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According to USGS, we suffer from the earthquake of the scale of magni-
tude 3 to more, average 5,110 times for a year in Japan. It is the same as
that of the earthquake has occurred about 14 times for a day. The biggest
earthquake is the Tohoku earthquake occurred in May, 2011 in Japan. Its
scale of magnitude was 9.0. This is a scale of the fourth largest earthquakes
in the world since 2004. The earthquake caused the damage such as seismic
sea wave, liquefaction phenomenon and building collapse. The number of
the dead and missing person has gone up to about 20,000 people in total.
So the establishment of disaster prevention and the life rescue system to
such a city type disaster are very aspired.

With recent advances in electronics and communication technologies,
there has been increasing interest in wireless sensor networks in a vari-
ety of applications such as environmental or habitat monitoring. One of
the most important issues that can be raised in such applications is how to
cover an area as large as possible while maintaining network connectivity.
Since sensor nodes can be scattered in an area from an aircraft, their self-
relocation strategies must accompany initial node distribution to enhance
network connectivity and area coverage. Regarding the self-relocation is-
sue, most researches done to date have focused on developing scalable
distributed algorithms for computing target locations, but the nodes were
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unrealistically assumed to have unlimited energy resources. In practice,
energy consumption caused by node movement accounts for a significant
portion of battery lifetime. Considering such practical limitations, in this
work, we attempt to propose a new omni-direction mobility design that
can minimize node energy consumption.

Recently, node mobility has been gaining increasing attention. To ex-
tend the lifetime of a heterogeneous mobile sensor network, a mobile relay
strategy is proposed, enabling mobile sensors to help relieve static sensors
with burden by high network traffic. To minimize energy consumption
for surveillance and data transmission, a minimal energy path planning
method is presented. Meanwhile, various prototypes have been developed
for mobile sensor networks such as omni-ball, evacuation robot, jumping
robot and so on. Specifically, there exist some notable leaping mechanisms
inspired by spring-tail, locust, or flea to move at a low energetic cost and
jump relatively large obstacles. In spite of impressive leaping performance,
their complicated structure and bulky size are difficult to be used for tiny
wireless sensor nodes.

The main purpose of this work is to present our design of a new in-
stantaneous mobility mechanism well suited for tiny wireless sensor nodes.
Toward enhancing coverage and connectivity from initial random distri-
butions of sensor nodes, we propose a novel one-time-use spring-powered
leaping mechanism that utilizes the ground reaction force generated when
selectively releasing multiple actuators mounted underneath individual sen-
sor nodes. One significant advantage is to minimize the amount of energy
required for relocation and deployment by the proposed robotic leaper. It
is the most important aspect from a practical point of view is how to con-
trol the leaping distance and direction in order to improve the capability
of fixed sensor networks.

This paper presents the design, performance analysis, and preliminary
implementation of a one-time-use leaping mechanism for energy-saving sen-
sor node relocation, resulting in larger coverage and higher connectivity
in wireless sensor networks. It is known to be challenging and difficult
to achieve controllable mobility management for energy-constrained sen-
sor nodes that ensures an autonomous, robust, and dependable relocation
even in adverse environmental conditions. It is important to develop a



simple yet efficient omni-directional mobility system with the minimum
amount of energy required. We propose a new leaping actuating system
that utilizes the ground reaction force generated when releasing selectively
multiple pre-compressed springs mounted underneath the sensor node. In
this paper, we investigate through simulations and experiments the tech-
nical features of our working prototype whose distance and direction are
finitely controllable.
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(2)1/3 Model Rover (b) Kinematics of
PEGASUS to climb a step
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O 2.7: Snake-like Robot

13



030 ool

gbouogbobodbooobuoobbuooooboobbboooboboobood
goooboobbbbobbooobbbbbboboodddooooooooooon
gobbobobobobobooboboboboobobbbobbobooboooouoouououoooooooon
gboogobuodgbbodbooobuoougbbooboobobuoobboobobo
gbobudgbbodgboobobuodobbooboboobboobbooboooboon
gbogbobgogoboogbobuoobbuoobbuoobboobbooboboooon
gbboboodgbbboodgbbouodobboooobboooobbooa,uad
gobobooogbbobuogogbobuoooobooboooa.

3.1 OOO0OO

3.1.1 0U0oooggdg

oo buoooobboooobbbouoo 31bn
gooddooooobobbooo

M. KovacO [16]007¢g0 14m 00000000000 O7YEPFL jumper” (O 3.1(a))
goooobobbooobbbbbtboddooouboooooonbboboboogo
godtobboggguobboboobbooboboobbooodoooobooouoa
g4 ododdddddddddydyuuUuu o
guooooo

J.ZhaoO 1700000000000 O00OO00OOOOOOOYMSU robot 2”7(0 3.1(b))
godttobbboguoooooooooobooooooobbboboobbboooooua
goddooooobobbbbooooooouoooboooobon

U. Scarfogliero 0 [18) 0 000000000000 0000 007 Grillo’ (D 3.1(c)) O
gofddoobdoddooooooobboooddoogobbboboobb 20000d
gooodbboobobuobboobbobbooobbo20bboo4bbooboOoO
godddobooooogoooobobbbbbuoooooooooooo

Y. Sugiyvama 0 [19]000000000000000O0OOOOOOOOOOOOOO
O00000000000KOHARO”(O 3.1(d)) 0000000000 O0OooooooO
00000 (SMA)DOODODDOOO0DO0O0O0O00000OSMAOOOOOOOOOODOoOOO
O00000D00OO8OO SMAOODODODODDODOODOOOODOoOooOoooDooooooo

14



(a) EPFL jumper

(d) KOHARO (f) Mini-Whegs (f) Microbot

0 3.1: Miniature jumping robots
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U 32 0000000000ao

