Available online: May 10, 2019

Commun. Fac. Sci. Univ. Ank. Ser. A1 Math. Stat.
Volume 68, Number 2, Pages 1879-[[894] (2019)

DOI: 10.31801/cfsuasmas.461781

ISSN 1303-5991 E-ISSN 2618-6470

COMMUNICATIONS
http://communications.science.ankara.edu.tr/index.php?series=A1 SERIES A1

THE INVERSE KINEMATICS OF ROLLING CONTACT OF
TIMELIKE CURVES LYING ON TIMELIKE SURFACES

MEHMET AYDINALP, MUSTAFA KAZAZ, AND HASAN HUSEYIN UGURLU

ABSTRACT. Rolling contact between two surfaces plays an important role in
robotics and engineering such as spherical robots, single wheel robots, and
multi-fingered robotic hands to drive a moving surface on a fixed surface.
The rolling contact pairs have one, two, or three degrees of freedom (DOFs)
consisting of angular velocity components. Rolling contact motion can be
divided into two categories: spin-rolling motion and pure-rolling motion. Spin-
rolling motion has three (DOFs), and pure-rolling motion has two (DOFs).
Further, it is well known that the contact kinematics can be divided into
two categories: forward kinematics and inverse kinematics. In this paper, we
investigate the inverse kinematics of spin-rolling motion without sliding of one
timelike surface on another timelike surface in the direction of timelike unit
tangent vectors of their timelike trajectory curves by determining the desired
motion and the coordinates of the contact point on each surface. We get three
nonlinear algebraic equations as inputs by using curvature theory in Lorentzian
geometry. These equations can be reduced as a univariate polynomial of degree
six by applying the Darboux frame method. This polynomial enables us to
obtain rapid and accurate numerical root approximations and to analyze the
rolling rate as an output. Moreover, we obtain another outputs: the rolling
direction and the compensatory spin rate.

1. INTRODUCTION

Rolling contact is used in many areas of robotics and engineering such as spherical
robots, single wheel robots, and multi-fingered robotic hands to drive from one
configuration (position and orientation) to another. In mechanical systems, rolling
contact without sliding engenders a non-integrable kinematic constraints on the
systems velocity which are called non-holonomic constraints. This non-holonomy
calls for the two contact loci have equal arc lengths in a given time interval [11].
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There are two categories of kinematics of the rolling contact. The first is pure-
rolling motion and the second is spin-rolling motion [9]. On the other hand, in
the rolling contact, there are two geometric constraints. The first is that the unit
normal vectors of the two surfaces are made to coincide at the contact point. The
second is that the contact points have the same velocity. To put it another way, the
two contact trajectory curves are tangent to each other and have the same rolling
rate. Thus, a moving surface has spin-rolling motion or pure-rolling motion under
these two geometric constraints. Further, there is another constraint for a surface
to have pure-rolling motion. This constraint is explicitly demonstrated to be that
the two contact trajectories have the same geodesic curvature, that is, the angular
velocity component w3 about the direction of the unit normal vector n is zero at the
contact point. Thus, the contact trajectories are not arbitrary [10]. Pure-rolling
motion has 2 degrees of freedom (DOFs). It has instantaneous rotation axis passes
through the contact point in all cases and this axis is parallel to the common tangent
plane of two surfaces. Spin-rolling motion, which is also called twist-rolling motion,
has 3 degrees of freedom (DOFs) consisting of three angular velocity components:
w1, wy about the axes T and g on the tangent plane, respectively, and w3 about
the common normal axis n at the contact point. Its instantaneous rotation axis can
be in any arbitrary direction which is the characteristic difference from pure-rolling
motion [9].

The contact kinematics is given in two classifications. The first is forward kine-
matics and the second is inverse kinematics. The forward kinematics includes the
problem of using kinematic equations as the inputs of the geometry of the two sur-
faces and the contact locus on each surface to compute the motion of the moving
surface as the output. The inverse kinematics includes the problem of determining
the control parameters that give the moving surface the desired motion as the in-
puts of the geometry of two surfaces and the desired angular velocity of the moving
surface. These inputs are the angular velocity components wy, we and ws [10, 11].
Since the moving surface has three rotational DOFs, three outputs are generally
needed to realize the desired angular velocity. These outputs are rolling direction,
rolling rate and compensatory spin rate that can be used as the inputs to design a
control system for the mechanical system [11].

