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Fig. 1 Conventional mobile robot platforms:
(a) Starship robot (Starship technologies) (b) Ava telepresence (AVA robotics) (¢) CLOi
servebot (LG Electronics)

(b)

Fig. 2 Examples of robots using the wheel-link mechanism [1-2]:
(a) CRAB I (b) Mars 2020 rover

le platform STEP
] ! ~ Main Body

(®)
Fig. 3 Examples of robots using transformable wheel mechanism [3-4]:
(a) TurboQuad (b)STEP
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(a) (b)
Fig. 4 The 2-DOF transformable wheel assuming rolling contact [5]:
(a) circular shape (b) transform shape

r=1527mm
6= 351"
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Fig. 5 The 2-DOF wheel shapes determined by the widths (.S) and heights ( H ) of the
obstacle

wheel motor
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Fig. 6 Wheel mechanism of the STEP platform [4]:
(a) size of motor box (b) front view of the motor box
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(a) (b) ©)
Fig. 7 The concept and sign of initial contact angle and climbing situation when the initial
contact angle is (a) negative (b) 0 °(c) positive, respectively

whee[-foot

(a) (b)
Fig. 8 Adaptive transformable wheel:

(a) design parameters in the initial state (7,6, ) and climbing state (7,,6,) (b) example of
overcoming different obstacle (S’, H') with the same shape (7,,6,) by changing the initial

contact angle (@)
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13 2 M E g

e



-
=y
(=]

| 3 polynomial
- s
2 |T
S 120;
[n'
60 : - - -
0 20 40 60 80
Phi (deg)
(a)
60
5th polynomial 0¢
¥ 30} ¢=Nh)
=
: o
= 07
30 : - - -
0 20 40 60 80
Phi (deg)
(b)
60 r
(s, €5)
o0
Ry £
:.3
2 0
P
30 - - -
120 140 160 180
Radius (mm)
(©)

Fig. 11 Correlation between two functions with different degrees using parameter ¢ :
(a) cubic polynomial function, r = g(¢) (b) quantic polynomial function, 8 ="h(p) (c)

1-DOF mechanism profile f(r) formed by parameterization

14 2 M E g



3.71F-395 4

3.1 A7)78 7luke] A A4

A

AZ e

=
=1

1-2A5% #HAY

s

a7

A=27)

=259

Plo
ol

R
e
70
N

ﬁo
R

~
o)

=
WH

I Fig. 129} #°] MATLAB

b 98

5]

37}

W ukF e 3 F4 CoR

=
T

Al kel

%EAU% b

2=
T

3k
=

=

o

o
oH

—

ol

(Center of Rotation) =

1.
of

3.2 Ay w9 71++-F

s

Selo]t Alg e o]

_
o

X
_voﬁl

V2]

— &

e

)

s

o -
-

Fig. 13

A5

T
AO

—_—

0
X

ofi

14 o wep

33

& vge] WA

A

O=A 71948 71REe] A& o]

ol
X
3

Tor

Nr

ol

ze

Jo

ol

15



o

el

1

Table

WA Fig. 139

3} 2k,

©
i=]

—

;OU

.60
=0

X,y

SER

Free Body Diagram) el

(FBD,

A A =

(4) <}

Shtt. I A

G)~10)= A= =

Al
S

Ry
o

7 RuE

T
0

ﬁo

2

=

e A (8.2) 8 A (10.2) 2

S

2A 7

ol AArel v}

=)
2zl

3]
=

1 67)e] mAgE o)Fold 4 67)%

0.1% 7Hgst tisls

=
H =

SEEE

olef, 7] g}

ot

ﬁo

ﬁo

T,

S

m, | 2x{(r, 120 +(; 127} & m xD’ /12 2% 7}

Fal [6x6] W H 2] <]

S

A9

=
=

2 QD" FE3}

Folz 9s

]

I

= AA

of wafl f4A A 674

[e)
!

KX
=

o

g

o3
=&

o

!