Name mass [g] | size [cm] | jump jump jump jump
! height distance | height height
[cm] [cm] per mass | per size
em/g] |
EPFL jumper [16] | 7 5 138 79 19.77 27.6
MSU robot 2 [17] | 20 6.5 Hh) 50 2.75 8.46
Grillo [18] 8 5 5 20 1.25 2
KOHARO [19] 5 9 20 5 4.02 2.23
Mini-Whegs [20] 190 10.4 22 22 0.12 2.25
Microbot [21] 11 46 38 0 3.45 0.83
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camera

battery

(c) PAW robot (d) Justice

0 3.2: Multiple drive jumping robots
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K. Kikuchid [25| 0000020 00000000000000007Justice”(0 3.2(d))
0000000000000000004000000000000000000000
0000200000000000000000020000000000400000
0000000000000000000000000000000000000000
0000000000000000000000000400000000000000
0000000000000000000000000000000000000000
0000000000000000000000000
03300000000000000000

4000000000 10007’0000070700000700000000000000
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Name mass [kg| | size jump | jump height | jump height
[cm] height | per mass | per size [-]
(O00) | [em] [cm/kg]

Leg-in-Rotor [22] | 2.3 23 80 34.7 3.47

AirHopper [23] 34.6 60 85 2.45 1.41

PAW robot [24] 20.9 21.2 ) 0.24 0.23

Justice [25] 2.7 35 20 7.40 0.57
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3.3 0o

3.3.1 00000

0000000003300000000000000000000QC0OCOO [26]. O
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holder

projectile

(a) solid model (b) projectile details

0 3.3: A mobile sensor node equipped with projectiles

(a) bird’s-eye view (b) top view

0 3.4: Details of the projectile

340000000000 b0bDO00bOobOo0bobo0bobbo0 00000
O0xyO000D00O00O00OD0OO 10:0k000:0D00000 s,0000z000000
O0b0deidb00Op. 0000 0ODLOO0OD s;,0000D00O0p 00000 p.0O p;0O
DDDZ;DDDDD 3.4(b)DDDDl;DDDDDD 00000 A0ODOODOODDOO
O00000000000000Kk0D000ODOOO0O0 MO 2r/kO000O0

20



> N |

(a) ~ (b)

1z

compressed - 7 :
e -y fi,xy 5

released b

O 3.5: The Force exerted by spring release ((a) released spring s;, (b) definition of the
force f;)

O 3.6: Ilustration of the resultant force F' exerted on the sensor node by n springs ((a)
vertical force F, (b) horizontal force F,)

3.3.2 UOOO0O0

0350000000000000000000035b) 0000000000000
0p,000 ;0000000000000 :000000 f,.0:000000 f,0y0
00000 f,0000000000 i3, 00000 f;00 fis ig + fiy iy + fie iz O
0001000000000000000000 (3.1)0000

fix = fi sing cosb;

fiy = i sing sinb; (3.1)
fi. = fi cos¢
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0360000000-,000000000000000000000000 F,,F,,F.
00 (32)0000000

F, =Yk | sgn(i)f; sing cosb;
F, =% sen(i)f; sing sind; (3.2)
F. =YL, sgn(i)fi. = nf; coso

O00Osgn(z) 00000000000

, 1 (if s; is released)
sgn(i) = .
0 (otherwise)
0000000000000000wvw=Ft,/mO0 000000000000 ¢t,000
Oo0000000ooOo0U0oooooooooOOoU0OoUoooD 340000

(3.3)

UV, = “m gts = nfinzosqﬁts - gts
(3.4)

_ Fayts _
/vay - m -

sind)Zf:l sgn(i)fit
m s

el

a0

O 3.7: Trajectory of the sensor node through the leaping mechanism

O37o0bdboboooooobobboooboboboooobobo s, obobobg
O000000000000000000000000000¢t, 000000000 (ds,hs)
000000000 O0OOOOO 000000 (34 000000o0g

vy = V2, + V2

oy = tan ()

(3.5)
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034 00000000000

parameters value unit
dimension of sensor node | 50 x 50 x 117 | mm?
weight 280 g
weight of one spring 1.25 g
width of spring 11.25 mm
natural length 29.5 mm
compressed length 10.8 mm
maximum load 85.42 N
spring constant 4.51 N/mm
coefficient of friction 0.5 -

00000000 280000000 2(:=0)0000000 z(v=0000 (3.6)
0ooo

(2 =0)=ds + ui sin2a. S;nms

Zt(’U = 0) = hs —+ AUE‘ 522120‘3

3.3.3 UUOoooooo

000000000000000000008000000000000000000
000000000000000 ReewrDyn00O0O00000O00 (3000000000
00000 340000

038000000000000000000000010080000000000
0000000000000000000390000000000000000000
000000000000000500000000069%6mmO0000000

0000000000000 0000000000000000 500000000
0000000000000000000000000003.100500000000
0000000000000 00000000000000000000000000
00000000000000000 3.10000000000000000 31100
000311000000003.10)0 (b)000D0000000000000000
650mmO000000000000000000000000000000000000
0000000000000000000000000000 312000000000
000000000 00000000000 3.12000000000000 f000
00041f,1f,1.85f,241f,261f050000000000000
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O 3.8: Snapshots of sensor node leaping
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O 3.9: Leaping height and distance according to the number of released springs
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@ :rcleased O : compressed

y

O 3.10: Different resultant forces according to the releasing patterns ((a) Fy,=-2.41f,
(b) Fuy=-0.41)

600 T T T T T

500

400

height (mm)

O | [ | | |
0 200 400 600 800 1000 1200

distance (mm)

[0 3.11: Distance control according to the releasing patterns of five springs in Fig. 3.10
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small

0-f

0.41- f

L
0-f

[0 3.12: Largest and smallest resultant forces according to the number of the released

springs

@ :cleased O : compressed

00 3.13: Leaping direction determination ((a) Zdirection, (b) -ydirection)
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0 3.14: Direction control according to the releasing patterns of five springs
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(c) random relocation (d) heuristic relocation algorithm

