]). A very important particular case is when isoptics are circles. If the ¢-isoptic of
a closed curve « is circular, then « is called of constant ¢-width [9]. A full characterization of this
kind of curves in terms of their support function by a Fourier series has been given recently in [3].
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FIGURE 1. Definition of a ¢-isoptic of a.

Given ¢ € |0,7[ and ¢ > 0, a planar curve « is said to be (¢, £)-isochordal viewed if a ¢-isoptic
of « is such that the chord joining the contact points with « of its supporting lines meeting at oy
has constant length £.

Examples of non-circular (¢, £)-isochordal-viewed curves have been given before in [I0] and [I1].
In this paper we provide a full and explicit characterization of all (¢, £)-isochordal-viewed multi-
hedgehogs of constant ¢-width (Theorem . Moreover, this characterization is constructive, in the
sense that by setting two parameters (two natural numbers), we obtain a support function that
describes the shape of a curve of this kind in a very easy way (Theorem . This is achieved by
solving a differential equation that describes this kind of curves. The explicit expression given in the
characterization also allows to derive easily some properties of these curves (see e.g. Proposition
on their singularities).

Another interesting fact on this kind of curves is that a regular polygon is allowed to move with
its endpoints always lying on these curves. This was already proved in [11] for hedgehogs. Finally,
in Section 4l we extend this result to multihedgehogs (Theorem [4)) and we present it in a different
way: given one of these curves, we show the existence of a regular polygon of n sides that can travel
along such a curve. It is seen that except for two particular curves in which only a straight chord
(n = 2) is allowed, the number n is greater than 2 in the general case.

2. PRELIMINARY RESULTS

In this section we are going to clarify some of definitions given above and to recall some known
results that will be useful later.

First of all, notice that a ¢-isoptic of a defined as above is not unique even for simple convex
examples (see Figure left). The uniqueness can be determined in this case by setting from which
angle, either ¢ or m — ¢, the isoptic is “looking” at the curve. However, for general curves with
cusps, the tangent vectors can flip when crossing these cusps and hence the angle between these
tangents can change from ¢ to m — ¢. Therefore, we must understand isoptics as presented in the
introduction in order to extend the concept to general non-convex curves (see the discussion in
[10]). This is, isoptics will be determined by the angle between tangent lines rather than by the
angle between tangent vectors.

Second, for general non-convex curves, there can be different points in the curve to construct
a ¢-isoptic given an angle ¢ € |0, 7| (see Figure [2right). In this sense, the definition of ¢-isoptic
turns out to be even less specific than in the convex case.
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FIGURE 2. On the left, a convex curve o that have two different ¢-isoptics ay. On
the right, two different ¢-isoptics ag to a self-intersecting curve «.

In this paper, we will only consider curves which are m-hedgehogs. The supporting line of a
m-hedgehog o makes m revolutions. In this case a ¢-isoptic of o can be constructed from the
points «(t) and a(t + ¢ + c7), for any ¢ € Z such that ¢ + c¢m € ]0, mw[. To simplify the notation,
we want to avoid this kind of ambiguity on the definition of an isoptic to a m-hedgehog. This can
be done by allowing an angle ¢ € |0, m7[ from the beginning such that «(t) and «(t + ¢) are the
associated points to construct the associated ¢-isoptic. Of course, the actual geometric angle of this
¢-isoptic would be ¢ (mod 7). It is important to avoid parallel supporting lines, so the constraint
is that ¢ (mod 7) € ]0, w[. Thus, rigorously speaking, we will take ¢ € ®,,, where

O =10, mr[\{km:keZ}= | J(k—1)m, knxl
1<k<m

So, the condition for a m-hedgehog « of being (¢, £)-isochordal viewed, given ¢ € ®,,, is just
that it satisfies the isochordal condition:

(1) a(t +¢) —alt)| = ¢,
forallt e I.

Recall now some definitions from [I0]. Define v(t) as the oriented angle function from t(¢) to
a(t + ¢) — a(t) and p(t) as the oriented angle function from «a(t + ¢) — a(t) to t(t + ¢). Assume
that the starting angle at inf I is oriented in |—, 7].