W
o
"
vy

16



knOWn; Pw = :ureq.wNw ) })t = :ureq.tNt ’ th = Mtw (4)

Y F=ma,; P+F, =ma,, (5)
ZF =m.a, ; N, "‘qu— Wy, tm.g (6)
XM, =la; M, =N,(x-x)+P»-»)=1a, (7)
2F=ma; -B-F, =ma, (8.1)

Mg, N, =, =mia, (8.2)
ZF} =ma, ; N, -F, =ma, +mg (9)
DM, =la,; -M,, += ( F, sinf3—F, cosf—Psinf—N,cosf) (10.1)

=la

"t

—Mm,+%( .sinf—F, cosf—u, N, sinfi—N,cosf3) (10.2)

= Itat
0 1 0 0 0| r N, -
1 0 0 1 0 p
—(x—=x) ¥ - 0 0 ! ]\‘;
0 0 _fureq,t _1 0 0 F t
0 0 1 0 = S I
leﬂy
L . L . L
0 0 _E(ﬂ’e‘“ sin £ +cos f3) Esmﬁ —Ecosﬂ -1 |[M,, |
‘m, 0 0 0 0 O] a, |
0 m, 0 0 0 Ofa,,+g| (11)
o 0 7, 0 0 0] a
10 0 0 m 0 0| a.
0 0 0 0 m Oja,+tg
00 0 0 0 L a |

17 . H 2- T ¢



Table 1 Nomenclature

m, vk o] A7

m, A A o] A=

N, vk o] 3y

N, A A ] A

M, vkl o] F A S
4, AA Y] F vt A
B, uhe o] mha e

B A A g o] mpEE

E, vk S A F A elA 9] 3
£, AAY EH-elA 2] 3
M, v o] do

M, A AL EA

I, v o] A RWE

], A BYEHE
a, S g S

a, R = I S g

L A A ] Aol

B AA g} A o] o] F= Ze
g ===

18

Al-S

A H cﬂr Tu



Table 2 Specifications of transformable wheel robot for motion analysis

Parts Parameters Values
m, 16kg
Wheel
I, 53000kg - mm’
m, 2kg
I, 60000kg - mm”
Tail
L 600mm
M, 0.1

19
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Fig. 12 Motion simulation based on kinematic of 1-DOF transformable wheel for step-

overcoming
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Fig. 13 Kineto-static analysis model of transformable wheel and FBD
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Table 3 Parameters for NSGA-II algorithm

Parameters Values

Population size, N, 100

Number of iterations 100

Crossover probability, P, 0.8

Mutation probability, P, 1/ n (number of decision variables)
Crossover index, n, 5

Mutation index, n, 10
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Fig. 14 Pareto-optimal solution method for multi-objective optimization using NSGA-II
algorithm and non-dominated sorting condition
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Table 4 Performance index results for three cases, P/, : driving stability, PI, : ability

for step-overcoming

Pl (m/s”) PI,,

Case(1) 7.48 0.57

Case(2) 11.17 0.39

Case(3) 12.93 0.35
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Fig. 16 NSGA-II optimization result and pareto-front solution
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ABSTRACT
Optimal Design of 1-DOF Transformable Wheel

Robot Trajectory for Step-overcoming

Jeong Won Shim
Department of Mechanical Engineering

The Graduate School

Seoul National University

A transformable wheel is a mobile robot platform climbing up or down step
obstacles of various heights. The tri-segmented transformable wheel changes its
effective radius and tilting angle for stable locomotion with high energy efficiency.
Compared with a two-degree-of-freedom (2-DOF) wheel mechanism, a 1-DOF
wheel mechanism has critical advantages in cost, weight, and actuator control. This
study presents a multi-objective optimization of a 1-DOF transformable wheel
mechanism for highly adaptive locomotion. However, if a 1-DOF mechanism
driven by a single actuator is designed for a step obstacle of a specific geometry, it
cannot be used directly for other obstacles of different widths and heights because
it does not have sufficient DOFs to be used for the others. To resolve this critical
issue, we propose employing an initial contact angle between the wheel-foot and a
step as a new design variable. We show that this idea enables us to establish a one-
to-one mapping between configurations of the wheel shapes and the target
obstacles. However, the 1-DOF mechanism cannot represent all desirable wheel
transformations because of its radius and angle correlation. Therefore, its
locomotion trajectory must be planned elaborately. To find the optimal trajectory,
we carried out a motion simulation based on kinematics and calculated its
acceleration and required friction coefficient by kineto-static analysis. More
importantly, we employed a non-dominated sorting genetic algorithm-II to identify
a Pareto-optimal front and examined the trade-off between performance indices.
Finally, we successfully established the optimal profiles of 1-DOF transformable

wheel mechanisms utilizing the Pareto-optimal front. : :
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Keywords : Transformable wheel, Kinematics, Obstacle overcoming, Performance
index, Multi-objective optimization, Trajectory optimization
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