Evaluation of roller arrangement of sphere by omnidirectional integral value
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Abstract

Roller arrangement problem is a sphere conveyance problem of driving rollers. In this research,
the roller arrangement problem, viewed as an evaluation function, is thought of as mean of roller
kinetic energy with respect to the sphere direction. Furthermore, theoretically, we derive the
function, and find the contact point such that the evaluated value is minimal.

Keywords: Omnidirectional movement, Angular velocity vector of the sphere, Kinetic energy of the sphere

1. Introduction

A sphere, one of the basic shapes of robots, is used
not only as a multi-fingered fingertip mechanism for
hand robots but also as an actuator transmission
mechanism for omnidirectional movement and drive
in mobile robots. Spheres are also used as driving
rollers for omnidirectional movement mechanisms,
and there are various arrangements, depending on the
application of the movement mechanism.

Figure 1 shows the roller contact type for the
number of actuators(N,,) per sphere.

Examples of mechanisms driven by two rollers
include a power transmission mechanism by Wada et
al. [1] (see Figure 1(a)), a mobile device using
Miyamoto's ball [2] (see Figure 1(b)), and. The
abovementioned mechanisms can be used for the
roller of a wheelchair. In the roller arrangement, a
roller fixed in advance is performed on the equator
parallel to the horizontal plane, and the sphere can be
rotated in two degrees of freedom by generating an
angular velocity vector on the plane by Kimura [3].

The ball holding mechanism [4] (see Figure 1(c)) is
intended to transport the ball, and the roller is placed
in the upper hemisphere to hold the ball by friction.

Here, roller arrangement problem is considered a
sphere conveyance problem by driving rollers.

(a) N,y = 2,Equator (b) Ny, = 2,Equator

(c) N, = 2, Upper Hemisphere

Figure 1 Type of roller arrangement for sphere mobile robot
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In this research, in the case of omnidirectional
movement, we define an evaluation function as mean
of roller’s kinetic energy with respect to sphere
direction angle, and we also derive the exact formula.
Furthermore, theoretically, we find the contact point
such that the evaluated value (mean of roller’s kinetic
energy) is minimal. Additionally, we perform
simulation and present energy distribution of several
contact points on a sphere.

2. Derivation of theoretical evaluation function

In this chapter, we calculate the omnidirectional
energy integral of the driving rollers.

As shown in Figure 2, The center O of a sphere with
radius 7 is fixed as the origin of the coordinate system
X — xyz. The i*™ constraint roller (i = 1 or 2) is in point

contact with the sphere at a position vector P; (P # P).

w denotes the angular velocity vector of the sphere.
Because of 4, 17, € span{Pq, P,} (omnidirectional
condition), @ is on span{ P, P, }. sphere direction ¢
(0° < ¢ < 360°) is the angle from x-axis and p is the
angle from xy-plane to w . Now, given the sphere
mobile velocity V (the center velocity of sphere).

2.1 Kinetic energy of the roller

Consider two rollers (right cylinder) with radius R, mass

M, moment of inertia I, and roller’s angular velocity w; .

The total kinetic energy of the rollers is given by Eq. (1).
E = (0} + w}) (€

M 2 2
=5 (o x PyI" + [l x P,

2.2 Mean of kinetic energy of rollers

To evaluate the value for roller arrangement, we
define the follows expressions. Eq. (2) presents the
mean of kinetic energy by integrating the total kinetic
energy of the rollers with respect to the direction ¢

(0° < @ < 360°).
1 21
Ev = o . Ede @
(i) Case of arbitrary arrangement
Quoting Equation (12) of Paper [5] (Kimura) as
follows:

llw % PyI* + [l X Py|? ®)

= (lles x P1||*> + |le3 X P,||*) w7
+ 20 X Py,e3 X Py)+ (@ X Py,e3 X P)w,

+[lo X P11 + [l@ % P2

11, N2 € span{P4, P,} & omnidirectional condition
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Figure 2 The sphere rotational motion by driving rollers
at P i-

where

P; =r[cosf;; cos8;,,sinb;, cos ;,,sin HL-,Z]T 4
e;=100,01]", @ = [wx,wy,O]T, w, = ||V||tanp /T

USIng Pi:[Pi,x'Pi,y'Pi,Z ]T s 63><Pi . (bel are
represented as follow.

®)

esx Py =[P, P 0]

(6)

@ X Py =[wyP,,, wxP,y, wePiy — wyPy |
Using Eags. (5), |le3 x P;||? is calculated in teams of
P;=[P;,Piy,Pi, ]T-

lles x Pyll* + lles x P,||? 0]

=P, +P’,+ P} +P;, =2r* =P, — P},
Using Egs. (5) and Eqgs. (6),

(X Py,e3 X Py)+{w X Py, ez X P,) (8)

14| .
== T{(Pl,xpl,y + P2,xp2,z) sin @

+(P1,yP1,z + Pz,ypz,z) cos ¢}
Using Egs. (6),

, , v
llo X Py[|? + lld> x P, ||* =

(P, + P;,

r2

+(PZ, + P7,) sin® +(P{y + P7,) cos® ¢

+2(Pyx Py + Py Py ))sing cos @} (9)
Thus. By substituting Eqgs. (7), Egs. (8) and Egs. (9) for
Egs. (3), It can be represented in teams of P;,,
Py, P,

Ly
Here, using expressions,
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1 2T 2T 1
—J- sin? ¢ do =J- cos?pdp ==
2m ), 0 2 ,
(10) 0, 5&!"'
1 21 405
o | sinpcospdp =0
Integral of Eqgs. (8) and Eqgs. (9) by ¢(0° < ¢ < 360°)
will be calculated as follow.

