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ABSTRACT. Kinematics studies the motion of a rigid object, such
as displacement, velocity, acceleration, etc. A general planar mo-
tion can be defined as a combination of translation and rotation.
Planar motion is widely used in many fields. Since most mobile
robots move on flat terrain, many grippers and kinematic linkages
use planar motion. The dual quaternion is the generalization of the
quaternion and is used in various fields. In this paper, we introduce
a new approach to planar motions by using the dual quaternion to
study the pole points and pole trajectories, the triple coordinate
system and the canonical system, and find the Euler-Savary equa-
tion.

Keywords: Dual quaternion, planar kinematic, velocity, pole tra-
jectory, Euler-Savary equation.
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1. INTRODUCTION

A rigid body can be expressed as a model of an object that does not
deform or change shape. This object has the property that the distance
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between each pair of points of a rigid body is constant. If all points of
a rigid body move along paths equidistant from a fixed plane, then this
rigid body is said to have planar motion. Dual quaternions are of great
importance in many fields such as computer graphics, robotics, etc., as
they provide a simpler and more robust solution for these areas. They
combine translation and rotation in a single state. Dual quaternions
are studied in computer graphics [7], [4], inverse kinematics [I0] and
robotics [3], [I3]. In [0] we represented a point and its velocities in
planar kinematics in terms of dual quaternions. In this study, we give
the pole points and pole trajectories, the triple coordinate system, the
canonical system, and the Euler-Savary equation in planar kinematics
based on dual quaternions. Our contribution is a novel approach to
planar kinematics with dual quaternions.

2. DuAL QUATERNIONS

Quaternions represent the rotation of a rigid body about an axis.
Quaternions, especially unit quaternions, are widely used because they
provide better opportunities for interpolation of key images. Moreover,
they do not suffer from singularity problems [5], [6] [8], [14].

A quaternion in R* is a 4-tuple and a quaternion is defined as.

q=a+bt+cy+dk

with a, b, ¢, d real numbers, ¢, 7, k are the standard orthonormal basis
in R® and i? = j2 = k? = ijk = —1.

Dual quaternions, which are an extension of real quaternions, were
discovered by William Kingdon Clifford in 1873 [2]. They are used for
both rotations and translations. A dual quaternion can be represented
as follows. R

Q=Q+<Q" (2.1)

where
Q=¢+q and Q" =q; +q"

and €2 = 0. Alternatively, a dual quaternion whose four terms are dual
numbers can be interpreted as follows.

Q= Gr + o + 4yd + G-k (2:2)
or
Q=s+ai+yj+zk+e(sc+aci+uyg—+zk).
When ¢, = 0, a dual quaternion is transformed into a dual vector. Dual
numbers and dual vectors are special cases of dual quaternions [12]. If

two dual quaternions can be taken as

Q1 =Q1+¢eQ} and Qy=Qz+eQ5.
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then the dual quaternion multiplication (®) can be written as
Q1 ® Q2 = Q1.Q2 + ¢ (Q1.Q5 + Q2.Q7) .

The dual conjugate 5 and the dual quaternion norm are defined as

Q=Q-Q
and
A < Q7Q* >
QI = IRl + e—77—
1<l
A dual quaternion satisfying the conditions ||Q|| = 1 and . = 0 is

called an unit dual quaternion. A second conjugation operator for a
dual quaternion is given as

Q = (87 —X,~Y, =%, —Seg, Tg, Ye, Z&) .

Transformations represented by dual quaternions can be combined to
form a dual quaternion. Suppose that Q and P are two transformation
dual quaternions and @, is a position vector dual quaternion. The
combined transformation C' can be applied to @, as

Q=P2(QeQ.eQ )l =(PeQ)e@)e(Q @F) (23)
or
C=P20=0Q,=C2Q,oC .
The pure rotation about the vector n with angle 6 and the pure trans-
lation can be written as follows using the unit dual quaternion.

Qr = [cos (Z) , Mg Sin (g) , My sin (g) , m,sin (g)} [0, 0,0, 0],
(2.4)

and

fa by tz]. (2.5)

) =1 be by bz
QT [>070>0]|:727272

Combining the rotation and translation transformations into a single
unit quaternion to represent rotation followed by translation, we obtain

Q = QT ® QR
= (145 [ted +t,5 + 1K) @ Qr (2.6)

= R+5¥
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We can write its inverse as [4], [§]

TR\ ! R*T

3. PLANAR KINEMATIC USING DUAL QUATERNIONS

Let be two planes M (moving) and F' (fixed), and let us define the
orthonormal coordinate systems in these planes as M:{On,; €1m, €2m }
and F:{Oy;e1z,ear} (see Figure ().