In traditional approaches, the inverse kinematics of rolling contact formulated
the kinematics in terms of the derivatives of surface parameterization [15, 17, 18,
20, 27]. We need to solve a system of five nonlinear ordinary differential equations.
Moreover, the formulation is restricted to a particular choice of coordinate frame.
When we change the origin or the orientation of the frame, we have to re-establish
the formulation. In proposed approach, we need to solve a system of three nonlinear
ordinary differential equations. This brings with a major advantage of the proposed
approach which is differed from traditional approach. Hence, for hard real-time
systems, the proposed approach is more suitable than the traditional one. In the
form of the system, three contact equations are engendered and these equations are
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simplified to a univariate polynomial of degree six, which is suitable for numerical
root approximations. The polynomial formulation has three advantages. First, the
method of numerical root approximations can be accurately and rapidly computed
using any commercial or open-source software [4, 19]. Second, the spin velocity is
revealed to consist of the induced spin velocity and the compensatory spin velocity.
Third, the three outputs of the inverse kinematics are invariant with respect to a
particular choice of coordinate frame.

Many researchers have extensively studied kinematics of a point contact between
rigid bodies. Neimark and Fufaev [23] were the first to adopt the moving frame
along the lines of curvature to derive the velocity equation of spin-rolling motion.
Cai and Roth [6, 7] investigated instantaneous time-based kinematics of rigid ob-
jects in point contact, both in planar and spatial cases, and focused on two special
motions, including sliding and pure-rolling motion and they aimed to measure the
relative motion at the point of contact. Montana [20] derived the contact equations
by examining the kinematics of the sliding-spin-rolling motion with the help of
the differential geometry of the surfaces and obtained the first order differentiable
kinematic equation from these equations. After, he [21] investigated the motion
planning and control of the multi-fingered robotic hand. Li and Canny [16] used
Montana’s contact equations to investigate the existence of an admissible path be-
tween two configurations in the case of pure rolling and, if it does, then how to find
it. Sarkar et al. [27] extended Montana’s definition but with a different approach
by obtaining the acceleration equations and they demonstrated the obvious depen-
dence on Christoffel symbols and they simplified the derivative of the metric tensor.
Marigo and Bicchi [18] obtained similar equations with Montana’s contact equations
using a different approach that allowed an analysis of admissibility of a pure-rolling
contact. Agrachev and Sachkov [1] solved the controllability problem of a pair of
pure-rolling rigid bodies. Chelouah and Chitour [8] gave two procedures to analyze
the motion-planning problem when one manifold was a plane and the other was a
convex surface. Cui and Dai [9] investigated the forward kinematics of spin-rolling
motion without sliding by applying the Darboux frame method and then Cui [10]
studied the kinematics of sliding-rolling motion of two contact surfaces. Kerr and
Roth [15] studied the kinematics of rolling contact in multi-fingered hands with the
help of differential equations of the first order of the surface parametrizations of
the grasped object and the fingertip. Cui and Dai [11] also investigated the inverse
kinematics of rolling contact by using polynomial formulation when the desired an-
gular velocity and the coordinates of the contact point on each surface were given
in Euclidean 3-space. Then, they obtained admissible rolling motion between two
contact surfaces. Cui et al. [12] studied in-hand forward and inverse kinematics
with rolling contact. They presented a systematic approach to the forward and in-
verse kinematics of in-hand manipulation. In order to show the proposed approach,
they used a two-fingered planar robot hand and a three-fingered spatial robot hand.
For the fundamental concepts of kinematics, see [5, 14, 22, 24].
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This paper is organized as follows:

