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Fig. 1.1: The compact jumping wheeled robot can move over some obstacles.
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Fig. 1.2: Model of the difference in time and obstacle dimensions required for the jump robot to overcome

obstacles.
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Fig. 2.1: Arched snap motor using two motors. Each end of the elastic strip is attached to a motor, and the

motors rotate in reverse phase. One snap through buckling occurs after half a rotation of the motors.
In this paper, the right-side shape is called the omega shape and the left-side shape is called the arch
shape.
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Fig. 2.2: (A) Snap through buckling does not occur because the distance between motors was fixed. The
distance between the motors in the upper image is 84 mm, and the distance between the motors in
the lower image is reduced to 70 mm. The difference in distance can be seen from the red line.
In each case, the motor stalls midway without rotating 180 deg. (B) Snap through buckling occurs
because the distance between motors was free to change. The linear slider allows the distance
between the motors to vary passively. One side of the elastic strip is painted in color to enhance the
visibility of the front and back. The maximum distance between the motors is 84 mm when the leaf
springs form the arch shape. The distance between the motors is shorter when the springs have an
omega shape. The amount of change is indicated by the red arrows. When the motor rotates 180
deg, the shape changes to an arch shape from the omega shape, and the front and back of the elastic

strip is observed to change.
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(B)

Fig. 2.3: Illustration of simulation, where the elastic strip does not snap through buckling. In each plot, the
red curve shows the backbone shape of the elastic strip, and the blue curves show its edges. The
pair of red, green and blue lines at the end of each set of curves show the orientation of the ends of

the elastic strip. (A) Distance between motors is 84 mm. (B) Distance between motors is 70 mm.
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Fig. 2.4: Elastic energy produced by motor angle and motor torque versus motor angle. The line colors show

the distances between motors on the legend. The red line shows 61.9mm on Sec. 2.2.4. There are

the maximum motor torques near 105 deg.
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Fig. 2.5: Figures of shapes of the simulator and real mechanics for comparing.
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Fig. 2.6: Flexible frame mechanism for passively changing the distance between motors with a sliding joint
and a stopper. The distance between the motors is greater in the arch shape. The slider is configured

so that the buckling point of the elastic strap is at the center of the distance between the motors.
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Fig. 2.7: The role of a stopper at the flexible frame mechanism is durability and greater getting buckling
energy. The numerical value in the image is the number of frames of the moving image, and since

it was shot at 240 fps, about 4.2 ms has passed per frame.
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Fig. 2.8: (A) Parameters of the moment at the free joint position. @, is the arm angle, 7, is the moment at the
free joint position, 7, is the motor torque at a fixed position on the same axis as 7, I, and F), are
forces at the fixed motor position, and [, is the arm length. (B) Estimate of arm angle 8, using 7,.

We can determine 6, as 8 deg, at which the value of 7, exceeds 0 by increasing 6,,.
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Fig. 2.9: The shape of emulated flexible frame mechanism. Snap through buckling occurs at 156 deg to 157
deg.
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Fig. 2.10: (A) Elastic energy produced by motor angle and arm angle. The buckling energy was 910 mJ. (B)

Motor torque versus motor angle. The maximum motor torque was 304 mN - m at 105 deg.
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Fig. 2.11: The bend and torsion part of elastic energy produced by motor angle. The maximum motor torque

was caused at 105 deg.
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Fig. 2.12: (A) Experimental setting of measurement of buckling energy efficiency for power flow analysis.

(B) The robot jumping overlay picture.
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Fig. 2.14: Power flow of the arched snap motor. These plots show average values with error bars for variance.
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Fig. 2.15: Set up an impulse measurement experiment. The arched snap motor was measured generating

forces by a load cell and real-time controller.
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Fig. 2.16: The measurement values of forces versus time. Peak forces were plotted for every buckling.
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Fig. 2.17: The measurement values of forces versus the time in the first buckling.
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Fig. 3.1: Prototype II: jumping wheeled robot with the arched snap motor in sec. 3.3.
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Fig. 3.2: Prototype III: jumping wheeled robot with the arched snap motor in sec. 3.4.
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Fig. 3.3: The parameters of an arched snap motor with a flexible frame mechanism.
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Fig. 3.4: Analysis of the jumping frequency and height of prototype II. The jumping frequency is measured

from videos. The jumping height is measured from the locus of the marker.
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Table 3.1: Repeated jumping ability of prototype II.