Figure 1. Planar kinematic of two planes M and F

First, we can assume that these two frames coincide in their points of
origin (Op,) and (Oy) (see Figure (2)) and we can take the same point
X (z1,22) in both frames. Next, we rotate and translate the moving

A
€2

©

O=0"

Figure 2. Planar kinematik of two frames M and F



Planar Kinematic Using Dual Quaternions 21

frame using dual quaternions and denote the point X (z1,z2) as X, in
the moving frame and X in the fixed frame. We can define the point
X (x1,x2) in dual quaternion form as

Qx = [L+e (1, 22, 0)]. (3-1)

We can apply the equation (Z8) to Qx, then we obtain the final position
of the point X (z1, z2) according to the fixed frame F' with the following
equation:

+5 (0, 221 cos p — 2z sin @ + 2d1, (3.2)

21 sin @ + 2x9 cos ¢ + 2ds, 0)

where (dy, d2) denotes the coordinates of the origin (O,,) of the moving
frame M in the fixed frame F' and ¢ denotes the angle of rotation of M
relative to F', i.e. i.e., ¢ is the angle between vectors e, and ey and is
called the angle of rotation. Finally, we can write the point X (z1, z2)
in the fixed frame F' as

Xy= (z1cosp—xpsinp+dy)ery
(3.3)
+ (z1sing + o cos p + da) eag

On the other hand, we can use the following equations obtained via dual
quaternions,

€1f = €1m COSPY — €2y Siny

€2f = €1, Sin Y + €24y COS Y

we can define the point Xy in the moving frame M with the following
equation:

Xs= (z1+dicosp+dasing)eim

(3.4)
+ (x9 — dy sinp + da cos @) eam
We can also express the point X, in the moving frame M as
Xm = x1€1m + To€om (3.5)

3.1. Evaluation of Velocities. We determined the relative, absolute,
and drift velocities in [[] respectively as follows:

vV, = X = T1e1m + i'Qezm, (3.6)
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Vg = T1€1m + T2€2m
+ (dl cos @ + do sin ¢ — 56280) €1m (3.7)

(—dl sin ¢ + dz Cos  + :B1¢) €2m,
and
Vg = (d1 COSs ¢ + ds sin  — 1‘2¢> €1m

+ (—dl sin ¢ + dg cos ¢ + xlgb> €am.

where we denote the derivative by dot.

3.2. Pole Points and Pole Trajectories. First, the following theo-
rem can be expressed for pole points.
Theorem 1: There is only one point (pole point) that remains station-
ary in both planes at any instant of the motion with a non-zero angular
velocity.

Let us determine the pole point P (p1, p2) that satisfies the equation
vq = 0. Using the equation (BR) for vg = 0, we can write

dlcoscp+dgsingo—x29b:0

—dl sin ¢ + dg cosp + x1pp = 0.

Then we can find the pole point P (p1, p2) using the unit dual quaternion
as follows.

dy sin ¢ — d cos %)
¢

p1=
‘ ' (3.9)
dy cos p + dasin g
¢

The drift velocity of point X can be written using the pole point P (p1, p2)
with the following equation:

D2 =

vg = [—e1 (2 — p2) + ez (1 — p1)] & (3.10)

Therefore, the following results and theorems based on dual quaternions
can be written as in [I1] as follows:

i) PX’Ud = 0, ie. PX L Vd-

if) Joal = /(@1 — p1) + (2 — p2)? = [PX] ¢
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Theorem 2: Each point X of the moving plane M performs a ro-
tational motion with pole point P-centered and angular velocity (¢) at
each instant.

Theorem 3: A one-parameter planar motion is the rotation of the
moving plane M about the instantaneous rotation pole P with angular
velocity .

Theorem 4: In a planar motion with one parameter, the points X of
the moving plane M draw paths on the fixed plane F. The geometric
position of the pole point P in the moving plane M is called the trajec-
tory of the moving pole (pm,), and in the fixed plane F' the trajectory
of the fixed pole (py).

Theorem 5: In a one-parameter planar motion, the curve of the moving
pole (pm) rolls without sliding on the curve of the fixed pole (py).

4. TRIPLE COORDINATE SYSTEM AND PLANAR KINEMATIC BASED
ON DUAL QUATERNIONS

We have studied planar kinematics using dual quaternions with mov-
ing and fixed planes M and F, respectively. In this section we take
three planes M ( moving ), F' (fixed) and the other plane A which is
moving plane according to planes M and F'. Let us represent the or-
thonormal coordinate systems in these planes as M : {On; €1m, €2m },
F:{Oy¢;e1p,ea5} and A : {O; e, éz}. We assume that the motion will
be examined according to the frame A : {O; é1, éz}. Next, the following
equations can be defined as follows.