In Section 2, we give basic concepts in Lorentzian 3-space. In Section 3, we study
the inverse kinematics of rolling contact motion of two timelike surfaces. We aim
to study the relative motion of a timelike moving surface rotating about any axis
through the contact point with the timelike fixed surface in the direction of the
timelike unit tangent vectors of their timelike trajectory curves. Initially, we obtain
three contact equations when the coordinates of the contact point on the fixed
surface, the coordinates of the contact point on the moving surface and the desired
angular velocity are given. Then, we give an example to obtain three contact
nonlinear algebraic equations and simplify them into a univariate polynomial of
degree six by applying the moving-frame method in Lorentzian geometry. Then,
we solve this univariate polynomial formulation of the contact equations by using
a numerical method. In Section 4, we give a conclusion.

2. PRELIMINARIES

In this section, we give a brief summary of basic concepts for the reader who is
not familiar with Lorentzian 3-space [3, 25, 26, 28].
Lorentzian space R} is the real vector space

<a, b> = a1b1 + agbs — asbs

where a = (a1, as,a3), b = (b1, b2,b3) € R3. According to this metric, an arbitrary
vector a = (a1, az,a3) in R can have one of three Lorentzian causal characters:
if (a,a) > 0 or a = 0 then a is called a spacelike vector; if (a,a) < 0 then a is
called a timelike vector; if (a,a) = 0 and a # 0 then « is called a null (lightlike)
vector [25]. We note that a timelike vector is future pointing or past pointing if
the first compound of vector is positive or negative, respectively. The norm of a
vector a € R is given by ||a|| = /| (a, a)|. If the vector a is a spacelike vector,
then ||a||? = (a, a); If the vector a is a timelike vector, then ||a||? = — (a, a) [28].

Let a = (ay,az,a3) and b = (by, ba, b3) be two vectors in R§. Then, Lorentzian
vector product of a and b can be defined by [28]

a x b= (asby — azbs, ar1bs — azbi, a1by — azby)

Definition 1. [3] 26]

(i) Hyperbolic angle: Let a and b be future pointing (or past pointing) timelike
vectors in R3. Then there is a unique real number 6 > 0 such that {(a,b) =
—||al|||b]| cosh @, and this number is called the hyperbolic angle between the
vectors a and b.

(ii) Central angle: Let a and b be spacelike vectors in R and they span a
timelike vector subspace. Then there is a unique real number 6 > 0 such
that (a,b) = ||al|||b]| cosh 8, and this number is called the central angle
between the vectors a and b.
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(iii) Spacelike angle: Let a and b be spacelike vectors in R and they span a
spacelike vector subspace. Then there is a unique real number 8 > 0 such
that | (a, b) | = ||a||||b]| cos @, and this number is called the spacelike angle
between the vectors a and b.

(iv) Lorentzian timelike angle: Let a be a spacelike vector and b be a time-
like vector in R:{’. Then there is a unique real number 0 > 0 such that
| {a,b) | =1|al|||b|| sinh 0, and this number is called the Lorentzian timelike
angle between the vectors a and b.

An arbitrary curve a = a(s) in R} can locally be spacelike, timelike, or null
(lightlike), if all of its velocity vectors a'(s) are spacelike, timelike, or null (lightlike),
respectively. A surface in Lorentzian space R} is called a spacelike, or a timelike
or a lightlike surface if the normal vector of the surface is timelike, or spacelike, or
lightlike vector, respectively [25].

The Lorentzian and hyperbolic unit spheres are given by

St ={a=(ai,a2,a3) ER}: (a,a) =1}
and
H? = {a = (a1,a9,a3) €R? : (a,a) = —1},
respectively. Also, the light cone is given by
A ={a=(a1,a2,a3) €RY}: (a,a) =0} — {(0,0,0)}.

It is easy to show that the hyperbolic unit sphere is a spacelike surface, Lorentzian
unit sphere is a timelike surface and light cone is a lightlike (null) surface [25, 28].