Define 3

o(t) = v(t) + p(t).
We have that ¢ is a piecewise-constant function (either ¢ or m — ¢ up to a multiple of 7), which
gives an oriented angle from t(¢) to t(t + ¢). See Figure [3| for a visualization of these angles.

We can extend some of the results of [I0] to m-hedgehogs easily with our current terminology
(with the same proof). The generalized versions can be stated as follows. Assume that « is as
sufficiently differentiable as needed.



4 DAVID ROCHERA

t(t+¢) u(t)

FIGURE 3. Definition of the angles v(t), u(t) and ¢(t).

Lemma 1. Let m €N, ¢ € ®,, and let o : I — R? be a (¢, £)-isochordal-viewed m-hedgehog. Then
(2) Ho/(t)Hcosu(t) = Ha'(t—l—qb)”cosu(t),
forallt e 1.

The expression is found simply by differentiating the isochordal condition. This formula is
known as a projection rule in the field of kinematics.

The following two results are not as obvious as previous lemma. We refer the reader to [10] for
their proof.

Lemma 2. Let m € N, ¢ € &, and let o : I — R? be a piecewise-C? (¢,)-isochordal-viewed
m-hedgehog parameterized by a support function h € C3. Then

C(V(t) + 1) cos p(t) = ||/ ()] sin p(t),
for allt € I such that o is reqular at t.

Theorem 1. Let o be a piecewise-C% (¢, £)-isochordal-viewed m-hedgehog parameterized by a sup-
port function h € C3. The curve « is of constant ¢-width if and only if V'(t) is constant for all
t € I such that ¢ is continuous at t.

3. CHARACTERIZATION OF ISOCHORDAL-VIEWED MULTIHEDGEHOGS WITH CIRCLES AS ISOPTICS

The aim of this section is to translate the conditions of « being (¢, £)-isochordal viewed and of
constant ¢-width into equations only dependent on the support function h of o and the constant
angle ¢. This will lead to a differential equation on h that will describe all the m-hedgehogs of this
kind. Before stating the main theorem, we need some partial results.

Lemma 3. Let m € N, ¢ € ®,,, and let a be a (¢, {)-isochordal-viewed m-hedgehog.

(i) If v is regular at to € I, then cos u(ty) # 0.
(ii) If o is reqular at to + ¢ € I, then cosv(tg) # 0.



AN EXPLICIT CHARACT. OF ISOCHORDAL-VIEWED MULTIHEDGEHOGS WITH CIRCULAR ISOPTICS 5

Proof. Let us see ([i). If ¢toc € I is such that cospu(tp) = 0, then by Lemma (1| we would have
Ho/ (tO)H = 0. This is because cosv(ty) # 0, otherwise the geometric angle given by ¢ would be
equal to 0 or 7. A similar discussion can be done for . O

Lemma 4. Let m € N, ¢ € ®,,, and let a be a (¢, {)-isochordal-viewed m-hedgehog parameterized
by a support function h. Then:

(3) ]|’ ()| cosv(t) = (R"(t) + h(t)) (cos(¢) h'(t + @) — B'(t) + sin(¢) h(t + ¢)).

and

4 ¢ Ho/(t + ¢)H cos u(t) = (h(t +¢)+h'(t+ ¢)) (h’(t + @) — cos(¢p) ' () + h(t) sin(gb)).

Proof. The equations of the statement can be found by a straightforward computation from the
definition of the angle functions. Equation follows by the definition of v:

1 Ho/(t)H cosv(t) = (d/ (1), a(t + ¢) — at)).
Analogously, Equation follows by the definition of u:
||/ (t+ @) cos pu(t) = (o' (t + @), ault + ¢) — au(t)). O

Proposition 1. Let m € N, ¢ € ®,,, and let o : I — R? be a (¢, £)-isochordal-viewed m-hedgehog
parameterized by a support function h. Then

(h(t) + 1"(t)) (cos(¢) W' (t + ¢) — W' (t) + sin(¢) h(t + ¢))
= (h(t+¢) + 't + ¢)) (W (t+ ¢) — cos(¢) B (t) + h(t) sin(¢)),
forallt e 1.