0,0 =am = ani€1 + amaé2

Oféza,f = af1€1 +apé2

and
d@m = Wm d9f = Wwf
dam1 — amadl, = Hm1 daf1 - af2d9f =K1 (4 1)
dama — am1d0y, = Hm2 dCLf2 - CLfldef = Kf2

where d is used to denote the differential form. Therefore, we can obtain
the linear differential forms, called Pfaff forms, as follows.
i) The motion A with respect to M (A/M):

dm€1 = €awm, dmes = —81Wm, dGm = €1lbm1 + €2m2 (4.2)
ii) The motion A with respect to F' (A/F):
dme1 = éxwy,, drés = —ejwy, dafy= ey + E2lifs (4.3)

where dp,, and dy are used to denote differential forms with respect to
M and F, respectively. Let us determine the velocities of the point X
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with respect to the frame A. Using the following equations below via
dual quaternions

eiy = €pcostly —ezsinby
exf :élsinef—FézCOS@f
and
€1m = €1C0S Y,y — Easin,,
€am = €18in, + €2 cos Y,

we can write the point X in the moving plane M with respect to the
basis vectors of the frame A as

Xm = (21 + am1 cos ¥y, + ama sinty,) €1
(4.4)
+ (22 — am1 Sin Yy, + ama cos Pp,) €.
The differential of the point X about to moving frame M can be written
with the following equation:
dXm = dpm (21 + dimami oS Y, + diama SIn Yy, — Towp,) €1
(4.5)
+dpm (T2 — dpmam Sin Y, + di@ma oS Uy, + T1wy,) E2.

Then we can write the relative velocity vector of the point X with

dX
respect to the moving frame M as v, = ——. If v, =0 or dX,, = 0,

then the condition of fixing the point X in the moving frame M as

dmr1 = —dmam1 cos Yy — diGm2 SIN Yy, + Town,
(4.6)
dmTs = dpmm1 SIN Wy — dpGma COS Yy — T1Wh, -

Using the equations in (BZT), the equation (E-8) can be expressed as

dmx1 = — (Um1 + @mawm) COS Y,

— (fm2 — amiwm,) Sin Yy, + Tawn,
(4.7)
dmTy = (/Lml + am2wm) sin wm

- (Mm2 - amlwm) COS wm — T1Wm.-
On the other hand, we can write the point X in the fixed plane F with
respect to the basis vectors of the frame A as
X_f = ($1 + ayfy cos 9f + aygo sin Hf) el
(4.8)
+ (562 —af sin 9f + a g9 cos Qf) €.
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The differential of the point X about to fixed frame F' can be expressed
by the following equation:

de = (df$1 + df&fl COS@f + dfafg sin9f — .rQWf) e
(4.9)
+ (dfxg — dfafl sin 9f + dfafg coS 9f + :Blw]c) €s.

Then we can write the absolute velocity vector of the point X about to

dX
fixed frame F with v, = Wf If v, = 0 or dX s = 0, then the condition
of fixing the point X in the fixed frame F' is as follows.

dfﬂ?l = —dfafl COSQf — dfan Sinef + Towf
(4.10)
dyxg =dysag sinfy — draypcosty — xiwy.

Using the equations in (E), the equation (E10) can be written using
the following equation:

drx1 = (—pp1 + apowy)cos b + (ppa — apiwy)sinby + rowy
(4.11)
dfry = (1 —apowy)sin€y + (upa — apiwy) cos O — xiwy.

We can define the vector of the drift velocity of the point X if the point
X remains fixed in the moving plane M according to the fixed plane F’

dg X
with vy = Z—t. Using equations (E33) and (E9), we can express the
dqgX as

dgX = [(pf1c080f — pim1 cOSYp) — ama (wgcos b — wp, cOSPyy,)
+ (f2sin@f — pim2 sin ) — am1 (Wysinfy — wy, sin )
—x2 (W — wp)] €1
+[= (pfp18in0f — 1 sin ) + ama (Wr sin O — wyy, sinty,)
+ (pp2c080f — fima cOSYp) — am1 (Wg cos b — wp, cOsPpy,)

+21 (wf — wm)] €2
(4.12)
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Let us now determine the pole point P (p1,p2) from dgX = 0 as
(Mfl sin Hf — L1 SINYp,) — ama (qu sin Hf — Wiy SIN Yy,

P =
(Wf — Wm)
B (g2 cosbf — fima cOSYpm) — am1 (W cos O — wp, cOS Py,
(wf — W)
by = (pp1€osOf — 1 cOSYp) — ama (W cos O — wp, cOsYp,)

(wp —wm)

(ppasinby — pma sin ) — am1 (W sin @y — wy, siny,)
(wf — wm)

(4.13)
If the point X is a fixed point in the plane A, since d,,x1 = d;,z9 =0
with respect to the frame M, we can define the pole point R (r1,r2) as
follows:

(Mml + am2wm) sin wm - (Um2 - CLml("-’m) cos Yy,
Wm

r =
(4.14)