O 3.15: Simulation results of investigating connectivity in the sensor network
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Q
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20
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0 3.16: Connectivity comparison results based on the simulations shown in Fig.3.15

initial connectivity (%)
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O 3.17: Study flow
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51-pin Hirose connector
(male)

On/Off Switch

(c) MICA2 (d) MICA2DOT

(H #:Crossbowft WebR—2)

0 4.1: MICA MOTE

O 4.2: PFU-Node

32




ooooooo [SOWISUIG oqn)H-N HNOSIE] ooooQg
oo0ooooon (opo | ‘ueoq-1 ‘SO[QT, | ‘SH[IRUWS  ‘USA(-T | TR[OS Py || 0OO00000
0O00o0ooDo0|-urg) siiews | GLON  2VOIN | ILOW  VOIN | IO ¢VOIN | 000 0O O O

MSAD
00 0MSd SSHA Sssa MOO/MSY /SSV/MSA oooo
Oow Q0o wOr [0 wog [ wOr [0 wOr [0 oooooo
sdq0te sdqNT sdq¥y0se sdaygTTT sdqy0qT oooooo
oooooo ooooeg Oooooar 00000 | 00000000 || DoO00D0oO0
(L91-ALS-41aV)
ooooooO 1'GT COSHHAMT 7GT C0SHHAMAT oooQ oooo 0o
(0DoO
0 O 0O ZHINGI6
O O  ZHINS9R)
0 ZHINOOF OZHOVE | O ZHO¥'C | O2ZHINO006 000E | O ZHIN006 D00E oooo
oooooo (O O0zFe0D O oooo
ooooooon poosenrg | woodry)) 90gsly | O 00 ML INAM | 000TDD uooduy) oooQ

ggbobobogoobbodag ey U

33



ODOospD'00O00O| ODOO0OO oUON 000
GG 0} 0T LT 019¢ (A) ODDODOO
(1y-yw)

OUTRTY 006 UOT-IT* 095 QUITeN[V 0008 O 00 0O
(O¥eeaHD) (oD

(z) OO 0O O O (z) OO Doooo
000100 | 0zvzo0 | ogedu dry) enqopy

@Udmpwmz:

utdgg utdgr utdrg preog  I0Susg
029211811 TSTTeSON LY 18 TRSON LY (drD) DN
urIoyye[d

OPON-NAd LOUTVOIN | cVOIN | 2VDIN STMI OIeMpIRH 9J0]N

0 0 0°PON-NAd OHLOW VOIN O €F O

34



4.3 OO0O0OOOO

googbbodboooobobobogboobobuoobboobooboobobod
obobooboobobboboobo4b0o0bobboboob 43000000
gbbobooogbogbbboogobbbooooboboooobn

043()000000000O0O0O00O0O0O0O0O0OOOO0O0OOOOOOOOOOODOO
gbobobooooobboboooobbobooooobobbooogbbobbooooon
gbobboooobbbooodabbon

043(0b)0 0000000000000 0OO0OO0OOO0OOOO0OOOODOOOOODOO
gboobbodbooboobbotobuoobbooboobbboobobooboon
gbooogobogoobbuoouoobboboobobbuoobboobbooboon
gbobobouoogon

043(c)0 0000000 (SMA)ODODOODO SMAOOOODODOOOOOOSMADO
gboobobodbboobbuoobobuoobboobobodboobobooboon
gboobuogbbodgbboooboooobbooboooboobobuoobbodoon
obobobooboobooboobobboboobod

043d)0 0000000000000 00O0O0O0OO0O0OO0O0OOOOOO0OOOOO
gboooboboboboboooobobobobooboobooboboobobo
gboogobogugbobubuoguobboobbooboooboobboobon
obobbooboobooboobg

ooboobobooooboooboobobobobob 4400b0bOob 44000000
Oobobooooboooboooboooobooooborooboobo"obboobbooboobooon
ooooooboboobooobogo"oogb’obooooboooboboooboooobooon
ooobobooboboboboboboobobooobobobobobobobo
gbogobuogugbooobobuoobbooboooboooobbooboon
O000000000000SMAOOOOOOOOOOOKOHARO?[19/00SMADOO
gboogobogbbobboboobbuoobbodobbogboooboobaoooon
googobobogboooboooboobboobbobbooboobooboon
goobooo

OO00O00O000O0bOO0bO0o0ooooOoboo’SMAOODODODOOO"DODOO
OO0o0o00OooooooOooODOOOO000UooobDoboDoboboOoOoOoOooon SMA
googbooboooboobbooboboobbooooboobbooboon
gboboggbooggboobboobobbuoobbuoobboobboobobboabo
goboboooobbobooobobobboooobobobuoooobbboooooboo

35



(a) electric motor

FF-M10VA

(RITFE—4)

T

(c) shape memory alloy

Biometal
(FF-a—Rr—ray)

(b) pneumatic actuator

PM-10R

(RFa—Ht 24

(d) solenoid

JPM1316
(HOSIDEN)

O 4.3: Tpe of actuator

U44: 0000000000000

‘ Name ‘ Actuator ‘ Jumping energy
EPFL jumper [16] | a motor two torsion springs
MSU robot 2 [17] | a motor four torsion springs
Grillo [18] a motor two compression springs
KOHARO [19] eighteen SMAs spring steel body

Mini-Whegs [20]

two motors

a compression spring

Microbot [21]

a DEA

spring steel body

Leg-in-Rotor [22] | two motors and one | pneumatics
pneumatic actuator

AirHopper [23] four motors and | pneumatics
four pneumatic
actuator

PAW robot [24]

five motors

eight compression springs

Justice [25]

five motors and a
solenoid

four compression springs
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0 5.2: Control of triggering device
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thrustslide bearing spring

(a) bird’s eye view (b) cross-sectional view

O 5.3: Schematic view of the prototype ver.1
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O 5.4: Part for friction modification
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O 5.5: Ball caster
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O 5.6: Thrust slide bearing
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O 5.7: Direction control
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(a) bird’s-eye view (b) top view