Proof. The expression is easily found by substitution of and of Lemma into the expression
of Lemma O

Notice that Proposition [I] provides a differential equation with deviated arguments that describes
the support function h of any (¢, £)-isochordal-viewed multihedgehog. If we add the hypothesis that
the curve has a circular ¢-isoptic, then we can get rid of the deviated arguments in the differential
equation and the equation can be explicitly solved. This leads to the main result we state below: a
complete characterization of all the m-hedgehogs which are (¢, £)-isochordal-viewed and of constant
¢-width.

Theorem 2. Letm € N, m > 1. Let oy, be a piecewise-C?> m-hedgehog defined by a support function
of the kind

(5) hi,(t) = c1cos(t) + casin(t) + cgcos(kt) + cysin(kt),
where k = -, with a € N, a > 0. Then:

(i) If k = 0, the curve oy is a circle.
(ii) If k =1 or c3 = ¢4 = 0, the curve ay is a single point (degenerated curve).
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(iii) If k # 0,1 and c3 # 0 or ca # 0, the curve oy is (¢,¢)-isochordal viewed and of constant

¢-width for the values
2mc

E+1’
for any ¢ € Z such that ¢ € ®,, and the corresponding values for £ satisfy

sin<7T Ck(ljjl 1)>

(iv) Any piecewise-C%-regular m-hedgehog which is (¢, £)-isochordal viewed and of constant ¢-width,
for ¢ € @, can be parameterized by a support function hi as in (@) for some k€ Q, k # 1.

0=\/&+ch|k+1] > 0.

Proof. Let Jy be the set of points ¢ € I such that « is regular at ¢ and at £+ ¢. Notice by Lemma@
that cosv(t) # 0 and cos u(t) # 0 for all t € Jy.

By Theorem [l the curve « is of constant ¢-width if and only if v/(t) = 0 for all ¢t € Jy.
Remember that ¢(t) is assumed to be differentiable, so that since it is piecewise-constant, its points
of discontinuity correspond to the points where « is not regular either at ¢ or at t + ¢.

From Lemma [2| being of constant ¢-width is equivalent to saying that
o/ (t)|| sin B(t)
o o) sncie) _

b
£ cos pu(t) 0
is constant for all t € J,;. Remember that sin ¢(t) = £(t) sin(¢), where &(t) is a sign function.

By Lemma [1) we also have that it is also equivalent to saying that

o/ (t+ o) || sin ¢(t) _
™) Lcosv(t) = bo

is constant for all ¢ € Jy.

From Lemma [ we have

®) Ceosw(t) = s1(8) (cos(9) Wt + 6) — H(1) + sin(6) h(t + 6)),
where

s1(t) = sgn(h(t) + h”(t)),
and
(9) Ccos p(t) = sa(t) (B (t + ¢) — cos(¢) h'(t) + h(t) sin(¢)),
where

so(t) = sgn(h(t + ¢) + h"(t + ¢)).
These two equations hold for all ¢ € Jy.
Thus, from and @D the expression @ can be written as
(h(t) + h”(t)) sin(¢)
R (t 4 ¢) — cos(¢p) b/ (t) + h(t) sin(¢)

where s(t) = s1(t) s2(t) e(t) is a sign function.

(10) = bo s(t),
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Now, notice that the jumps of the piecewise-constant function (;E(t) occur when a cusp is crossed
by a(t) or a(t + ¢). Therefore, if the sign of h(t) + h”(t) or h(t + ¢) + h”(t + ¢) changes, the sign
e(t) also does. This imply that the sign function s(t) must be constant equal to 1 or equal to —1.
In any case, it can be added to the real constant bg.

Hence, Equation can be written as
(h(t) + h”(t)) sin(¢) b
B/ (t + ¢) — cos(¢) W (t) + h(t)sin(¢)
for a real constant b. Differentiating this expression, we get
g(t)
(R (t + ¢) — cos(d) B (t) + h(t) sin(¢))?

