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Resistive Forces Against the Motion of
a Model Car Rolling on Sand (IV)
(Inclination of the Supporting Fork of

the Wheels Rolling on Sand)

(December 1, 1955)

Kiyoshi TAKAHASHI*

‘Abstract

It is desirable that the inclination of the supporting fork of the wheels
rolling on sand agrees with the angle between the direction of the combined
resistance and that of the traction resistance, both of which act upon the
wheels. But since the direction of the combined resistance varies with the
state of the sand, the shape of the wheels and the velocity, it becomes nec-
essary to change the inclination of the fork according to these conditions.

I Introduction

The resistance experienced by a wheel rolling on sand is directed towards the
axle provided that the friction upon the axle is neglected. Consequently the fork
is subjected to a torque around its connecting point to the body of the car, except
in those cases when the fork is set to take the direction coincididng with that of
the resistance. As a result, the fork is bent and is extreme cases it may be bro-
ken. If the direction of the fork coincides with that of the resistance, there is
no torque. This state is very desirable in practice. The resistance varies with
the shape and the velocity of the wheels as well as with the state of the sand and
the load. The author has studied the influences of these factors upon the resist-
ance, from the results of which the conditons to satisfy this requirement from
mechanical viewpoints are described here. Further, it is also desirable that the
torque around the fork, which appears when the direction of the progress of the
car is changed, should be small. For this purpose it would be better to use spher-
ical wheels instead of the ordinary ones. But here appeares the problem of the
resistance which is required to be as small as possible. We made experimen'ts to
compare the spherical wheels with the ordinary ones required in order to get infor-
mations whether the former can possess the necessary conditions. Lastly the case
of the air tired wheels were investigated, and the relation between the pressure in
the tire and the traction resistance was determined.

*& K& & Assistant at Faculty of Eng., Keio University.
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50 Kiyoshi TAKAHASHI
II Apparatus and method

The method and the apparatus are almost the same as those of the previous
experiment, except that a part of the apparatus was improved in order to measure
the depth of the wheel sunk in the sand accurately and quickly: Identical gears
were attached to make the rotations of A; and A, shown in the figure of the
foregoing paper, the same. In addition, similar worm gears were equipped to the
rotation transmission shaft. For the measurement of the traction resistance, that
the wire-rope should be extended horizontally is a necessary condition. The state
of the wire-rope is observed by means of a leveller to attain the horizontal position
in a short time. The one end of a long leveller was placed on a ring which can
rotate almost without friction around the axle P, whereas the other end was on
the front side of the car body. When the air bubble in the leveller ‘moved fiom
the central position by the change of the depth of the sinking of the wheel the
supporting bar of P was moved vertically by hand through a cam mechanism so
that the bubble comes to the original position. As for the wheels, spherical wheels
made of “Rawan” and ordinary wheels of wood were used. The sand was in a
state of natural drying, except in the cases of the changed humidity. Finally the

case of the tired wheels was studied too.

ITII Experimental results

T _ g 3.1 Relation between the radius of the wheel(r)
and the resistance (R)

For the case of the gradually increasing radius
of the wheel under the same load, the behaviour
| of the change of the traction resistance(H), the

combined resistance(R), the depth of the wheel

sunk in sand(k) and the angle of the fork(#) have

been determined. The results are shown in Fig. 2.

\ . In this figure are given the values of the resis-
H ¢ tance when the wheel diameter was changed from
15cm, through 20, 25, 28 to 35cm for either 5kg or

Fig.1 Configuration of the 7.5kg of the load and under the other conditions
wheel and an explanation written there. As shown in the figure it was found

i 14

reld

of the notations. that the traction resistance decreases exponentially
d: thickness of th; Wlheel with the increase of the diameter. In addition
7: radi f t ee. . . .
radius o }.le g the absolute value of the combined traction resist-
(m/2-6): inclination of the i .
supporting fork ance directed through the axle is seen to decrease
H: traction resistance by degrees with the increase of the diameter. On

R: combined resistance the other hand it was found the angle # which

(20)



Resistive Forces Against the Motion of a Model Car Rolling on Sand (IV) 51

the combined resistance makes against the horizontal surface in the clockwise di-
rection increases with the diameter slowly, provided other conditions are the same,
as seen in the plot of ¢ vs diameter 2. Consequently the angle of the fork
should be increased according to the increase of the wheel radius as is given by
the -8 curve. Lastly the depth(%) of the wheels sunk in sand lessens with the
diameter gradually.