0 5.8: Details of the prototype ver.1
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O 5.11: A spring force during releasing

O 5.4: O Eight spring forces

times(s) 0.50 | 0.51 | 0.52 | 0.53
springl (V) || 71.68 | 71.68 | 9.10 | 9.15
spring2(N) || 71.66 | 71.66 | 9.10 | 9.15
spring3(N) || 71.70 | 71.70 | 9.12 | 9.15
springd(N) || 71.65 | 71.66 | 9.10 | 9.15
spring5(N) || 71.63 | 7161 | 9.08 | 9.10
spring6(N) || 71.52 | 71.71 | 9.15 | 9.19
spring7(N) || 71.81 | 71.82 | 9.08 | 9.10
spring8(NV) || 71.52 | 71.65 | 9.11 | 9.15
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O 5.12: Snapshots of sensor node leaping
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O 5.5: 0000 ver.100O0O

unit size(mm) weight(g) material

Disk-1 t3 ¢ 116 70 aluminium alloy

Disk-2 t3 ¢ 80 20 aluminium alloy

Disk-3 t3 ¢ 116 80 aluminium alloy

Disk-4 t3 ¢ 116 110 aluminium alloy
thrust slide bearing t2 ¢ 35 36 steel

anchor 44(length) 7 aluminium alloy

. 29.5 ¢ 11.25
SPTlg (compressed: 16) 20 steel
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[0 5.14: Sensor node prototype equipped with leaping actuators
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anchor

0 5.15: Zoom view of the prototype ver.1

O 5.16: Improvement of the prototype
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O 5.17: Experimental result: prototype leaping
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[0 5.18: Synchronization testbed
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O 5.19: Result for the releasing synchronization
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(a) over all view of design

mobile module

torsion spring

thrustbearing

sensor node anchor

(b) cocept of sensor node

0 6.1: Concept of prototype ver.2
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Start

1. selected anchor lock motion

2. disk rotate motion

3. anchor leaping motion

(b) jumping state (c) jumping flowchart

0 6.2: Flowchart of the prototype ver.2

OO00000Db0b0obo0o0o0oOoboOnDOgDOotriggering device’OODOOOOOODO
gboboggbogobuoouobobbuoobbuoobboobobobooboboon
gbbbuoooobbbuooobbbuoooobbbuoooobbodao

2000000000D0000D00O0DO0Oanchor lock part”0 00O O00OOOOOO1L
oboboooboooobboboob sgoobobbooboboobbobobbbog
gbobogbbuogobbooobbuoogbbuoog3gonobooobboobon
gbbobuoogobbboooobbbdan

30000000000000000D00D00DOO0locking deviece’OODODOODOODOO
ooooobooboboboboboboboobobobobobobobobobog
gboobuogbboggogboogobuogobbooboooboouobbooboon
oboooboobbobobobo

O0D00D000D00000D00O0 controller housing’O OO OODOOOOOOOOO
OO000”PFU-Node’OODOUOODDOO0OOODOOOOODOOODOOODOOOOODOODO
gobooo

29



gbogbdgobgs3sboobooboobuoobobbob

anchorlock part

locking device sensor node triggering device

0 6.3: Detail of the prototype ver.2
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0 6.4: Detail of the triggering device
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(a) initial configuration (b) determining anchor (c) releasing

0 6.5: Motion of the triggering device
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gbooggobuogbbbbogbogoobboobobooobuoobbooboon
gooo
06.6(c)00100000000000000Obearing”’00000000OOOOO
gbog2b0oguboogbboodobooboobooboobboobbobood
gobobbuoogggbobbuoooobboboooogoobbo2bb00gaon
gboogo
066(d0000000000000O0O0O thrust bearing’O0 00000000000
gbogbobuodgbbodboobobuoooobobbobooobuoobboobood
gbooboodbboouoooboobbuoobbuoobsogoboogboooobobbon
gbbobooodgobobod
Oo040000000000000DL0ODOO0ObO0bOnOO”2 bearings”0 000
gooo

gobobodgo

O07"2bearings” 0000000 0OO00OO00OO0OOOOOOOOO0OO0OO0O0O0O0OO
O0000000000000000000000000000 (anchor-guide)0 0000
obooboer0200000000

06.7(a) 0000000000000 ”anchor-guide’0 0000000000000
gbbooobogbbuobbuabooboobuoobbbbobodobboobood
gboobboobbodgbobbobuogobbuoobboobbobooboooboon
gbbboodgboboboooobbbooodn
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Q. locating pins
anchor \\

ey

anchor-guide

(a) anchor-guide (b) locating pins

O 6.7: Anchor guide system

067(b)00000000OOO ocationg pin”000000000020000000
gboogoboobogobuoobbuobuoobouobbuoobbodbbooboon
OO000DbO0b00oO0o0oOoogodlocationg pin”"0000O000O0O0

goo

0 6.8 0 O triggering device’ 1000000000000 3000000000000
0000000000000000 68000000000 p,000:0000000
0000000 000000000000 ;00000000000 6.8(b)00
00000000000006A00000000000800004=45000000000

000003000000000000000000000 (3.6)000000000
00000000000000

0 6.9 0 O 7triggering device’Dd 7,000 00000000000000000000O
000004000000000000000000 ¢000450000000000
000000000000 £;00002000000000 fn(r=1,2)000000n
000000000000000000000000000000000000 Disk-20
0000000000 100000Disk3000000000002000000000
00000000000000000000 fu,=fe;000000000000000
Disk-230000000000p,,;000020000000000000000000
000000000p,,0000p,,00 pp; 00000014,000000 p.000p,,
000000 L0000

00000000000000 f,,000(61)0000

Fini = fi/2 (6.1)
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(a) bird’s-eye view (b) top view

O 6.8: Coordinates of the triggering device

O 6.9: Zoom view of the triggering device
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00000000000 DiskO0D0000O0 pp,; 000 (6.2),(63) 0000