(11)

=0,

where

g(t) = (W (t) + KB (1)) (W (t+ ¢) — cos(¢) B (t) + h(t) sin(¢))
— (K" (t) + h(t)) (sin(@) ' (t) + K" (t + ¢) — cos(¢) K" (1)).
Equivalently, such an equation holds if and only if g(¢) = 0. This can be written as

(12) W (t) + h®(t) B W'(t) + h(t)
sin(g) W (t) + h'(t + ¢) — cos(p) h'(t) W (t+ @) — cos(d) h'(t) + h(t)sin(¢)

for all t € Jy such that h/(t) + h3)(t) # 0. We know that the right-hand side of is equal to
b__ This leads to the equation

Sn(9)

(R (t) + h(3) (t)) sin(o)
sin(@) h/(t) + h"(t + ¢) — cos(¢) h''(t)

(13) =b.

The analogous discussion can be performed with the expression @, which leads to the equation:

(14) (R(t+ ¢) + h'(t + ¢)) sin(¢) o

cos(p) W (t + ¢) — h'(t) + sin(¢) h(t + ¢)

Now, given any real constant b we can solve the system of equations formed by , and
for h(t+ ¢), h'(t + ¢) and A" (t + ¢). If b # 0,1, the solution is

sin(¢) (62 — b+ )R/ (t) + KO (1))

h(t + ¢) = cos(¢p) h(t) +

b—1)b )
B+ ) = —(b—1)sin(¢) h(t) + bcbos(¢>) B (t) + sin(¢) h (t)7
Wit 4 ) = ~O DS H(E) +b cos(@) W(t) + sin(¢) hO(E)

b
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The expressions of h/(t + ¢) and h”(t 4+ ¢) are clearly related by differentiation. The derivative of
the first equation is
sin(¢) (b2 — b+ 1) " (t) + K (1))

b—-1)b ’
which must be equal to the second solution of the system. Thus, their difference must be equal to
zero. Doing that, a straightforward calculation produces the following equation:

sin(¢) ((b* —2b+2) h"(t) + AW (t) + (b—1)*h(t))

B (t + ¢) = cos(¢) W' (t) +

(b—-1)b
Therefore, if b # 0, 1, we obtain a differential equation for the support function h:
(15) (b—1)2h(t) + (b* —2b+2) B"(t) + k() = 0.

The general real solution of this differential equation is
h(t) = ey cos(t) + casin(t) + cgcos(|b — 1] ¢) + casin(|b — 1] ¢),
for any real constants cp, ¢, c3 and c4.

Since b is an arbitrary real constant, |b — 1| is an arbitrary non-negative constant. Hence, the
desired family of curves is given in terms of a non-negative constant k and determined by a support
function of the kind

(16) hi(t) = ¢1 cos(t) + cgsin(t) + cg cos(kt) + cxsin(k ),
for any real constants ¢y, c9, c3 and c4.

The support function h; must be 2 m m-periodic, for some integer m, i.e.

hi(t+2mm) — hg(t) = 0.
We can compute explicitly this equation, which is
cs(cos(2kmm + kt) — cos(kt)) + ¢4 (sin(2kwm + kt) — sin(kt)) = 0.
If ¢3 # 0 or ¢4 # 0, the only way to fulfill this equation is having an integer a such that
2kmm =27a.
a

This happens if and only if £ = >, which means that k£ must be rational.

Let ay be the curve defined by the support function hyg. By construction, «j must be (¢, ¢)-
isochordal-viewed and of constant ¢-width for some ¢ € ®,,. Let’s see now for which values of ¢
the curve is (¢, £)-isochordal viewed. We can easily compute

%Hak(t + qb)—ak(t)Hg =2k (kQ -1) (Cos(k: o) — cos(d)))

(17) ((cg —2) sin(k (2t + ¢)) —2czcqcos(k (2t + gb)))
This is equal to zero if and only if k=0, k=1, ¢c3=c¢c4 =0 or

cos(k ¢) — cos(¢) = 0.
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The solutions of this equation are
2mc

o= FET
for any ¢ € Z. The corresponding values for £ can be simply computed as
E—Hakt—i—qﬁ —ak H
to obtain the expression of the statement.