Let S be a timelike surface and « = «(s) be any timelike curve lying on the
surface S. Darboux frame (7, g,n) of « is a solid perpendicular trihedron in R}
associated with each point M € «a, where T is the timelike unit tangent vector to
the curve o, n is the unit spacelike normal vector to the surface S and g = —nx T
(that is, ¢ is tangential to S which is also a spacelike vector) at the point M. We
should note that

Txg=-ngxn=T,nxT=—g,
and
<T’ T> = -1, <gag> =1, <n7n> =1

Then the derivative formulae (the equations of motion) of the Darboux frame (tri-
hedron) is given by

. ST 0 k5 kn T
df = T, df g = kg 0 77_!] g
s s kn 14 0 n

where m is the position vector of the point M that depends on the choice of
the coordinate system. Note that the vector m has three causal characters. The
components of the vector m are obtained from the measurement along the axes
of the coordinate system. In these formulae, kg4, k,, and 7, are called the geodesic
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curvature, the normal curvature and the geodesic torsion, respectively. It is easy
to see that the geodesic curvature kg, the normal curvature k, and the geodesic
torsion 74 of the timelike curve « can be given by

dT dT dg
kg: Evg akn: %an angi %7”

The Darboux instantaneous rotation vector of the Darboux trihedron is defined by
28]
w=T7¢T +kpng—kgn

Then, for a timelike curve a(s) lying on a timelike surface S, we have the following
characterizations [28]: a(s) is
(i) geodesic & k, =0,
(ii) asymptotic < k,, = 0,
(ili) principal < 74 = 0.
Let © = x (u,v) be a parametrization of a timelike surface S. Let o = a(s) be
a timelike curve passing through a point M on the surface = (u,v). Let us denote
a1(s) and as(s) as u =const. (timelike) and v =const. (spacelike) parametric
curves passing through the same point M, respectively. We also assume that the
curves aq (s) and as(s) are perpendicular to each other. We denote the unit tangent
vectors of a, a1 (s) and ap(s) at the point M as T, Ty and Ts, respectively. For the
spacelike unit normal vector n of the timelike surface at the point M, the followings
are satisfied:

Txg=-n,T1 Xxg=—n,Ts X go = —n.

Let ¢ be a hyperbolic angle between T and T;. Assume that (T, g, n) is a Darboux
frame which can be obtained by a rotation angle ¢ from (T, Tz, n) about the
direction of n. Then, the following relations exist:

T = cosh Ty + sinh T,
g = —sinhT] — cosh pT5,
n=n.

Furthermore, if k41 and kg9 are geodesic curvatures, k,; and k,» are normal curva-
tures and 741 and 7,49 are geodesic torsions of the parametric curves o; (timelike)
and s (spacelike), respectively, then we have the curvatures of the timelike curve
« as follows:

k, = knlcosh2g0 + (Tg1 + T42) coshpsinh ¢ — anSinhQ@,
Ty = Tglcosh2<p + (kn1 — kn2) cosh psinh ¢ + ngsinhzga,
kg = kg1 coshp — Egpsinh ¢ — ’fl—f

which are known as generalized Euler’s formula, O. Bonnet formula and Liouville’s
formula, respectively [28].
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3. THE INVERSE KINEMATICS OF ROLLING CONTACT OF TIMELIKE SURFACES
WITH THEIR SPACELIKE TRAJECTORY CURVES

In previous work [2], we studied the forward kinematics of rolling contact motion
without sliding and we presented the relative motion of a timelike moving surface
rolling on a timelike fixed surface with their timelike trajectory curves by applying
the moving-frame method and curvature theory in Lorentzian 3-space. During the
relative motion, the moving surface can rotate about any axis through the contact
point and maintains its timelike character entirely.

In this section, we study the inverse kinematics of rolling contact of a timelike
moving surface rolling on a timelike fixed surface with their timelike trajectory
curves. First, we formulate the solution as contact equations in the form of a system
of three nonlinear algebraic equations. These contact equations, which are given as
the inputs to the inverse kinematics, are the desired angular velocity components
w1, we and ws. Second, we simplify these equations into a univariate polynomial
of degree six. Then, we get the six roots of the polynomial by using the numerical
computation. Lastly, we obtain rolling direction ¢, rolling rate ¢ and compensatory
spin rate w3 as the outputs.

