WSEAS TRANSACTIONS on MATHEMATICS Hee Seok Nam, Gaspar Porta, Hyung Ju Nam

Characterization of Lemniscate-like Curves Generated By Linkages

Hee Seok Nam Gaspar Porta Hyung Ju Nam
Kettering University Washburn University Washburn Rural High School
Department of Mathematics  Department of Mathematics and Statistics 5900 SW 61st St, Topeka, KS
1700 University Ave, Flint MI 1700 SW College Ave, Topeka, KS USA
USA USA namhyu@usd437.net
hnam @kettering.edu gaspar.porta@washburn.edu

Abstract: Cassini Ovals is a well-known family of curves characterized by the product of distances from two fixed
points called foci. One special case is the Lemniscate of Bernoulli, a figure-8 curve which can be drawn by many
ways. This paper focuses on the family of lemniscate-like curves especially generated by three-bar linkage sys-
tems where the marker is the midpoint of the middle rod. An algebraic characterization of such family of curves is
investigated using the distances from the foci. It turns out that the corresponding Cartesian equation is of the form
of the Hippopede defined as the intersection of a torus and a plane. A geometric construction showing the connec-
tion between three-bar linkages and lemniscate-like curves leads to another representation using polar equations.
A parametric representation is also given to illustrate the family of curves using an EXCEL worksheet. Finally,
another interesting family of curves so called skewed lemniscate-like curves is constructed and characterized alge-
braically as a natural generalization where the marker can be located on any fixed point on the middle rod.
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1 Introduction

Figure 1

: Cassini Ovals

This paper is the result of extended observations orig-
inating during an exploration of A. B. Kempe’s work
“How to Draw a Straight Line; a Lecture on Linkages”
[2] by the authors in [3].

Given two fixed points in the plane, Cassini Ovals
can be characterized as the set of points so that the
product of the distances from the two fixed points
(called the foci) is a constant. When foci are 2a away,
if we collect points with fixed constant b? for the prod-
uct of distances from foci, we obtain either two dis-
connected loops, the Lemniscate of Bernoulli, or a
connected simple loop enclosing both foci depending
on the range of b: b < a, b = a and b > a. See Fig-
ure 1 for an illustration!. Among many construction
methods of the Lemniscate of Bernoulli, linkage sys-
tems are of great interest in this paper due to its useful-
ness in generalization and characterization in several
ways.

A linkage system corresponds to a set of bars
connected to each other and the plane by articula-
tions (called linkages) typically allowing a marking
point on one of the bars to move describing a curve in
the plane. More generally a linkage system can have system.
the marking point describe a region as opposed to a
curve—sometimes with special geometric effects. The

formal terms used to describe the anatomy of a Link-
age System throughout the rest of the paper follows.

1. Fixed point/Fixed Pivot: A fixed point of a link-
age is a point which does not change its location
during the motion of the linkage system.

2. Rod/Bar: A rod or bar is the line segment that
connects two distinct points. A rod can take only
rigid motions during the motion of the linkage

3. Hinge Point/Pivot Point: A hinge point is the
linkage point, and thus serves as the connection
"http://mathworld.wolfram.com/CassiniOvals.htm] between two rods.
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4. Mover: A mover is the end point on a rod, so
called the driver, which rotates around a fixed
point. It has one degrees of freedom and, in fact,
we can use the angle of rotation to represent the
location of the marker which draws the desired
curve as a function of mover.

5. Marker: A marker, also known as tracer, is a
point on a rod which will draw the whole or part
of the desired curve as the mover rotates around
a fixed point on a rod.

To draw the families of curves that include the
Lemniscate of Bernoulli, one can use a three-bar link-
age system. This system corresponds to a chain of
three bars linked (hinged) to each other with the out-
side two bars also linked to the plane at two fixed
points. The relative lengths of these bars, the dis-
tance between the fixed points, and the position of the
marker (along the middle bar) determine the particu-
lar curve being drawn. The Lemniscate of Bernoulli
is a particular case of the full set of curves that may
be drawn in this way. Lemniscate-like curves, skewed
lemniscate-like curves, and "teardrop’ curves also ap-
pear.

Figure 2: Three-bar linkage system

Figure 2 is a description of a three-bar linkage
system: A and B are fixed points; AC, CD, DB are
rods; C and D are hinge points; AC' is the driver and
C'is the mover rotating around the fixed point A; F is
the marker.