The condition of being «aj of constant ¢-width is that
A(t) = (gt + ¢) — ag(t), Ja(t) — Jal(t + ¢))

is constant (see e.g. [I0]). For our case, we can compute explicitly that
At) =2k (k> —1) (cos(k @) — cos(e)) ((cg —c2) sin(k (2t + ¢)) —2czcqacos(k (2t + gf))))

which is the same expression as obtained from being (¢, £)-isochordal viewed, so that it holds
for the same ¢ values seen above. Hence, for such values of ¢, «y is, indeed, also of constant
¢-width.

Let’s discuss now the particular cases that we left out above and that must be studied separately.
The case k = 1 corresponds to b = 0. In this case, the system of equations takes the form

h(t) + K" (t) = 0,
h(t+ @)+ h'(t+ ¢) =0,
W (t) +h®) (1) = 0.
The unique solution of these equations is
h(t) = c1 cost + casint,
for any c¢q, co € R. The corresponding curve is degenerated to a single point:

a1(t) = (c1, c2).

Notice that this solution is included in the general solution if £k = 1 for appropriate values of
the constants. The same curve is obtained if ¢ = ¢4 = 0. But notice that it does not correspond
to a (¢, £)-isochordal-viewed curve of constant ¢-width; in fact, the assumption A’(t) + h3)(t) # 0
to construct the system of equations above does not hold.

The case k£ = 0 corresponds to b = 1. In thls case the system of equations and .
with b = 1 is incompatible. Indeed from and ([13) we can get expressions for h’ (t + ¢) and
R'(t + ¢). A substitution in yields the equatlon W (t) + h®(t) = 0. But the solution of this
differential equation cannot fulﬁll for b=1.

As said above, is undefined if h/(t) +h®)(t) = 0. The solution of this differential equation is
h(t) = c1 cos(t) + casin(t) + c3,
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which produces a circle. The circle is a trivial example of (¢, £)-isochordal-viewed curve of constant
¢-width, for all ¢ € 0, 7[. This trivial solution has not been considered in our system of equations.
However, the value £ = 0 in the general solution produces such a curve:

ap(t) = (c1, c2) + c3 (cost,sint).

Therefore, the solution with £ = 0 can be considered valid as well. ]

Convex curves are singularity-free 1-hedgehogs. The circle is the only example of a convex curve
which is (¢, £)-isochordal-viewed and of constant ¢-width (see Theorem 2 of [4]). As a consequence
of our Theorem [2| we can provide a different proof of such a result via support functions.

Corollary 1. Let ¢ € |0, ww[. The only convex ($,{)-isochordal-viewed curve of constant ¢-width is
the circle.

Proof. First, notice that any convex curve can be parameterized by a support function h. By
Theorem |2 the support function must be of the form . We have that

hi(t) + h{(t) = (1 — kQ) (c3cos(kt) + cysin(kt)).

The only way this expression not to be equal to zero for any t € |0,2x[ is that £k = 0, which
corresponds to the circle. O

Next, we are going to simplify the statement of Theorem [2] by looking at the space of shapes.
Recall that a shape is a closed curve modulo translations, rotations and scalings. For regular
parameterized closed curves the space of shapes is introduced as a quotient space of the space
of immersions Imm(S!, R?) by the group of orientation-preserving diffeomorphisms on S! and the
group of translations, rotations and scalings (see e.g. [14]). Similarly can be done for piecewise-
regular parameterized curves.

Theorem 3. Let m € N, m > 1. The shape of any non-circular piecewise-C*-regular (¢,¢)-
isochordal-viewed m-hedgehog of constant ¢-width can be parameterized by a support function

(18) hi(t) = sin(kt),

where k = =~ with a € N, a > 1 and a # m, for the values

27e

E+1’
for any c € Z such that ¢ € ®,, and the corresponding values for £ satisfy

s,in(7r Ck(lfjl D)

Proof. By Theorem |2, the only thing we must show is that any curve o, ¢, cs,c4,k Parameterized by
a support function (), namely,

Ry eoe5,ca,k(t) = €1 cos(t) + casin(t) + c3 cos (k t) + ¢4 sin(k t),

where c3 # 0 or ¢4 # 0 and k£ # 0, is equal to ap0,1,% Up to translations, rotations, scalings and
reparameterizations.