SPHERE 9000 /=5

DRY SAND ©00@V=75k; COLUMN
M =0026(m®®0®V=/0tg DY SAND
m=0.026¢m @008 V=35 K
2r=25CMm ©06d V= T75K;
Y =4.09Cm/SEC ~ ®0O@V=I0Kp

18

'
8 23 28

2r m
Fig. 2 Changes in the traction resistance 5 70 75 20 25

H, the load V, the combined resistance

R= yH?+V? the angle between the horizon-

tal and the direction of the combined resist- Fig. 3 H, V, R, 6 and % as function
ance 6 and the depth of the sinking of the
wheel in sand %, in relation to the wheel
radius(7).

of the wheel thickness d

3.2-A Relation between the thickness of the wheel (d) and the resistance (R)

For the case of the change of the wheel thickness the variations of H, R, 8 and
h were measured with the result as given in Fig. 3. Ascan be seen in the figure,
H decreases exponentially with the thickness of the wheel d. This means that
the traction resistance decrease very little beyond a critical value in the thickness
of the wheel. From this fact it may be concluded that there is a limit in the
wheel thickness for least resistance in the sand. Further, as shown in the figure,
R decreases with d gradually, perhaps approaching some definite value. These
relations seem to indicate that € approaches a nearly constant value with the in-
crease of d under a constant load. This supposition coincides with the experi-
mental results as proved in the figure. Accordingly, it is concluded that the angle
of the fork should be increased gradually with the thickness as long as the latter

(21)



Table 1 Table of the Observed values for Figures from Fig. 2 to Fig. 11.

Calculated

Sand Wheel l Observed value e 0
| | Mean | T -

Appesunt Ropose diame-| Dry, }‘ Dlam"];fgscsk' |4 H 0 R
specific | | ter of | p

gravity | angle particle Wet Com) Ckg) | (kg) | Ckgd

, . (em)