It turns out that the trace of the marker of three-
bar linkages with specific rod lengths produces a fam-
ily of lemniscate-like curves and it is natural to ask
how we can characterize such family of curves. This
paper will focus on answering this question in vari-
ous ways. In the following sections, we will inves-
tigate algebraic characterization, geometric construc-
tion, parametric representation, and a generalization
to skewed lemniscate-like curves.
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2 Algebraic characterization

In this section, we give an algebraic characterization
of the family of lemniscate-like curves generated by
three-bar linkage systems. See Figure 2 for an illus-
tration. We initially pick the distance dist(A4, B) = 2
and |C'D| = 2 for our computations and later general-
ize to encompass any scale.

Theorem 1 If a three-bar linkage system is con-
structed by two fixed points A, B with dist(A, B) = 2,
and three bars AC, BD, CD with|AC| = |BD| =,
and |CD| = 2, then the family of lemniscate-like
curves generated by the marker F, the midpoint of the
line segment C'D can be characterized as

2 2 2\ 2
(d%+1—r2> <d§+1—g>:<2—;> 1)

where dy = |AF| and dy = |BF|.

Proof. The proof comes from the combination of the
Pappus’s theorem and the law of cosines. In fact,
the quadrilateral AC BD is an anti-parallelogram and
/BCD = /ADC. For the triangles ADC and BCD,
the law of cosines gives

|BC|? + 22 — 2

= /BCD
1[BC cos

|AD|? 4 22 — r2

= Z =
cos LADC 1[AD)

Solving this equation leads to the relation
|BC| - |AD| = 4 —r*. )

On the other hand, we apply the Pappus’s theorem to
those triangles and get

r? + |AD]> =
r2 + |BC|?

212+ |AF)?) = 2(1 + d?), 3)
212 + |BF?) = 2(1 4+ d3). (4)

Combining (3), (4), and (2), we have the desired result
(1. a

The characterization (1) generalizes of the Lem-
niscate of Bernoulli. In fact, if 7 = /2, then (1) re-
duces to

dist(A, B)>2
2

d1d2:1:<

which exactly coincides the definition of the Lemnis-
cate of Bernoulli.

Moreover, we can confirm the relation (1) using
an EXCEL worksheets. See Figure 9 and Figure 10
in the Appendix for simulations: r = v/2 and r = 1.
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The highlighted column K shows the ratio of the left
hand side to the right hand side of (1). The validity of
the relation (1) is illustrated by the constant value 1 in
column K.

Corollary 2 For the three-bar linkage system in the
theorem 1, if A = (—1,0) and B = (1,0), then the
Cartesian equation of the marker F(x,y) is given as

((m+1)2+y2+1—7§) ((x—1)2+y2+1—72>

2
(-3
2
If the two fixed points are 2a away and the con-

necting rods have lengths r, 2a, and r, then the trace
of the marker can be characterized as

2 2 2\ 2
2 2 T 2 2 T 2 T
- — —— ) =(22-=) .
(dl—i—a 2><d2+a 2> (a 2>
5

A proof of this relation (5) is essentially identical to
that of Theorem 1. If we set the two fixed points as
(—a,0) and (a,0), then the Cartesian equation of the
graph can be simplified to

which is exactly the Hippopede? of the form
(2% + y%)? = ca® + dy?

where ¢ > 0 and ¢ > d.

3 Geometric construction and polar
equation

A geometric characterization of lemniscate-like
curves highlights a connection to three-bar linkage
systems. This part is mainly motivated from the work
of Akopyan [1].

Lemma 3 Given three-bar linkage system as in Fig-
ure 3 where dist(A,B) = |CD| = 2 and |AC| =
|BD| = r, if M, N and O are midpoints of AC, AD
and AB, respectively and ANOX is a parallelogram,
then the followings hold.

(a) Points M, F', X, and O are collinear.
(b) XM = OF

(¢) |AM| = |AX| = r/2
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Figure 3: Characterizing the location of I

Proof. Since ACBD is an anti-parallelogram, we
have AD || CB and AMF' N is also a parallelogram.
Therefore M, F', X M O are collinear and m =
OX which lead to XM = OF. Finally, |AX| =
INO| = |BD|/2 =1/2=|AM|. O

Lemma 3 holds true for general values of r and
we can obtain another characterization of lemniscate-
like curves, or the Hippopede. A direct consequence
of this lemma can be stated as follows.

Theorem 4 Given three-bar linkage system as in Fig-
ure 4 where dist(A, B) = |CD| = 2, O is the mid-
point of AB, |AC| = |BD| = r, and the circle with
radius r/2 and center A, the set of all points F where
|OF| = |MX]| for any secant M XO of the circle
draws a lemniscate-like curve generated by the three-
bar linkage system.