The main contribution of this section is that a univariate polynomial formulation
of inverse kinematics is formed and six roots of the polynomial is obtained by means
of proposed approach rather than traditional approach in Lorentzian 3-space. This
brings with a major advantage of the proposed approach which is differed from
traditional approach. In traditional approach a system of five nonlinear ordinary
differential equations has to be solved and it is difficult to solve the equations
in many cases. But in proposed approach, a system of three nonlinear ordinary
differential equations has to be solved. Hence, for hard real-time systems, the
proposed approach is more suitable than the traditional one.

3.1. The angular velocity in terms of the contact loci. Let x (u,v) and
y (@, D) be parametrizations of a timelike fixed surface S; and a timelike moving
surface S, respectively. T; can be thought as the timelike unit vector along the
timelike coordinate u-curve of S;. Similarly, T} can be thought as the timelike unit
vector along the timelike coordinate @-curve of S5. Since the timelike unit vectors
Ty and T are on the common timelike tangent plane at the contact point of the
timelike surfaces S7 and Ss, i.e., they span the common timelike tangent plane,
then the angle 6 between T) and T has to be a hyperbolic angle. Let (T, g,n)
be a Darboux frame obtained by a rotation angle ¢ from (77, T2, n) about the
direction of n. Suppose the moving surface Sy rolls in the direction of the timelike
vector T. The unit vectors Ty and T span the common timelike tangent plane,
and the angle ¢ between T; and T} is also a hyperbolic angle, see Fig. 1.

Assume a timelike curve f§ lying on the timelike moving surface S passing
through the point M and is parameterized by its arc length 5. Then the normal
curvature k,, geodesic torsion T4 and geodesic curvature I%g of the locus B on the
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F1GURE 1. The timelike surface Sy rolling on the timelike surface
S1 in the direction of timelike unit tangent vector T

surface Sy in the direction of the timelike vector T are given by

k, = I_fnlcosh2<p + (Tg1 + T42) coshpsinh ¢ — Knosinh? ®,
Tg = ?glcosh2<p + (/}nl — 7n2) cosh psinh ¢ + ngsmh ©, (1)

kg = kg1 cosh ¢ — kg sinh p — %2

where k1, kna, Tg1s T2, Egl and Egg are the normal curvatures, geodesic torsions,
and geodesic curvatures of the timelike 4- and spacelike U- parametric curves of
the timelike surface S at the contact point M. Let s denote the arc length of the
contact locus « on the timelike surface S;. Then, the curvatures of the timelike
curve « can be given by

Ep = knicosh®(p + 0) + (741 + T42) cosh(p + ) sinh(¢ + 0) — kesinh®(p + 6),
g = TglcoshQ(go +0) + (kn1 — kn2) cosh(p + ) sinh(p + 6) + 7'92sinh2 (p+0),

kg = kg1 cosh(p + 0) — kga sinh(p + ) — 20
(2)
where kp1, kna, Tg1, Tg2, kg1 and kgo are the normal curvatures, geodesic torsions,
and geodesic curvatures of the timelike u- and spacelike v-parametric curves of the
timelike surface S; at the contact point M. If the contact loci are given, the angular

velocity of the timelike moving surface can be obtained in the authors’s previous
work (Eq. (9) in Ref. [2]) as

w=0(-7,T —k,g+k;n). (3)
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Note that o = % gives the rolling rate and k} = kg — kg, k) = ky — kn, 7} =

T4 — T4 . The spacelike unit vectors g and n, and the timelike unit tangent vector
T can be given in terms of the frame (77, T3, n) in Fig. 1 as

T = cosh(p + 0) Ty + sinh(p + 0) Ta,
g = —sinh(o + 0) Ty — cosh(p + 0) T, (4)
n=n.

Substituting Eq. into Eq. gives the angular velocity w in the frame (T, Ts, n)

as
w = o (—cosh(p + 0)7} + sinh(p + 0)k;;) Ty 5)
+ o (—sinh(¢ + 0)7; + cosh(p + 0)ky;) T + ok;n.