1.27~1.47 29°30’  0.026 5 5 31| 42| 582| 59

* \ 5 5 24 34 644 56

i 75| 53| 54| 546 92

‘ ‘ 10 5 1.8 13 702 53

| 75 44| 25 595 87

% 10 70 39 546 122

‘ 15 5 | 13| 08| 754| 52

‘ 75| 24 12 723 78

; 10 50 19 635 112

| 125 84 29 563 151

‘ 15 | 112 38 534 187

‘: 175 137 47 520 222

s 20 5 10 05 788 5.1

! 75 16 08 780 7.7

| 10 27 11 748 104

| |

| 125 61 17 640 139

i 15 92 22 583 164

; 175/ 123 30 549 214

! 20 | 157 38 520 254

} 25 5 08 04 809 51

i 75 15 07 788 7.7

i 10 25 09 760 10.3

; 125 46 12 699 133

, 15 81 17 616 198

175 114 23 569 209

‘ 20 | 152 27| 526 251

% 5 5 21| 25| 672| 54

! 75 38 40| 632 84

| ; 10 60 53 590 11.7|

; ; | 15 | 120 74 513 192

1.55~1.60  39°007 0.430 10 5 | 21 14 672 54

5 75 37 23 636 84

: 1 10 58 33| 599 116

! 15 | 113, 52| 530 188

% \ 20 | 184| 79| 475 272

1.50~1.58 | 38°30’| 0.310 5 19 12 692 53

75| 36| 22| 643| 83

10 55 32 612 114

15 | 103 51| 556 182

20 | 182 7.6 476 27.0

1.46~1.57 | 37°00/| 0.170 5 17| 11| 71.3| 53

75, 35 21| 650 83

10 54| 31| 617 114

15 | 101 50 56.0 18.1

20 | 171 75| 495| 263

1.40~1.55 |35°30/| 0.070 5 1.5 10| 733 52

75 32 20| 669 82

10 52| 28| 625 113

15 97| 47| 572, 179

20 | 163 67| 50.9| 2538

1.27~1.47 | 29°30/| 0.026 5 13, 09| 754| 52

75| 25| 19| 71.6| 79

10 50| 27| 635 112

15 95| 44| 576 17.8

20 | 150 59| 531 25.0

15 5 1.1, 06| 776/ 5.1

75 18| 11| 765 7.7

10 32| 13| 722| 105

15 70| 23| 65.0| 16.6

20 | 123| 3.7| 585| 235

225| 153| 43| 55.8| 272

25 | 183| 49| 539| 31.0

275| 205| b5.4| -53:3| 343

30 | 235/ 6.1 519 380

20 5 08| 04| 89| 5.1

75| 14| 07| 794| 7.6

10 22| 10| 77.6| 102

15 42| 15| 744| 156

20 95| 22| 647 22.1

225| 124| 27| 612| 257

25 | 146 31| 59.7| 290

27.5| 17.6| 34| 574/ .32.7

30 | 205 39 556 ‘863

35 | 259| 4.8| 534| 435

25 75| 11| 0.6 8L7| 7.6

10 19 08| 792| 102

15 34| 11| 773 154

20 62| 15| 728| 210

225| 87| 18| 689 241

25 | 122| 21| 640/ 278

275| 154| 24| 60.8| 315

30 | 185 28| 583| 353

35 | 240 3.6 55.6| 424

5 5 20| 24| 682 54

75| 33| 35| 662 82

10 52| 48 625 113

15 83| 71| 613| 17.1

20 | 131 93| 568 239

225/ 155/ 105 555 27.3

10 5 09| 1.0 797 5.1

75| 23| 15| 729| 78

10 36| 21 701| 106

B 15 69 36 654 165

20 | 113| 51| 605| 229

225! 145| 59 572 268

25 | 165| 6.7 567 30.0

30 | 224| 80 534 374

35 | 275| 92 519| 445

15 5 08| 0.6 809!/ 5.1

75| 15| 09 788| 7.6

10 22| 11| 776! 102

15 47| 20| 727| 157

20 97| 31| 642| 222

225| 117 35 625 25.4

25 | 146/ 41 597! 29.0

30 | 197, 5.0/ 56.7| 359

35 | 248| 59| 54.7| 429

75/ 08| 06 839| 75

10 16| 08! 80.9| 10.1

15 31 13 784| 153

20 65| 20| 72.1| 21.0

225, 90| 24| 682| 242

25 | 116| 2.8 652| 276

30 | 17.3| 3.6| 60.0| 346

35 | 230| 4.1| 56.7| 419

25 75| 07| 04| 847| 75

10 14| 05| 82.1| 101

15 25| 10| 80.7| 152

20 50| 14| 760| 206

225| 63| 16| 744| 234

25 83| 18| 717| 263

30 | 13.6| 22| 657 33.0

35 | 188| 25| 618| 397

5 5 17| 19| 71.2| 53

75| 27| 29| 702| 8.0

10 40| 38 682| 108

125, 5.1| 48| 678/ 135