0=k +1] > 0.




AN EXPLICIT CHARACT. OF ISOCHORDAL-VIEWED MULTIHEDGEHOGS WITH CIRCULAR ISOPTICS 11

First of all, notice that
ey epez,ea,k(t) = (c1,02) + ¢300,0,1,0%(t) + c400,0,01,%(t)-

Now, it is easy to check that

300,0,1,0k(t) + 1 0,00,1.1() = /3 + F R(—g(cs,ca,k)) 0,001, (t — g(c3, ca, k))

where

g(cs,ca, k) = sn(ca) arccos | ——2—_ |.
k NER

and R is the usual rotation matrix

sinv  cosv

R(v) = (cosv — sin v> '

Therefore, if k # 0, 0, coc5,c4,k 18 @0,0,0,1,k UP to a translation, a rotation, a scaling and a reparam-
eterization. O

Example 1. Theoremprovides explicit parameterizations by a support function of (¢, £)-isochordal-
viewed curves of constant ¢-width easily. See some examples of these curves for different rational
values of k in Figure [4

_3 .42
k—€,¢—477

FIGURE 4. Some examples of (¢, £)-isochordal-viewed m-hedgehogs for different val-
ues of k = = € Q.
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For integer values of k we obtain the already known examples of (¢, ¢)-isochordal viewed 1-
hedgehogs provided in [I0] and [I1] (see in Figure |5| some examples).

FIGURE 5. Some examples of (¢, £)-isochordal-viewed 1-hedgehogs.

Once we know the explicit expression of all (¢, ¢)-isochordal-viewed m-hedgehogs of constant
¢-width, we can derive some of their properties by using the explicit expression of the support
function.

Proposition 2. Let m € N, ¢ € ®,, and let a be a non-circular piecewise-C*-regular (¢,¢)-

1sochordal viewed m-hedgehog of constant ¢-width. Then o has a singular point.

Proof. By Theorem [3] the shape of the m-hedgehog o can be parameterized by a support function
hy. of the kind with k € Q, k # 1. Thus, we have
hi(t) + hi(t) = (1 — k?) sin(k t).

This is equal to zero if and only if

T
.
for some ¢ € Z. Since k = -, for a,m € N, a # m, we can always set ¢ = a to have
m
=1 —c=mm€|0,2mm]
a
Therefore, « is singular at least at this point. O

Remark 1. Given k£ = %, the number of zeros of hy in 0,27 m[ is equal to 2a — 1. This will
correspond to the number of singular points (counted by multiplicity) of the m-hedgehog generated
by the support function hy.

Recall that a closed curve o has rotational symmetry of angle 8 about a point x if there is a
rotation around x such that the trace of the rotated curve & coincides with the trace of o (see [4]
for the definition in the case of convex curves).

Many of our curves have some rotational symmetry (see Figure . However, note that not all
of them are rotationally symmetric (see the first curve of such a figure).



AN EXPLICIT CHARACT. OF ISOCHORDAL-VIEWED MULTIHEDGEHOGS WITH CIRCULAR ISOPTICS 13

Remark 2. A very important question is still open, that is if there is any (¢, £)-isochordal-viewed
curve which is not of constant ¢-width. This question is related, in the convex case, to the question:
“is the circle the only isochordal-viewed convex curve?”.

It was proved in [4] (and also in our Corollary (1)) that the circle is the only convex curve which is
(¢, ¢)-isochordal viewed and of constant ¢-width. But no relations between being (¢, £)-isochordal
viewed and of constant ¢-width more than Theorem [I| have been established up to know, as far as
the author knows.

4. CURVES GENERATED BY REGULAR POLYGONS

Consider now the class of closed curves where a regular polygon can slide smoothly with its
vertices always lying on such curves. These curves might be of interest in engineering, mainly for
the development of constrained mechanisms constituted by fixed bars and rotation devices.