Dbliz = Dbiz — lp1 COS@ cost
Dbl,iy = Dby 1 lp1 sind (6.2)
Dbl,iz = Pbyi,z — lp1 Sing

Pv2,ix = P + Iy O cost

Po2ie = Dbjiy T lp2sing (6.3)
DPb2,ie = Dbz T lp2 SInQ

ODOo0dp,, 000 (640000

Dbz = lpi sing cost
Dbiy = lp; sing sinf (6.4)
Dbz = lpi COSQ

DiskODOOODOOoooono N;mDDD(Gb)DDDD

Nf_l;l,z‘:ﬂlf%’i
(6.5)
Nf_l;2,izﬂ2%
00000k 000000000q;00000000000(j=1,2)00000000
000 fn,00000000
0(6.6)00Disk-230 0000000000000 T0OOOO

T = Z§:1(Nf_l:1,ipb1,i,z + Nf_l:2,ilb2,i,z) (6.6)

6.2.2 OUOOOOOO

googbobodboooboooboobooobogbobooboboobbooon
gbogobuodgbbboboooboobbuabbodgbbouoobobaboobood
gobbobboooogobbobobelobbbbbuooooobbbobbooooon
obooo30000

06.10()00000000000000000O000O0O0O0O000O00O00O0OO (stop-
per) 0000000000000 0O0OO0O0OODOODOOOOstopperd Disk-20000
OO0O0b000 guide-pn000oooooobobooobooobobooobuoobonog
OOob0o0obooooobooooobooboobooobo0obooboOogDbisk-20000
gogoobboobbbbobobbooooodddodooooooooooooon
goo

06.10b) 0000000000000 000ODDOODisk-2000000 stopper O
gbboooboguboobbuoobbuoobbuodobobboobooobbooboon
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linear .
actuator pin locked

stopper
_ =__Luide-pin

Disk-2

(a) slide system (b) hinge system (c) pin locked system

0 6.10: Type of the anchor locking part

OO000O00boooobo0ooooobo0oobObOstopper00000OODODODisk-4
oboboobooboobooboobuooboobooboo

06.10(c) 0000000000000 0O0OO000O0anchor000000000O0OODO
ooobogbobobobobobooboouooooooboboboobobobobog
OO00000000anchor 000000 OOOOOOOO0OO0OO0O0ODOODODOODO
obobobooboobooboobon

sgbgoboobobooboboboboobobobobobobboobobon
ooobdobobobobooooobobbobobobooboobobbobobog
ooooo

6.2.3 DiskO0OO0ogg

boboobooobsk2300000000000000DLODbOODOObOObOD
gbbbooogobbboooobbboooobobbboooobbboooonon
gboboboogobbbuooobobobboogobobuoooobobbooaoboo

000000000000 6.11000000000030000000 (Disk-5,6,7)00
40000 (pinlocked-2) 000 O0D0DOOOOOODODODODOODODOOODOODODODODOOO
O0000000D0000D00DO " triggering device” 00O 00 0O 0O O O Disk-3 0 Disk-70
Oo00oobobbOobOob Disk-230000000000Diskb 0000 Disk-400 0
gooo

ge.12000000000O0Disk-00000000O0O000ODsk-7OO0OOODOODO
OO0000Dsk-600040000000000000000000DO0O00O0O DO 0ODisk-7
OoodbD40000000000D000Dsk-7OOO0ODODODOODOODLODODO
OO0000Disk-7O000000Disk-600000400000 Disk-7TO00000OO
ObOOoboodboobO Disk-700O0000O00O0 6.1200000000000O0O00O0O
goobooboobobobobobobuoboooobobobbobobobobo
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O000Dsk-7rO0O0000DOOO0O0OO0O0OO0DOODLOODOOOOODLOODOOOO0ODbOODn
O0Disk-60000000000MO0)0000000000000O0O0O0O0O0OOOO
goo

torsion spring

pin locked-2

0 6.11: Detail of the locking device

Disk-7 pin locked-2
(a) locking state (b) teleasing state

0 6.12: Motion of the locking device
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6.3 0OO

O0000000000000000000 RecurDyn[30|]00000000O00O0O0OO
gbbboooobbbuoooobbodao

6.3.1 0O0OO0O0OOOO

gbobodbogobogobbooobbogbboosuuuooooonobood
Disk-230 00000000000 000O0O0O0O0O0ODOODsk-23000000000
OOO00Oo0obo0oobOob Disk-20000000000Disk-40 anchor0 00O OO0
OO000000Disk-3000Disk-10 anchorDO D0 OOOOOOOOODisk-20 Disk-40
Disk-30 Disk-10 0000000000000 (000000O)000000oooon
OO000000b00ob0obOobobDdbanchor 00000000000 OODODOD
gobboboooggoobbelbbbdb el 3doooobbe4000gn
Ooboode4000000000000O 18ONOmmOUODO Disk-23000000
Ooobooboooboobobobo26eNODOO8ODO 1SN ODOODOOoOoooog
ooooooob 1 eNDdmmODDOODOOODOOODOODDODOOODOOODOO0ODOO
gobobobuooggobbobooooobobbuoooobbbooooobobon
gbogbobodbobuoobboobuoobboobuoobbodboouoboon
gobogbogboobo2b0d0goagbagbbobooboobboobooboon

O6l: 000000000000 DOODOOO0OO

parameters value unit
dimension of mechanism | 120 x 120 x 65 | mm?
weight 602 g
weight of one spring 1.25 g
width of spring 18.716 mm
natural length 30 mm
compressed length 13.7 mm
maximum load 194.65 N
spring constant 17.25 N/mm
coefficient of friction 0.003 -
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Disk—-2 request torque (N+=mm)

0 6.13: Snapshot of triggering device analysis

200 ——— 360
—= — request torque (N-mm)
{| —=— rotate angle (deg) /'

1501 /' -270
100- / ' - 180
50- / [ 90

/
J
O-2-z-2-z-zz=2’, e T 1 O
0.0 05 1.0 1.5 2.0
time (s)