15 65| 60 666 163

20 | 10.1| 81| 632| 224

1.40~1.55 [35°30/| 0.070 10 75| 30| 30| 682 8.1

10 53| 35| 62.1| 113

15 | 108| 6.1| 54.3| 185

5 18| 25| 703| 53

75| 30| 27| 682| 81

10 53| 35| 62.1| 11.3

15 | 108| 6.1| 54.3| 185

75| 30| 27| 682| 81

10 53| 35| 62.1| 113

15 | 10.8| 6.1| 543| 185
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Table 2 Curves on Fig.2
Sand }SpeedEghe'l Observed value ‘ Calcula‘ijgtliu e
BN Mean Diam- . [ T T
ﬁgﬁ?ﬁgt Repose ([diameter Dry, v leter ' 4 H |k 0 R
. i- cm
gravity | 281 | S0partligwer (0 ) camy | Ced | Ghed l Cem) Cke)
| 1 | i
1.27~147 | 29°30" = 0.026 Dryi 409 18 5 25 2.2 63.5 5.6
‘ 75 5.0 33 56.3 9.0
l 9 70 39 525 | 114
‘ 10 8.1 44 50.3 12.9
] 23 | 5 16 . 16 | 722 | 53
| 75 3.2 21 | 665 8.2
\ ) 46 2.6 623 10.1
: ! 10 54 3.0 61.6 11.5
! ! 15 10 41 | 563 18.0
| ; 17.5 13.6 48 | 525 22.2
28 5 13 13 | 754 5.1
; ‘ 75 25 1.7 715 7.9
i ‘ 9 3.2 1.9 70.4 95
\ | 10 3.7 2.1 69.6 10.6
‘ | 15 6.6 2.7 66 2 16.4
‘ | 175 8.8 3.1 63.4 19.5
; ] 20 114 3.7 60.3 23.0
| | 30 20.2 5.1 55.1 36.1
! | f

quantity remains below a certain value, and above which the angle of the fork

make be kept constant.

3.2-B Relation between the pneumatic tire pressure (P) and the resistance (R)
Since the contact area of the tire with the sand becomes wider when the pres-
sure in the tire is decreased, we are going to discuss the connection between this
fact and the above experimental results, according to which the increase of the

35

25

u=39cm/Sec
DIA. OF SAND =0.025
DRY SAND

cm
V=538,

08 10

P kg /cm?

Fig. 4 H and V as function of the tire pressure P

(22)

wheel thickness results in the
decrease of the traction resist-
ance. The decrease of the inner
pressure of the tire corresponds
to the increase of the thickness.

Therefore in order to lessen
the traction resistance it is re-
quired to decrease the pressure
until the contact area of the tire
becomes maximum. This is in
good agreement with the exper-
imental results.



Table 3 Table of the Observed Values for Figures from Fig. 4 to Fig. 5

Sand Speed Tire Observed Value
Mean ’ s Thickn-
Apparent | poice | diamet- Dry,| v 3:;’"22;"5;" essof | P Vv H | &
specific er gf cm 27 | wheel tire ke
gravity angle p;z.x;i;:)le Wet ( sec) tem)| (om) (vgig <cm2> (kg) | (kg) | (cm)
1.27~1.47 | 29°30/ | 0.026 | Dry 39 40 7 0.8 0 10 2.5 2.8
20 4.0 4.0
30 7.5 4.7
40 115 5.8
50 15.5 6.7
535| 16.3 6.6
02| 10 3.2 2.9
20 7.6 44
30 12.7 5.6
40 17.8 6.3
50 | 225| 7.1
535 24.0 7.4
04| 10 3.0 2.8
20 8.1 4.7
30 15.2 6.3
g 40 | 215, 74
| 50 28.2 8.6
| 53.5| 31.0 8.9
0.6 10 2:8 2.8
( 20 8.5 4.7
[ 30 150 6.2
| 40 22.5 7.8
; 50 | 295 88
? 535 32.0 9.3
l 09| 10 32| 28
; 1 g 20 85 50
| | E r 30 | 152 63
i | | | 40 22.7 7.6
‘ | | { | | 50 30.3 9.0
; ‘ | x < | 535 330 94
| 1 ‘ 12 10 30 28
| 20 83| 45
a 30 | 150, 63
' ! 40 | 230 7.8
| 50 299 8.9
| 53.5| 32.8 9.3
‘ 15| 10 32| 27
| 20 8.6 4.7
; g 30 | 155 6.3
I 40 23.0 7.7
i 50 30.8 90
‘ | 535| 33.5 9.1
| |
|
]