The set of closed curves where a regular polygon of side length ¢ can slide smoothly with its ver-
tices always lying on such curves contains the set of (¢, £)-isochordal-viewed hedgehogs of constant
¢-width. This was proved in [II]. The methodology of the same paper can also be extended to
m-hedgehogs. In the next result we do so, but we state it in a different manner, which is that in
these curves we can always find a regular n-gon which can move along them.

First, recall that a m-hedgehog is called projective if its support function h satisfies
h(t) + h(t +7m) =0,
for all t € I.

Theorem 4. Let m € N, m > 1, ¢ € ®,, and let o be a piecewise-C? (¢, {)-isochordal-viewed
m-hedgehog of constant ¢-width. Then there exists n € N, n > 2, such that a regular polygon of n
sides is allowed to move along o with its vertices always lying on «. If a is not the curve associated
with k = % or k=3 given by @, then n > 3.

Proof. The case of the circle is trivial, since it satisfies the hypothesis for all ¢ € ]0, 7| and any
regular n-gon is allowed to rotate with its vertices along it.

Suppose now a non-circular m-hedgehog «. By Theorem [3], oz can be parameterized by a support
function hy(t) = sin(kt) with k = 2, where a € N, a > 1, a # m. The values of ¢ are of the kind
2mc  2mmec

m
¢= k+1 a+m’
for any ¢ € Z such that ¢ € ®,, and ¢ > 0. Assume that a and m are relatively prime.
Take (for ¢ = 1) the angle

2mm

¢ = :
a+m
We know that 7% < 1. Therefore ¢ < 27 so we deduce that ¢ € ®,, (we have that m > 1 and
a # m). Moreover, notice that the associated length

n(a)
sin m
a+m

a+m

! =

m
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cannot be equal to zero. This could only happen if a + m divides a — m, which is not possible.
Let us prove now that « is projective if and only if a is odd. The curve « is projective if
hk<t) + hk(t + m7r) =0.

This equation explicitly written is

. [at . (at
sm( + a7r> + sm() =0.
m m

This happens if and only if a is odd.
To get a closed polygon of side length ¢, we look for the lowest integer n such that
alt+mne¢) = alt).

If «v is not projective (a even), then m is odd (it cannot be even because a and m would have 2 as
a common factor). In this case we take n = a +m > 3, which satisfies that

a<t—|—(a+m) 7r>:a(t+2m7r):a(t).

a-+m

If o is projective (a odd), we have two cases. First, if m is also odd, we have that a 4+ m is even,

so it can be divided by 2. In this case we take n = a‘gm, which satisfies

a+m 2m
a(t—i— 5 a+m7r>—a(t+m7r)—a(t).

Notice that a # m, so that n > 2. The case n = 2 can only be achieved if a = 1 and m = 3 or if
a = 3 and m = 1. Other cases lead to n > 3.

The second case is if m is even (so that a+m is odd). In this case we take n = a+m > 3, which
satisfies

a(t—l—(a—i—m) 7r>:a(t—|—2m7r):a(t).

a+m
The integer n is the lowest one since it cannot be divided by 2.

With this, we have proved that there is a polygon of n sides that can move along «. That it is
equiangular comes from the fact that « is of constant ¢-width (follow the second part of the proof
of Proposition 2.1 of [I1], which can be reproduced in this context as well). O

See in Figure [6] some multihedgehogs featuring the regular polygon property we have just seen.

Theorem [4] ensures the existence of a regular polygon for each of these curves, but there could
be more than one for the same figure. This is associated to the fact that the same curve can
be (¢, £)-isochordal-viewed and of constant ¢-width for different values of ¢ (and ¢). This can be
observed for instance in Figure [7}

We must remark that from the same paper [11] some examples of curves exhibiting the regular
polygon property which are not (¢, ¢)-isochordal-viewed nor of constant ¢-width can be found.
These curves can be constructed as Holditch curves of (¢, £)-isochordal-viewed curves of constant
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_ 1. ,_4
k—2,¢—37r

FIGURE 6. Some regular polygons are allowed to travel along a (¢, ¢)-isochordal-
viewed multihedgehog of constant ¢-width.