0 6.14: Request torque of triggering device
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6.3.2 UUOOOOO

OO00o00oo0ooooooooboboboboboboobooboooooooooog
0000000000000 DO0DO0DOO0DOO0O0bOO0ObOO0ODbOOobOObOOobOOobOOoDOooDO
gobooboobooboouoobotoehhbobboobbobotehboobogon
00000000000 Disk-2300000000000000O0DO0O0O0OO”anchor lock
put’'00000000O00O0ODOOO0OOO0OOO0OOOODODOODODDOOODOODOO0
O000000 Disk-230000000Disk-230000000000000000000
Joooobuodbobooge200ibobb0bU00bDbODspringlOOOO0
O O spring2 O O ”anchor lock part”’0 00000000000 6.1600000000000
O0Disk-230 00000000000 6.1600000Disk-230000000000O0
0245N0 000000000000 0O0O0DO0O0O0O0O0O 0b8sec0d00ObOOnoOon
0N Dbooobuogobtoooboobuobobboobbuoooboooboon
0000000000000 00DO00O0DOO0oDOOo0oDOOoOobOOo0oDOon

062 0000000000000O00OO0O0OO

parameters value unit
dimension of mechanism | 120 x 120 x 65 | mm?
weight 585 g
weight of one springl 1.25 g
width of springl 16.3 mm
natural length 30 mm
compressed length 13.7 mm
maximum load 236.325 N
spring constant 17.25 N/mm
weight of one spring2 0.5 g
width of spring?2 3 mm
natural length 5 mm
compressed length 2 mm
maximum load 0.562 N
spring constant 0.281 N/mm
coefficient of friction 0.003 -
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0 6.15: Snapshot of anchor lock part analysis

(Sap) s|3ue uonejol

contact force of pin and anchor (V)

300 —— . . ! 90
|| —* — contact force (N)

2509 | —« —rotation angle (deg) | ¢
200 — - 60
150 1
100 -30

50 - /

0 _m:- . | . |
0.0 0.5 1.0 1.5 2.0 2.5

time (sec)

0 6.16: Contact force of lock pin
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6.3.3 DiskOOOOOO

O0b0000Disk-7OD0004000000000000000400000 Disk-70
ooobobooboobobobooobel7bobb400b0bObODOODbODbDODO
OO0D00000Disk-70 200NOmm 00000000000 0OOOODOOOOOOOOO
O0O00o0booobOod Dsk-7O0000D0O00OD0O0ODO0OODOO0ODbOO0ODDOOODO
OOoboooooobobe3000ibO0bbO0OODOODOOO 6.1800Disk-TOOODO
Oooboooboobobooge1800000200NOmm O O00000O00OONO 0.7secd
DoOOoooOOoob 24sec0 0000000006190 0400000000000000
06.190000000000000O0.7sec0 00000 0ODOODODODOOO 25N0
OD0o000obooboboobbid 24sec0 000000 bOO0bDOOonDDOODDO
OoOooNODOUOO24secO000D0000DOODOO0ODODOODODODODOODOOO
O00000000000000000000 (lock pin2)000000000O0OO0ODODOO
gbobuoggbbogbbdobliobbuoobbuooobbuogobbuoooboon
goobdboboboooobobobobote200b40000b00DbODODLO
gboduogooobboobboobobbuoobboobobuoooboobbooboon
O24secO00D000O017TNODODOOOOOODODOOOODOODODOOOOOOD
gbooooodgn

O 6.17: Snapshot of locking device analysis
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rotation torque (N mm)

063 0DskOD00O0ODO0OOOOOOOODOODOO

parameters value unit
dimension of mechanism | 120 x 120 x 25 | mm?
weight 367 g
weight of one springl 0.8 g
width of springl 9.4 mm
natural length 10 mm
compressed length 4 mm
maximum load 1.68 N
spring constant 0.56 N/mm
coefficient of friction 0.003 -

T T T T T T 90
200 -
/
/ — » — rotation torque (N mm)
150- /. — = — rotation angle (deg) - 60
J
100 o/
°/ - 30
./ | —
2909 | __/
J
./
() t——— ()
0.0 0.5 1.0 1.5 2.0 2.5 3.0
time (sec)

[0 6.18: Disk rotate torque and rotate angle
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contact force of pin and Disk—7 (W)

driving force of pin ()

4.0
35- —= —Jock pin1
7 —e —lock p!n2 -~
30- —4A—lock pin3 - ]
] lock pin4 .

2.5

2.0 1

1.5

1.0

0.5

| #
0.0 —rj T T T T T T T T T T T 1
0.0 0.5 1.0 1.5 2.0 2.5 3.0
time (sec)

0 6.19: Contact force of four pins

204 — = —Jock pin1
— o —Jock pin2 /
—4A— ock pin3 /

1.5 lock pin4 /

1.0+ l

0.5

0.0+

0.0 0.5 1.0 1.5 20 2.5 3.0
time (sec)

O 6.20: Driving force of four pins
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634 UUOOOO

gbbgboboobooboboobuobobbe2l0bbooboobbobboboog
gogsugubbuogobbuooobboobbuooobbuooobooobboon
obobooboboobboobobboboobooboboobuobe4bOnn
gboogbogobooobodboooboobiobodobibdeverdbgonoogn
gbboogdgbbogobooobooooobbooesutbbbe22000000000
gobodge200b00000nb1elmbbbDbO00O00ooLbObObOOOOoon
gbogobuogbbubodgbboogboboboobobuoobbuoobbodd 6.23
OO0DiskODOOODO0OOOOO0OOOOOO0OO0OO0OD0OO623000Disk200000000
OO0200N0mm 0000 Disk-2000000000000O00O00O0O0O0O0O0OOODO
gboodbogboodgbouogbode24bigbbobobooboobiobe240bdd
gbogbobuodgbbodboobobuoobbbboobooubuoobbooboon
gobboogobbbugooboboogoboobuoooobbooo