3.2. The contact equations in terms of curvatures. Assume the angular ve-
locity of the timelike moving surface Ss is given in the frame (77, T2, n) as

w=w1 T +wsg + wsn. (6)

The angular velocity in the direction of T defined in the frame (T, T, n) can be
obtained by substituting Eqs.(1) and (2) into Eq.(5). If the components in Eqgs.(5)
and (6) are equated, the three contact equations are obtained as follows:

The first contact equation can be obtained in the direction of T} as

Ajcosh® + Agsinh®p + Agcosh?psinh ¢
W1 =0 (7)

+ Ay cosh gsinh?p + A5 cosh ¢ + Ag sinh ¢
where
Ay =—-Ay = —Tg41coshb + kpisinh@, Ay = —Az = —Tg2sinh @ — ko cosh 6,
As = 741 cosh — k,2sinh @, Ag = 741 sinh 0 — k5 cosh 6.

The second contact equation can be obtained in the direction of T5 as

8
+ By cosh psinh?¢ + Bs cosh ¢ + Bg sinh ¢ ®)

(Blcosh?’(p + Bysinh®p + Bscosh?psinh ¢ )
wo =0
where

By =—-By = —T4 sinh0 + knicoshf, By = —Bs = —Tgacoshf — ko sinh 6,

Bs = —Tgosinh 6 — k1 cosh@, Bg = —74o cosh — k;,; sinh 6.
The third contact equation can be obtained in the direction of n as
w3 = 0 (Cq cosh o + Cy sinh ) + @3 (9)

where

Ci = ];igl — k}gl cosh 6 + k‘gg sinh 0,
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Cy = —Egz — kgl sinh 6 + kgg cosh 0,
&g = df/dt.

In Eq.(9), the first item o (C; cosh ¢ + Cy sinh ) is the spin rate induced by the
difference between the geodesic curvatures of the two timelike surfaces. Therefore,
the last item w3 is the spin rate to compensate for the difference between the desired
spin rate and the induced spin rate. Since Cui and Dai [11] coined &3 "compensatory
spin rate", we also called w3 as "compensatory spin rate" in Lorentzian 3-space.
Thus, the three contact equations are completed.

3.3. Inverse rolling contact in Lorentzian 3-space: a polynomial solution.
In Eqgs.(7)-(9), the coefficients A;, B; and C; are given with regards to the coordinate
curves and the hyperbolic angle 6. It has to be expressed that @ is the intersecting
angle between the two coordinate frames. Therefore, the three coefficients and
the angle 6 are described at a given contact point. When the angular velocity
components w1, wo and ws are given as inputs, the three unknown terms, which
are the rolling direction ¢, the rolling rate o, and the compensatory spin rate @s,
can be obtained as outputs.

The rolling direction ¢ is the first output that can be obtained by dividing
Eq.(7) by Eq.(8). This division eliminates the rolling rate o and gives a hyperbolic
equation with regards to ¢ as

(Alwg — Blwl) COShSQO + (AQWQ — Bzwl) sinh3<p
+ (Aswy — Bsw, ) cosh?psinh ¢ 4 (Aswy — Bywi) cosh psinh?p (10)
+ (Aswae — Bswy) cosh p + (Agws — Bgwy) sinh p = 0.

Let take Eq.(10) as
Pycosh®p + Pysinh®p + Pscosh?psinh ¢
+ Py cosh psinh?¢ 4+ P5 cosh ¢ + Ps sinh ¢ = 0.