Item[unit] Value[unit]

Jumping times [s] 0.52

Jump frequency [Hz] || 1.9 = 0.04

Jumping height [cm] 59+0.7

3.3 EfBEMA KR

ARECIERBEM AR OWTRT. 7R XA TN LTy TV —%RE L
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DRLREREBTHD, Ny 7V —2lFREDOBICIE 2Hz [TV Bk D IR U R R R 1372,
ZDHAN Y TV — O NIk P RE AR AT 12 |, 6 [|], 4 [8], RALHCIX 1 Bl
Yol IOICBIBEABED Ny 7 U —IHBEICHWE S ZL, 260 [F ETIE 1.6Hz &
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AN L BB LzrARy FOLEBMEORMZZDOTI12774956 W THo7. Fi, WME
WHETHDARE TERZ oy T —DORBIED o 72, Tz, HEERIIARERFTD S
ML THALTWZDDTHS. ZORT7 L —2DETIEA  HMEAROBIRII & T
2Zeh5, 7LFTTNT L — AEROMMAMEEFIH L TV 2 HEEROTAME X D & &
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Repeated jumping of prototype II. Prototype II jumped 117 times during 59.43 s and then jumped

Fig. 3.5

intermittently for a total of 424 jumps.

The appearance of the sheared elastic strip after prototype II jumped 424 times.

Fig. 3.6
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Table 3.2: Repeated jumping frequency of prototype II.

Number of Jumps (-) || 1—-100 | 101—-159 | 160—183 | 184—261 | 261—-424

Jump Frequency (Hz) 2.0 1.9 1.8 1.7 1.6
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Fig. 3.7: The artificial stairs have 220 mm width, 320 mm length, and 150 mm height.
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Fig. 3.8: The series of pictures of prototype III climbing the stairs every 200 ms.
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ZFE— XMEEREEZIO, E—XAPWAZKEL L 22 L TEHVERIZ XL EDG
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Table 3.3: The buckling occurring range by 6,,, and [,,,. The numbers are buckling energy [mJ] at the upside

and the motor maximum torque [mNm] at the downside.

The rate of [,,, to I, (-)

0.1 02 03 04 0.5 0.6 0.7 0.8 0.9
10 v V V V A A A A A
v 73.7
20 v v A A A A JAN JAN
433
30 AN A A A A A A A
v 17.7
40 AN A A A A A A
433
1052.7
50 NN A AN AN AN AN X
O, (deg) 139.9
3444
60 x AN A A A A X X
138.9
1374.5 441.8 386.1
70 VANERVANNERVAN A A X
189.2 1456 1374
1060.4 6053 512.8 455.1
80 x  x A A X
182.1 173.0 1649 1534
X : Not find the result.
JAN : Not occur the buckling.
\V4 : Not occur the buckling. Find reverse shape.

Numbers: The buckling energy [mJ] at the upside. The motor maximum torque [mNm] at the

downside.
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Fig. 4.1: Proposed compact jumping wheeled robot that can jump while rolling.
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Fig. 4.2: Model of jumping while rolling.
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Fig. 4.3: Four views of the prototype 1.
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*: The values are on the 3D CAD. The actual values are 85 mm and 54 deg since the elastic strip pushes out the frame.
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Table 4.1: The specifications of the prototype L.