From the triangle AX O, the law of cosine gives

2
(g) =1+ |0X|? - 2|0X] cos(m — ¢)

or

|OX| = —cos¢ — (g)Q — sin? ¢. (6)

Zhttps://en.wikipedia.org/wiki/Hippopede
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Figure 4: Geometric construction

If we apply intersecting secants theorem to the secant
OX M, we have

0X|-|OM| = |0X|-(JOX]|+|MX])
T T
= @*ﬁ(”ﬂ)

1 r?

Substituting (6) to (7), we obtain the following result:

or

Corollary 5 For a three-bar linkage system with rod
lengths r, 2, r and foci at (—1,0) and (1,0), the trace
of the marker, or the midpoint of the middle rod can
be represented by a polar equation:

2
p=2 (%) —sin? ¢

Finally, from this polar representation, we can
classify the family of curves as follows:

(a) If 0 < r < 2, then we have a figure-8 curve, or
lemniscate-like curve.

(b) If r = 2, then we have two unit circles centered
at foci.

(c) If r > 2, then we have a connected simple loop
enclosing both foci.
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4 Parametric representation

Figure 5: Three-bar linkage system: Midpoint marker

If we want to construct a graph, it is very help-
ful to get a parametric representation. To find a
parametric representation of the marker F', we as-
sume that A = (-1,0), B = (1,0), |AC| =
|IBD| = r, |CD| = 2, and F is the midpoint
of CD. We measure the angle 6 counterclockwise
from the ray AB to to the driver AC' so that C =
(=1 4+ rcosf,rsinf). From the key fact that the
quadrilateral ACBD is an anti-parallelogram, we
have OB = (2 —rcosf,—rsinf) and AD = tCB
for some constant ¢. The point D = (—1,0) + ¢(2 —
rcosf,—rsinf) satisfies |[BD| = r which gives a
quadratic equation in ¢:

{t(2—rcosf) — 2}2 + (t-rsinh)? = r2

Since ¢t = 1 is a trivial solution, it is not surprising to
factor the equation and get the solution set as

4 —r? 1
4—4rcosf+1r2’ " |-

We discard the possibility ¢ = 1 to represent D as

D= (-1+

and the marker F' as

(2—rcosh)(4—12?) —(4—r*)rsinf
4 —4rcosf+1r2 "4 —4rcosh+1r2)’

C+D
F=
_ (r(2—=rcosf)(2cos0 —1)
< 4 — 4rcos 6§ + r?
r2sinO(r — 2 cos )
4 —4rcosf + r? )

I
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5 Generalization to skewed

lemniscate-like curves

In this section, we generalize the location of the
marker so that it can be any fixed point on the middle
rod. We observe a family of skewed lemniscate-like
curves if m # n. See Figure 6 where m + n = 2.
Figure 11 and 12 illustrate the case of m = 0.6 and
n=14forr=+2andr =1.1.

Figure 6: Three-bar linkage system: Generalized
marker

B(1,0)

To tackle this problem, we need a generalized ver-
sion of Pappus’s theorem.

Figure 7: Generalized Pappus’s Theorem

A

D €2

Lemma 6 For Figure 7, we have the relation:

(6] C1
crco +d% = a’ + b?
c1+c2 c1+ c2

In particular, if cy = ca = ¢, then the relation reduces
to

A4+ d? = (a2—|—b2).

N =

Proof. We may use vectors and inner product to prove
the theorem. In fact,

AD =

AB + AC

c1+ca c1+ e
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which leads to

(c1-+e2)2|AD|? "
= CQ‘BP + cﬂﬁﬁ + 201621@ AC.

Since |1@ - B! = |B.C>'| = ¢1 + ¢, we have
2 2
2. 50 148 |@|

We plug this inner product into (8) and simplify to get
the desired result. O

C1+62

Now we are ready to give a geometric characteri-
zation of the family of curves generated by a general-
ized marker of three-bar linkage systems. See Figure
6.

Theorem 7 For a three-bar linkage system with two
fixed points A and B, and three bars AC, BD, CD
such that dist(A, B) |CD| = 2 and |AC|
|BD| = r, then the family of skewed lemniscate-like
curves generated by the marker F with |CF| =
and |F D| = n = 2 — m can be characterized as

2 2
(d%—i—mn—Tg) <d2+mn—mzr>

SR

mn(4—r
4

where di = |AF| and dy = |BF|.