ﬂ 0.36 (sec)

ﬂ 0.06 (sec)
z
L 5 H 0 (sec)

0 6.21: Snapshot of vertical jumping analysis
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leaping height (mm)

064 0000000O0O0O0OOODOODOOOO

20

parameters value unit
dimension of mechanism | 120 x 120 x 200 | mm?
weight 683 g
weight of one springl 1.8 g
width of springl 16.3 mm
natural length 30 mm
compressed length 13.7 mm
maximum load 376.8 N
spring constant 27.5 N/mm
coefficient of friction 0.003 -
1500
I/ \
/ -
1000 /' \.
.
500 \.\
T T T T
0.0 05 1.0 1.5
time (s)

O 6.22: Leaping height of the prototype ver.2
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Disk-2 request torque (N=mm)

Spring_Force (N)

250

1| —= — rotate angle (deg)

. r .
—e — request torque(N=mm)

200 .

1901

100+

50+ ./
J
0 -1 :I:I:I:I:I:I;.::f._. NN e 0-0-06.0.-0-0-0-0-0-0-0-0-0_4
0.0 0.5 1.0 1.5 2.
time(s)

360

-270

-180

-90

-0

0 6.23: Request torque for vertical jumping

400
PRy —"— springl
—® — spring2
spring3
300+ —o— springd
springd
—+— springb
2001 —*— spring’
spring8
100+ %
s —
0 T T 1
0.5 1.0 1
time (s)

0 6.24: Spring force of the prototype ver.2
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6.3.5 UUUOUUOOOooOooon

gbobuodgbbboobobuoobboobboobobuoobbboobbuoobobo
0000000000000 00bO0bO0bObO0OD 62070000 0D0ODODODO
gbbboooooobbooobbboooobbooobbbuoodgbbesdbbog
gbobogbobooouobbooobbboobbbgdbcecoverdDooonooon
gboooboboodgbbuoobbuoooogobboooesebuobuogous3uggboooans
D000 0000000000000 62000xy0000000000000O 6.26
Oo0000Z700000000D0C000DO0OCOD0OO0O0OODODOOOODO 400mmO0O
gbobobogdgoecommUbDDooooboboe2rdgguno3goonoboggn
Ooo0ooO0o0ooo0oOooooOoboooOoosgoo100boobooobooOg 20005
OO00O0300000000obosb00b0b00zZ0b0oboobObOODbDUOOODOnD 6.27
gbbuogboggbbuoobbboobbuooobbuoobuoogoosgibb 2010
gboogobuoguodboboobogobuogbbuodboboouobbooboon
gbogobuodgbbodboboobuoouobbodoobuoobobuoobbodoon
gbooggobuodgbbodbbooobuoobobodbooooobuoobbobboon
gbbobuogbobbboooobbbuooobobbbooobbboao

= 0.25 (sec)
L2

0.1 (sec)
0.62 (sec)

0 (sec)

O 6.25: Snapshot of direction control jumping analysis
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065 0000doboboooubbboooobobod

parameters value unit
dimension of mechanism | 120 x 120 x 200 | mm?
weight 1154 g
weight of one springl 1.8 g
width of springl 16.3 mm
natural length 30 mm
compressed length 13.7 mm
maximum load 411 N
spring constant 30 N/mm
coefficient of friction 0.003 -
600 - /' -.\

g ] ]

£ 4001 / \

c

.0 . g

)

3)

2

2 2004 | \
0 / T T T |.\' L —

0 200 400 600

X _direction (rmm)

[0 6.26: Direction and height of control jumping

80



- MSARM |
. BISARHLT | |
- ﬂ£ﬂ5$ﬁ¥1iﬂz_2

0 6.27: Leaping direction and distance control

64 UOOOOO

OO0000b00bO0O00o0ob0oooboo0obOO0oO0obOU0o0obOoDUooObDOoDOobDOn
O0000D000000000D00200000000”anchor lock part”’0 0000 O
0000000000000 locking deviece’OODOODDOOOODOODODODODOODO
000000000000 00O000O000O00DO00ODOOo0DOOoO0DOoO0oDoOoOon
O00’SMAOOO0OODOOOOO’0000DO0000O0O0OOO’SMAODOODOOO(O
O00000)000000000000000"locking device’0 00000000000
ooogo

0 6.28 0 O "locking device’ 00 OO0 00O OO OO "locking device” O O Disk-7 00 O
0040000 (pinlocked-2) D0 0000000000000 000¢lmmOO0O0O0O
000000000000 6.28(2)00000000000O0OODOOOOOOOOOOO
00000000 628b) 000000000 DODOOOOO0ODODOOOOOODODOOODOO
00000000000 DO000000DbO000000obO00o0oO0oOobOonngd’anchor
lock part”0 000000000000 ODOODOODOODOOOOODOODOO

0629000 000000000000 0O0O0OO0ODOODOOOOODODOOOOOOOg
OO0ODSMADOODOOODOOOODONY20000000000000000DO00O0DOOO
000000000000 000000000D00DO00O0O00O0O0DO0ooDOooOoogd
O000O000bO00O00ob0ooO0oO0b00bOO0obO0oobO0obDOobObOOobDOobOOooODbOoo
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OO0o00bOobo0oO0ooO0ooOobobooov20b0b000b00OD0D0ODbDObDOObOObDOD
0000000 "locking device”d "anchor lock part’0 000000000 0OOOO0OO

ood

(a) bimetal off (b) bimetal on

O 6.28: SMA actuator

sensor node

\-\
—

data

— sensor node

mobile module

RS-232C
sensor

Controller

triggering device

locking device
2

biometal actuator anchorlock part

0 6.29: Control system
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6.5 OO0