Parameter Value[unit]
Robot length 200[mm]
Robot width 220[mm]
Robot height 140[mm]
Robot math 208[¢g]
Elastic strip length 110[mm]
Elastic strip width 20~30[mm)]
Elastic strip thickness 0.2[mm]
Elastic blade length 95[mm]
Elastic blade width 10[mm]
Elastic blade thickness 0.25[mm]
Distance between the motor axes 63*[mm]
Motor mounting angle 48*[deg]
Driving frequency 1.7[Hz]
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Fig. 4.4: The size of the elastic strip of the prototype I.
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Fig. 4.5: The predicted position of the blade is the red line just before a buckling. There is the blade under

the robot’s center of gravity.
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Fig. 4.6: The average value, standard deviation, and predicted value of jumping height and width.
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Fig. 4.7: The prototype I jumped while rolling. It is possible to make a jump of 5.840.99 cm in height,
22+40.99 cm in width at a speed of 1.2 m/s, 4.8£1.2 cm in height, 234+1.4 cm in width at a speed of
1.6 m/s, and 5.0£1.7 cm in height, 30£6.2 cm in width at a speed of 1.8 m/s.
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PRE 125,

Table 4.2: Impulse derived from the model.

Item[unit] vo [m/s]

12| 16| 1.8
vy [m/s] 1.1 | 0.97 | 0.99
vp, [m/s] 1.0 12| 15
|lv1]| [m/s] 147 | 1.51 | 1.79
Zvy [deg] 47 40 34
I [Ns] 0.23 | 0.22 | 0.22
1 [deg] 101 | 114 | 107
The blade ground contact time[ms] 57 51 47

TRy bOETHBMEZGE DR LATRETH 2 Z L ZRd. X 4.8 1 DR LEFTHBE
OB 2R, 9 KOE{GIZ 200ms BOEET T H 5.233-600ms F & T 1137-1400ms (2B
TouRy MIBEL TV, X DA BEORT % 66ms BICEREDERT. X 4.8 Df
WBWTIIBRRENCE U 7R 1137 — 233 = 904ms TH D, DR LAEEX 1.1Hz TH
3. 22T, BREHESIIER TR K BB, S5 AN ZRIE L TV 3729 Z O REEUIRAME
TRBEWVWIECHEDS T IHz 2R 28 DR LA ER TV, K48H T2 HOBKED
ATHZH, B Ry MMEERBOMED R LPEDSAIRETH 2 Z L 2E B LR L TV 5.

44 EE

BEEEI TR R Y P OEITTOPIEREIICOWTEZ 2. K470 OMBORTEHLL A
TWwL e, FEEMET R 100ms DR T L — ROEF LA S ZH LK TWa Z & HiE
ATE3. ZMEMEMHA LT, BHICE->TI L — FOBEMEA ARy METIZHE
oMb ET 522 e TE, HEMERLZEEZONS. THIHITIC X 25
IANFEDRXENTH % 2 ED T — 7 0 —fEiTOFGRIIH LT, ERICBVWTEZL—F
TRU DL ERZHENIIEZ 2 Z e THEMEMT 2 Z e 2R LTED, 7—F8XF v 7
E— P FEHAEINCHANTHEZ &3 K, ETHIECERNTH 2 ZeprBaEns. &
42 &0, 7L — FEHRRNEE ERICEODTrRBL LrE o7z, ZhEb, v

78



84 BEET Ryt oETHH Bk RE

233~600ms

1137~1400ms

Fig. 4.8: Repeated jumping while rolling. The prototype I jumps twice repeatedly during 233-600 ms and
1137-1440 ms.
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Fig. A.1.1: Jump robot platform for interacting with a child through a jump.
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Front Side

Fig. A.1.2: The jump robot for interaction overview.
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Fig. A.3.4: Jumping contingency between a human and the jump robot.
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Fig. A.3.5: Jump interaction experimental setup.
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Fig. A.3.6: Three patterns of jump robot reaction to child motion.
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(C)Child 3

Fig. A.3.7: (A)Child 1 jumps with the robot in turn rhythmically. It should be noted that to achieve these

98

rhythmical jumps with the robot she has to wait for an appropriate time. (B)Child 2 is running
around the robot very fast. This image was made by superimposing a series of 5 images in a
period of 1 second. He succeeded to make the robot jump frequently. (C)Child 3 showed a
variety of motion behaviors. (1) Running, (2) Jump from standing state, (3) Crawling, (4) Jump

from crouching state (Frog jump)
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Fig. A.3.8: Acceleration of Child 1 and the robot. The upside is robot pattern A, the downside is robot
pattern C. The blue solid line expresses the vertical acceleration of Child 1 while the red dashed

line shows that of the jump robot.
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