Substituting the half-tangent-Lorentzian timelike angle = tanh (¢/2) into Eq.(10)
gives a polynomial of degree six as

(P, + P5) 2% + (2P5 4+ 2P) 2° + (3P, + 4P, — P5) z*

+ (8Py +4P3 — 4Ps) x® + (3P, + 4Py — Ps) 2® + (2P3 + 2Ps) x + P, + P5 = 0.
The solution of the polynomial provides all directions where the timelike moving

surface can roll. If all the roots of solution are complex numbers, the desired motion
cannot be occurred in no sense.
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The rolling rate o is the second output that can be obtained by substituting the
rolling direction ¢ back to either Eq.(7) or Eq.(8) as

These two inputs ¢ and o determine the rotational motion of pure-rolling. The
compensatory spin rate w3 is the third output that can be obtained by substituting
the values of ¢ and o into Eq.(9). These three inputs determine the spin-rolling
motion of the timelike moving surface.

3.4. Example. (A S? Lorentzian Unit Sphere Rolling on a Timelike Cylinder with
radius 2)

Let a timelike moving surface S; be a Lorentzian unit sphere parameterized
as y(u,v) = (cosvcosh,sin v cosh @, sinh 4). Consider that a timelike cylinder is
parameterized as x1(u,v) = (H?ﬂ%, 351#, —u) . Suppose the timelike cylinder is
a fixed surface S; that is formed by rotating around x-axis in negative direction with

the hyperbolic angle arccosh (@) Then, a new parametrization of the cylinder
with radius 3/4 is given by

(1, v) = (1 +34(;osv7 3\/58811111 _ %7 3518111) _ \/5u> (See Fig. 2).
Suppose that the timelike moving surface Ss can rotate about any axis through
the contact point with respect to the timelike fixed surface S;. During the rolling
contact motion, the moving surface with the spacelike unit normal vector maintains
its causal character entirely. The parametric curves o (v = const.) and as (u =
const.) on the cylinder are timelike and spacelike coordinate curves, respectively.
Let the arc lengths of the curves o and as be s; and ss, respectively. The unit
vectors and the curvatures of these coordinate curves on the cylinder are obtained

as
= =i = (05 %).
g1 = smvo,—ic svo,flcosvo)
T _ ?1322 _ dag/ e (—smv, \/5;0811’ conv)’ (11)
-(1-372).
n—”;ziizz”—( cos v, —%slnv %sinv),
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FIGURE 2. A Lorentzian Unit Sphere S? Rolling on a Timelike
Cylinder with radius %

and
koo = (dT1/du ,g:)/ G- =0, ke =—(dT2/dv ,g2)/F* =0,
ki = (dT1/du ,n) /% =0, kg = —(dTs/dv ,n)/%2 = -3, (12)
Tg1 = — (dgl/du,n>/‘f1— =0, Tg2=(dg2/dv,n) %2 =0

where ‘iliul = |<‘2"—ul, d&1>| =1 and ds2 = <‘Z"—j,%> = %. Note that we accept

the unit normal vector n of the cyhnder is outward.

Similarly, the parametric curves 8; (v = const.) and B, (& = const.) on the
Lorentzian unit sphere are timelike and spacelike coordinate curves, respectively.
Let the arc lengths of the curves 5, and S5 be 51 and 52, respectively. The unit
vectors and the curvatures of these coordinate curves on Lorentzian unit sphere are
obtained as

T, = % = %/‘% = (cos 9 sinh 4, sin vy sinh @, cosh @),

g1 = (—sin 9y, cos Ty, 0),

Ty = % = %/‘% = (—sinw, cos v, 0), (13)
g2 = (— cos Usinh 4g, — sin ¥ sinh @, — cosh 1),

n = ng—igZH = (— cos ¥ cosh @, — sin @ cosh @, — sinh @),
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and
k:gl - <dT1/d’LL agl>/d = Oa kg? - - <dT2/dU 792>/d92 = _tanha07
w1 = (dTy/du, n>/‘ffz =—1, kp=—(dTp/dv ,m)y/%2 =—1,
Tg1 = —(dg,/du ,n)/ G =0, Tg=(dgy/dv,n)/G2 =0
(14)
where % = ,/’<%, %>‘ =1 and % = 1/<d£)2, d£}2> = cosh @g. Note that we
accept the unit normal vector nn of the Lorentzian unit sphere is inward.
Substituting the curvatures in Eqs.(12) and (14) into Egs.(2) and (1), respec-