The proof is similar to that of Theorem 1 and left to
the reader. Note that the relation (2) is still valid while
we need a generalized version of Pappus’s theorem
(Lemma 6) to replace (3) and (4).

6 Conclusion

Figure 8: Relationship between sets of curves

X o | Skewed Lemniscate-like Curves
Algebraic Characterizations L

Hippopede
| (Lemniscate-like Curves)

Algebraic/Geometric/Parametric -~
Characterizations

Algebraic/Geometric
Characterizations

Lemniscate of Bernoulli

| Algebraic/Geometric/Parametric |
(the unique intersection of our sets)

| Characterizations
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Figure 8 indicates the relationship between the
sets made up of the families of curves we have con-
nected. The geometric relationship that character-
izes Cassini Ovals leads to an algebraic expression
that, in the case of the Lemniscate of Bernoulli,
can be connected with a construction using a three-
bar linkage system. We verify this connection al-
gebraically for a three-bar linkage system including
the scale-independent case. From the three-bar link-
age construction, we extend the algebraic relation to
lemniscate-like curves, or the Hippopede, and repre-
sent these parametrically. This representation is used
in EXCEL worksheets to numerically illustrate that
the algebraic characterization is correct.

With this we incorporate another geometric char-
acterization (the geometric representation described in
Figure 4) for which we construct a polar represen-
tation. This allows us to broaden the set of curves
for which we have an algebraic characterization con-
nected with a geometric characterization to include all
our lemniscate-like curves. We then further expand
our algebraic characterization from the three-bar link-
age system to include skewed lemniscate-like curves
where the marker is located on any fixed point on the
middle rod.
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Appendix

Figure 9: = /2 and midpoint F

[} e o e

fxedp. 1 o 1

ariver hinge
oot x

0 ate210 0 smmm2 241020356
010407348 0.141186 5.38493596 2.19246798
02 0.386023 0.28091 438686716 169343358
03 035105 0.417929 335682708 117841354,
04 0.202577 0.550721 253263233 0.76631615.
05 0.261089 067801 193116674 0.46558337
06 0.167201 0.798525 150240755 0.25120377
07 006165 0.511061 119517206 0.09758603
04 001471 1.0144%5 0.97142472 00142676
09 -012091 1107792 080526871 -0.0573656.
1 02359 119002 0.67544277 -0.1602786
11 -0.35652 1260358 056239683 -0.2088006
1.2 -0.48755 1318102 050530412 -0.2465479
13 06217 1362677 04eSTS2YT 02771239
14 -0.75963 1393636 039634191 -0.201529
L5 -0.85996 1410671 035715243 03214238
L6 -L04125 1413611 032040267 03377587
17 -118221 100026 029722741 03513863
18 -132131 1377229 02745273 03627263
19 472 133627 05546693 -0.3722665
2 158852 1265541 0.2354039 0380298
21 171396 1220762 022583965 03870602
22 183227 1143387 021438375 -0.3926081
23 199226 1058595 020472869 0.3976357
24 20083 0355245 019663114 04016644,

v 3 W1

midpoint

distar}
n x v @ @ (@

0 1421355 0 241 04y
07602763 129900818 -0.3095453 232 0.43]
1232538 103972851 04757886 209 0.9
14029183 0.76473168 08920928 183 0.5
13947731 053444656 04220262 159 069
13093505 0.35333626 03156702 139 0.7
11597101 02092023 02005925 1.23 0.7
10883751 008561811 -0.068%069 109 031]
09855052 -0.0144978 0.01449473 099 101]
-0.8920699 -0.1091362 0.10786084 09 1.1}
-0.8085503 -0.1380879 019073471 082 121
0.7340307 -0.28365% 026316339 076 131
06673606 03671983 032537084 071 1.41]
06074163 04458117 03776304 067 13|
05571527 -0.52057% 042022185 063 159
0503245 06106931 04534232 0.5 L67]
0458575 -0.6695465 04TISISTS 057 179
04166394 07568 049279321 055 183]
03780865 -0.8020243 049557083 052 1.91]
03418838 091473 04319329 051 199]
03078593 -0.9844093 048504075 04 2.04
02756566 10505202 0.47253292 048 2]
02451235 11125372 0.4491315% 045 2.16]
02155041 11699461 041934116 045 2.21]
01878317 12222583 038370873 044 2.26]

r22/2)(@2%241.4%2/2) [ (2542122

T v v w X

Figure 10: » = 1.1 and midpoint F’
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Figure 11: 7 = v/2,m = 0.6,n = 1.4
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Figure 12: r =1.1,m =0.6,n = 1.4
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