(Mml + am2wm) COS ¢m + (,Um2 - amlwm) sin wm
Wm,

ro =

If the point X is a fixed point in the plane A, since dyz; = dyzo = 0
with respect to the frame F, we can define the pole point S (s1,s2) as
follows:

(,uf1 — amgwf) Sinef — (,ufg — aflwf) COS 9m
wf

ST =
(4.15)

(up1 — agowys) cosOf + (p2 — apiwy) sin by,
wr

SS9 =

4.1. Canonical System. In this section, we will use the system A :
{O; é1, éz} as a special system with the following restrictions:

i) The origin point O of the frame A coincides with the pole point P,
since A = P.

ii) A : {O;él} axis coincides with the common pole tangent vector
of the pole curves (pm,) and (pg). From the first constraint it follows
that p; = po = 0 is written, then the relations pt,,1 = pp1 and pm2 = 2
are true. From the second constraint the relation 2 = pf2 = 0 can
be written. The differential of the point X with respect to the mov-
ing frame M and the fixed frame F' can be written with the following
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equations:

dXym = (dmxl + (M + Clmem) COS Yy — Q1 Wip SIN Yy, — $2wm) é

+ (dme - (M + amQWm) sin wm + amiwpm, COS wm - xlwm) €2
(4.16)
and

dXy = (dfz1+ (1 — amawm) cosOf — Amiwm sin by — xowp,) €1

+ (dfze — (1 — amowm) SINOF + 1w, cos O — T1wp,) €2
(4.17)
So we can express the condition of fixing the point X in the moving
frame M and in the fixed frame F' as follows:

dmr1 = — (i + amowm) €S Uy + Amiwm, SIN Yy, + Towp,
(4.18)
dmre = (1t + Qmawm) SIN Yy, — Q1w €08 YV + T1Wi,
and
diry = — (@ — amawy) cos 5 + amiwm sin by + zowy
(4.19)
dyzy = (p — amawy) sinOf — amiwm cos O + 1wy
In addition, the following equation can be written as follows:
dgX = [—ama (Wfcosbf + wy, siny,) — am1 (W sin by — wy, cos Py,

—x2 (W — wm)] €1
+ [ama (W sin O + wy, sin ) — am1 (wg cos @ — wy, 0S8 Py,)

+21 (Wr —wm)] €2
(4.20)

4.2. The Curvature of The Trajectory Curves. Let us determine
the curvatures of the trajectories in the fixed plane F' drawn from the
points of the moving plane M. We will use the canonical system. The
points X¢, Xy, and the pole point P located on the instantaneous
trajectory normal belong to the X,,, at every moment ¢. Therefore, the
following vectors have the same direction through the point P as:

PX,, =ximeé1+ rome2

PXf =xir€1 + Tof€2
Therefore, the following relationships apply to the coordinates:

Tim @ To2m = T1f * T2f
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or
TimTaf — T1fTam = 0. (4.21)

If we now take the differential of equation (E=211) and substitute equations
(E1R) and (E19), we obtain the following equation as:

o (—22f COS Yy, + T1m SiN O + 2oy, cOS O — 1SN Yy, )
+ama (T2 W, COS Yy — T1mwsin @y — Tomwy cos O + 1 pwy sin ¢y,
+am1 (T2 W SIN Yy, + Timw s cos 0 — Topmw sin by — 1 pwi, COS Py,
+ (T1mx1f + TomTaf) Wm — ($72n1 + 35%12) wr = 0.
(4.22)
We can use polar coordinates as follows:
Tim = Am COSQ Tom = Am Sin
Ty = Apcosa Tof = Arsina
Therefore, we can express the equation (E222) as
Apsina [(—p 4 amawm) €08 Y, + Q1w SIN Yy,
+Apcosa[(—p + amawy) Siny, — Amiwm €OS Yy
(4.23)

+Amsina [(u — amawy) cos O — amiwy sin fy]

+Am cos o [(pb — amawy) sin @ + apiwy cos ] = 0.

So, using the above equation, we can determine the Euler-Savary formula
as follows:

1 1 1 1 1
_ (*1) + — (*3):| sin o+ |: (*2) 4+ — (*4) coOsoy = — ()\mwf — )\fwm)
Am /\f Am )\f /\f
(4.24)
where
(*1) = (—M =+ amzwm) COS Wy + Gy 1 Wiy, SIN Yy,
(¥2) = (—p + amowy) sin P, — am1wim cos Yn,
(x3) =(p— amQWf) COS 9f — ap1wy sin ¢9f

(x4) = (1 — amowy)sinfy + aywycosby.
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5. CONCLUSION

In this study, we have developed a new approach by using dual quater-
nions to study the pole points and pole trajectories, the triple coordinate
system, the canonical system, and the Euler-Savary equation in planar
kinematics. Thus, we have given a new perspective to planar motion.
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