tively, yields
4 4
kn = gsinh2(g0 +6), T,= 3 cosh(p + 6)sinh(p +0), kg = —W

and p
kn=—1, T4=0, l_s = tanh @sinh ¢ — e

g5
Since k; = l_ﬂg — kg, Ky =kp—kyn, T, =7T4— T4, then the induced curvatures are
obtained as

k) = —1 - fsmh2(gp +0),
Ty = —% cosh(p +0) smh(ap +6), (15)
ky = tanhusmh %) +

By substituting the induced curvatures into (5) g‘ives three contact equations as

wy = osinh(p + 0)/3,
wg = —o cosh(p + 6), (16)
w3 = o (tanh @ sinh ) + 3.

Eliminating the rolling rate ¢ from the first two parts of (16) gives the following
equation:

Py cosh(p + 0) + Posinh(p+60) =0 (17)
where P, = —3w;, P> = —ws. Since the closed-form solution cannot be obtained,
Eq.(17) can be solved by using a numerical method. Putting the half-tangent
hyperbolic angle x = tanh ((¢ + 0)/2) into Eq.(17) gives the polynomial of degree
six as

(P)a®+ (2P)2° + ( —P)a* + ( —4Py) 2® + ( —P1)2* + (2P) x + P, = 0. (18)

Suppose that the coordinates of the contact point M on the cylinder are (v = —2
and v = —), and the coordinates of the contact point M on the Lorentzian unit
sphere are (z = 1 and ¥ = 7/6). Also, let the desired angular velocity be

Wdesired = 1T1 — 6T3 + 1n.

By putting these parameters into Eq.(17) yields P; = —3 and P, = 6. From (18),
we get
28 —da® — a4 823 — 2 —4x4+1=0.
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FIGURE 3. The angular velocity components with respect to = = tanh ((¢ + 6) /2)

Then, the numerical approximations of the roots of the polynomial gives
x1 = 0.26795, x5 =3.73205, x3=x4=1, x5 =z = —1.

Since all the roots are real roots, they give the potential rolling directions. Substi-
tuting the first real root 1 and second real root zo into the first part of Eq.(16)
gives the values of the rolling rate o as 5.19615 and —5.19615, respectively. When
substituting the last four roots into (16) one by one, the rolling rates become zero.
Since the rolling rate can only be positive physically, the non-positive solutions are
neglected. When the coordinates (u = —2 and v = —7) and (2 = 1 and © = 7/6)
are taken into account, the hyperbolic angle § between the timelike vectors T’y and
T, in (11) and (13) is computed as

0 = arccosh (<T1,T1>) = 0.89837.
In this case, the rolling direction ¢ is obtained as
¢ = 2arctanh(z,) — 6 = —0.34906.

When substituting ws = 1, the rolling direction ¢ = —0.34906 and rolling rate
o = 5.19615 into the third term of Eq.(16) gives the compensatory spin rate as &3 =
2.40958. Then, the first part of the third term in Eq.(16) gives the induced spin
rate and the value of this part is obtained as o (tanh @sinh ¢) = —1.40958. Thus,
the inverse kinematics of a Lorentzian unit sphere rolling on a timelike cylinder
with radius 3/4 is completed. Since the compensatory spin rate is 2.40958, then
the value of the desired angular velocity components can be easily seen when the
value of = x1 is given as 0.26795 (See Fig. 3).
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4. CONCLUSION

In this paper, we aim to investigate the inverse kinematics of rolling contact

motion without sliding of one timelike surface on another timelike surface along
their timelike trajectory curves by applying curvature theory and the moving-frame
method from Lorentzian geometry. When the desired angular velocity and the co-
ordinates of the contact point of the timelike surfaces are given, we present a poly-
nomial formulation by using three nonlinear algebraic equations via the proposed
approach. Then, the solution of the polynomial gives six roots enabling us to an-
alyze the rolling rate. Moreover, we engender two fundamental parts of the spin
velocity in Lorentzian 3-space: the induced spin velocity and the compensatory
spin velocity.
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