21
(@ x Py, e3 X Py)
0

BTN

(11)
+ (X Py,e3 X P,))w,dg Figure 3 The distribution of contact points on the upper
4 1 hemisphere. (a) Isometric view. (b) Right overhead view.

12 Py Py, —P; 4P
Lxt2y TlyT2x Table 1 The distribution of energy function E;(6,,6,) in

(Pl,xpl,z + PZ,xPZ,z)( Pl,yPZ,z - P2,yP1,z) + the upper hemisphere.

80° | 32.19 | 29.40 | 25.12 | 1987 | 1429 | 9.04 | 476 | 1.97
Py,Py, + Py Py )(Py Py — Py P
(PryPrz + PoyPsz) (ProPoyx = PrxPz )} 70° 832 | 767 | 666 | 543 | 412 | 289 | 1.88 | 1.23

60° 3.91 3.65 3.25 2.76 224 1.75 | 1.35 | 1.09

2m
. . 50° | 238 | 225 | 207 | 183 | 159 | 136 | 1.17 | 1.04
l@ % Py|I* + |ld x P,||* dop (12)
0 40° | 168 | 162 | 153 | 141 | 129 | 1.8 | 1.08 | 1.02
) 30° | 132 129 | 125 | 120 | 114 | 1.08 | 1.04 | 1.01
_ v 2 2 2 2 2 2 o
=5 (2P{, + 2P;, + P{,*+Piy + Py, +P3,) 20 113 | 112 ] 110 | 108 | 1.05| 1.03 | 1.02 | 1.00

10° 1.03 1.03 1.02 1.02 1.01 1.01 | 1.00 | 1.00

||V||2 0° 1 1 1 1 1 1 1 1

— nn 2 2 2
=n— (21" + P, + P;,) 6, 6, | 10° | 20° | 30° | 40° | 50° | 60° | 70° | 80°

By substituting Eqgs. (3),(7), (11) and (12) into Eq. (1),

ii) Case of symmetry arrangement
E), can be represented as (i) y y g

Especially, in case of symmetry arrangement (P, =

4r? 2rt—p¢, - P3, .
1\/[||V||2 EM = P, P LP PZ' 2 {(Pl,yPZ,Z - P2,yP1,z)2 _PZ,x' Pl,y = P2,y' Pl,z = P2,z )r usmg (Glr 92) =
(PuxPoy = PryPas) (011,612), (021,622). Eq. (13) is represented as
(P p b P )2} ( follow.
+(P1z 2x ~ T1xt2z + 2 2 2 2
282, bz, _ % 2P2,(r2 — PZ,
PyxPry — P yPsx E, (6., 6,) = J}lrzll (2r2 - 2P2, + i, (;2 1 )}
Ly
PPy + Py Py )(PryPoy — Py Py y) + (PP, +
( 1,x41,z 2,x 2,2)( 1,y42,z 2,y 1,2) ( 1,yt1,z _ M”V”Z (1 _ C052 91 COSZ 92)
PayPs2)(Py Py — PryPpz)} + 2r? + P12,Z+P22,z (13) 2 sin? 6, (15)
By theoretical calculation, we get the following (0°< 8; <90° 0° < 8, <90°)
properties. By theoretical calculation, we prove the following fact.
[Property 1]: Optimality of the evaluated value [Property 2]: Monotonicity of £y, (6,,6,).
Ti (91'2’92'2) = (0,0) (P, and P, are on the equator), (|) When 6, mcreases, Ey(64,6,) also d.ecrease.
E,y takes the minimal value M|[V'||2/2. (ii) When 0, increases, Ey; (64, 6,) also increase.
Method of proof is follow. Using inequality 3. simulation of Evaluation value on sphere
(x% +y?)(2r? —x? —y?) This section presents the simulation results E,(6,, 6,)
2 X (Eq.(15)), with 0° <6, < 90°, 0° <6, < 90°,
2 (px+ay)*+ (gx + fy)° (14) VIl =1 [m/s], M =2, and 7 = 1.
, AM-GM inequality and Cauchy-Schwarz inequality, Figure 3 shows the contact points on the upper
[Propertyl] is proved. hemisphere. Table 1 shows the distribution of E,(6,, 6,)
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at the contact points on the upper hemisphere in steps of
6, (0° < 6; <90°) and 8, (0° < 6, < 90°).

As shown in Table 1, the value increases from the
lower left of the table to the right and upward
correspondingly  [Property2]. E,(64,6,) diverges
infinitely as it approaches (6,,6,) = (90°,0°). In
particular, when 6, =0, Ey,(6,,6,) is constant
regardless of the contact position.

As shown in [1] and [2], when two constraint
rollers are placed on the equator, the evaluation value
is constant regardless of the angle of the two position
vectors (see [Property 17).

In the ball holding mechanism (evaluation of the
placement of the world team) [4], the roller
arrangement is on the upper hemisphere for ball
transportation, but it is less-energy efficient than on
the equator. Since the ball is not fixed by a pole caster,
it is required to be placed on the upper hemisphere.

4. Conclusion

In this research, we defined an evaluation function
as mean of roller’s kinetic energy with respect to
sphere direction angle and derived the exact formula.
Furthermore, theoretically, we proved that points on
equator are minimal.

Future issues include consideration of motion related to
variable mechanisms with offset.
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