FIGURE 7. A (¢,¢)-isochordal-viewed curve a of constant ¢-width found with k = 2.

A regular hexagon slides along « for ¢ = %r and a regular triangle for ¢ = 77”

15

¢-width (see Figure . Therefore, the class of curves with the regular polygon property is, indeed,

strictly larger than the set of (¢, £)-isochordal-viewed multihedgehogs of constant ¢-width.

FIGURE 8. A curve o which is not (¢, £)-isochordal-viewed of constant ¢-width and
such that a regular polygon can move along its perimeter.



16

DAVID ROCHERA
ACKNOWLEDGEMENTS

The author has been partially funded by the Basque Government through the BERC 20224 “2025

program and by the Spanish State Research Agency through BCAM Severo Ochoa accreditation
of excellence CEX2021-001142-S / MCIN / AEI / 10.13039/501100011033.

10.
11.
12.
13.
14.

15.

REFERENCES

. Waldemar Cieslak, Andrzej Miernowski, and Witold Mozgawa, Isoptics of a closed strictly convezx curve, Global

differential geometry and global analysis (Berlin, 1990), Lecture Notes in Math., vol. 1481, Springer, Berlin, 1991,
pp. 28-35.
, Isoptics of a closed strictly convex curve. II, Rend. Sem. Mat. Univ. Padova 96 (1996), 37—49.

. Waldemar Cieslak and Witold Mozgawa, On curves with circles as their isoptics, Aequat. Math. 96 (2022), no. 3,

653-667.

. Jests Jerénimo-Castro, Francisco G. Jimenez-Lopez, and A. Rosario Jiménez-Sanchez, On convex bodies with

isoptic chords of constant length, Aequationes Math. 94 (2020), no. 6, 1189-1199.

. Jests Jerénimo-Castro, Marco Antonio Rojas-Tapia, Ulises Velasco-Garcia, and Carlos Yee-Romero, An isoperi-

metric inequality for isoptic curves of convex bodies, Results Math. 75 (2020), no. 4, Paper No. 134, 12 pp.

. Roland Kunkli, Il1diké Papp, and Miklés Hoffmann, Isoptics of Bézier curves, Comput. Aided Geom. Design 30

(2013), no. 1, 78-84

. Yves Martinez-Maure, A Sturm-type comparison theorem by a geometric study of plane multihedgehogs, 1llinois

J. Math. 52 (2008), no. 3, 981-993.

. A. Miernowski and W. Mozgawa, Isoptics of rosettes and rosettes of constant width, Note Mat. 15 (1995), no. 2,

203-213 (1997).

. Witold Mozgawa, Mellish theorem for generalized constant width curves, Aequat. Math. 89 (2015), no. 4, 1095

1105.

David Rochera, On isoptics and isochordal-viewed curves, Aequat. Math. 96 (2022), no. 3, 599-620.

, Regular polygons on isochordal-viewed hedgehogs, Aequat. Math. 96 (2022), no. 6, 1285-1301.

Walter O. Wunderlich, Contributions to the geometry of cam mechanisms with oscillating followers, Journal of
Mechanisms 6 (1971), 1-20.

, Single-disk cam mechanisms with oscillating double roller follower, Mechanism and Machine Theory 19
(1984), 409-415.

Laurent Younes, Peter W. Michor, Jayant Shah, and David Mumford, A metric on shape space with explicit
geodesics, Atti Accad. Naz. Lincei Rend. Lincei Mat. Appl. 19 (2008), no. 1, 25-57.

Michal Zwierzynski, The improved isoperimetric inequality and the Wigner caustic of planar ovals, J. Math. Anal.
Appl. 442 (2016), no. 2, 726-739.

Email address: drochera@bcamath.org

BCAM - BASQUE CENTER FOR APPLIED MATHEMATICS, MAZARREDO 14, E-48009 BILBAO (BASQUE COUNTRY),

SPAIN



	1. Introduction
	2. Preliminary results
	3. Characterization of isochordal-viewed multihedgehogs with circles as isoptics
	4. Curves generated by regular polygons
	Acknowledgements
	References