063000000 ver.20 0000 DO O O7”triggering device” [ ”locking device” O ”anchor
lock part’ 0 00 0000000000000 0OODODO (Al2017) 000000 (SUS304)
O0O000O00O0bOOOoO1126kg0 0000 G6600000000000DOO0O0DOOO

locking device

triggering device
prototype ver.2
0 6.30: Prototype v2
0 6.6: 0000 ver.2000
unit size(mm,) weight(g) material

Disk-1 t3 ¢ 116 80 aluminium alloy
Disk-2 t3 ¢ 80 60 aluminium alloy
Disk-3 t3 ¢ 116 100 aluminium alloy
Disk-4 t3 ¢ 116 330 aluminium alloy
Disk-5 t3 ¢ 80 250 aluminium alloy
Disk-6 t3 ¢ 116 20 aluminium alloy
Disk-7 t3 ¢ 116 60 aluminium alloy

thrust slide bearing t2 ¢ 35 36 steel
anchor 44(length) 18 aluminium alloy

i 29.5 ¢ 11.25
SPrilg (compressed: 16) 20 steel
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6.5.1 UUOOO0OO

0 6.31 0 0O "triggering device’ O 0 D00 0OO0OO0ODO0ODOOO0OOODOODOOODOODOO
O00000000006.32000000000000006.32(2)00800000000
O Disk-2300000000000000O000ODOO00ODOODOO0ODOO0OOOODOOOD
O0000632(b)0000000000000000000O0OOD OO triggering device”
gbobboooobbbuoogon

anchorlock part

Disk-2, shaft triggering device

Disk1,Disk-4

O 6.31: Prototype of the triggering device

(a) initial configuration (b) releasing

O 6.32: Verify operation of the triggering device
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goboobooobobooboobboo0oooobooboobooboooobiskbobooon
oooboboboooobboboooobobobobobobsbbobobobog
O0000000000000063300000000000006.33(a)000000O0
000000 DiskD0 0000000000000 000O0O0O0O0D06.33(b)00000O0O
gbobbobooobbobobobbobboboobooboobuooboobo

gbobobobooooobobbobobuoooobobobobboooobobo
ODO00O0o0ooooooooobobooooooboDbDbbobOo126kgbDO0O0O0O0O0O0OOOOO
O0145kg0000000DO0ODO0ODODOOODOOODOOOOODODOODOODOOD
Oobo0O0ooobooboobobboobobooboboooboes4bbbboOobObOOnOn
O000006.34(a)000000000000000000O000O0OOOO0OO0O0OOO0O
O0006.34(b)0 0000000000000 00000O0OO0OOOOOODOODisk-4,Disk-5
oboboogbobbooboerbobooboboobobooobobobobobd
obdoogubobobuodgbougbuobgbobobooboobooboan

(a) initial state (b) jumping state

0 6.33: Snapshot of prototype jumping

o e6700000

unit | current weight(g) | saving weight(g)
Disk-4 330 250
Disk-5 250 90
anchor 18 10

total 1260 900
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(a) current model (b) weight saving model

O 6.34: Weight saving of prototype

gbobobobobuooooboobobbobobobbooooobooboboon
000000006300 0000000000”ankle’0000000000 6.35(a)0
O0000000000000000000000000000O0O0000000 6.35(b)
ooobobbobobobooooobbobooboboboobobobobobg
gbobboboobooboobooboob

(a) aluminum ankle (b) rubber ankle

O 6.35: Type of ankle
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6.5.2 UUOOOOO

0 6.36 0 O”anchor lock part”0 000000000000 6.36(2) 000000000
gboobggbogobooobbooobobboobboouobbuoobboobbo
gbooggbobogoobbuoobbuoobbuodooobboobboobooobo
0000000000000 000000000oooo00e636(b)D000OOOOO
gbbogoobgoboobobobuoobbuoouobbuoobboobbooboon
goboboogobobuoooobobbooooboboboooobbooooooboobo

gbobubggbuogobboobboobuoobbuoobbooboobboabbbo
gobbobbbougogogobobbbodooouobboobboogedsbbuoogong
000000000000000000000000000000 6.35(b)00d0OooOn
Ooobooobobooobuoobobobobuooboboobon 050000 9100
gbbogobogbbuoouobbibobbuoobboobboobobbbooboon
goo

(a) unlocked pin (b) locked pin

O 6.36: Verify operation of the anchor lock part

(a) uncovered biometal (b) biometal with silicone rubber

g

O 6.37: Biometal in silicone rubber
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6.5.3 DiskO0OOOOO

06.3800Disk00O0OOO"locking device’ODOODODDOODOOOODOOODOODOO
000006390 0000000000006.39(a)0000000000000O0O400
000 Disk-700000000000Disk-700000000000O0O 6.39(b)00ODisk-7
gboobggboobuoobobobboobuoobogbooboobooboob
Disk-7OO0O0OO0O0ODOOODLOODODOOO0OOOOLOOObOOOODODOODOODOO
oogd

dry bush

locking device

pin locked-2 . .
torsion spring

Disk-7

0 6.38: Prototype of the locking device

(a) locked pins (b) unlocked pins

0 6.39: Verify operation of the locking device
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gbgoodgbgooboboobuoobobooboboobobodbed40bbOO
064000Disk000000000O0O0O0OOOOOOOOOODOOOOO 640(b)00O0O
gboodboboboboooobobobuobooboboboboooboobabo
ooogbdboboooooboboooobobobobooobobooobobobog
boobdooboboboobooboooboboooo200bd0bobobobon
obobobooboobooboobon

(a) bird’s-eye view (b) zoom view

0 6.40: Zoom view of the locking device
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70 0o

gboudgbbbudgbbobobuoobbouobbobobuoobooboboobbod
gboogobuobogoobooobugbboobooobuoobbobuooboon
gboobuodgbbodboboobuoobobuobboobboobbobuoobboobn
gboogobuodgbboobogbbuoobbooboobbobbboobooobon
gbogobuodgbbodbooobuoobobbodoobooboobbooboon
OOooobOobSMAOOOOOOODOODOODOoOOoOOOoOOoDOobDOobobobooboo
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