Calculated

75.8
78.7
75.8
73.9
72.7
73.1
72.2
69.2
67.1
66.0
65.7
65.7
732
68.0
63.5

61.6
60.6

74.4
67.5
63.3
60.6
59.5
59.0
72.2

67.0
631
70.5
58.7
58.5

73.2
67.4
63.3
60.1
59.0

58.3
72.3
66.8
62.7
60.6

58.3
57.9

52.4

55.9
10.5
214
32.6
43.6

55.0
58.5
10.4
21.6
33.6

454
574
61.9
10.4
21.7

33.5
45.8
58.0
62.3
10.5

21.7
33.3
45.9
58.7
62.9

10.4
22.8
335
46.1
49.0
61.6
10.5
294
34.6
64.2
58.2
62.3
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Fig. 4 shows that the traction resistance does not depend on the pressure in
the tire when the load is 10kg. But when the load is increased the resistance
becomes proportional to the pressure in the tire, whereas for the pressure above
some critical value the resistance becomes constant. It was found that the critical
value of the pressure increases with the load. This situation was found to hold
for each case of 20, 30, 40, 50 and 53.4kg of the load. As for the kind of the tire
tested, the wheel of the 400-8, 4PLY tire of the “Rabbit” was used. It is desirable
that the tire is easily deformed with the increase of the pressure. So an old tire
with thin wall was selected.

In Fig. 5 are shown the dependencies of R, H, ¢ and % upon the pressure in
the tire(P). As seen in the figure the angle of the fork should be decreased with
the pressure until a certain critical pressure is reached and should be kept constant
above this pressure.

; o V=40 H-pP
3.3 Relation between the | ] o =ty ——RE LM .
resistance(R) and the size of y=39cm/sec """ 0 7P 0
DIA.OF SAND=0.025.Cc

the sand particles(m) DRY SAND

For the case when the L7s

size of the sand particles was

&l

changed, the accompanying O TS A b
changes of H, R, @ and k were  30{15{ /R~ T TTTTT®emmmes G & 2.
determined as given in Fig. 6. *\q§=+_r4_,__3_—
In the case of the sand dried ————§————%= 60
naturally the result was that “|° 2
H, R and 6 had the completely PR . e 55

. 0 a2 a4 26 08 1.0 /i2 14 1.6
reverse dependncies upon the P ky/em?

change of the particle size of Fig. 5 H, V, R, ¢ and & as function of the tire

the sand when compared with pressure p

those cases of the change of

the diameter and the thickness of the wheel, where the load was either 5, 7.5 or
10kg. Namely the traction resistance increases with the particle size of the sand
slowly, whereas above a given value of the size it seemed to become nearly con-
stant. On the other hand it is likely that R is not affected appreciably by the par-
ticle size as revealed by the relation of R and m and that of H and m, coinciding
with the experimental results of #-m curves. Therefore the angle of the fork
should be decreased with the increase of the size of the sand particles as given in
the 6-m curve.

3.4 Relation between the resistance (R) and the velocity of the wheel (v)

The results of the dependencies of K, H, and % on the velocity of the wheel
is given in Fig. 7. For simplicity the sand tank was moved instead of the wheel
with a determined velocity.

(23)



54 Kiyoshi TAKAHASHI

H, R and & showed almost no changes due to the change of the velocity. It is
concluded therefore that the angle of the fork need not be varied under the change
of the velocity, at least in the present range of the velocity.

COLUMN

DRY SAND Q009 V=5 Ky

Y=4.09 (M/SEC 00006 V=75 iy

d=1ncm 0000 V=/( Ky
i 2rmasem Ho e

Rigs

160

7025 7550 7Y
DIAMETER 0F SMND ¢

Fig. 6 H, V, R, 0 and £k as function
of the size of sand particles m

COLUMN

WET SAND
m=007¢m o V=175l
d =10cm ® V=10 K

2r =25Cm © V=/5 ?

050 409 7807
Y cm/sec

Fig. 7 H, V, R, 6 and & as function
of the velocity of the wheel

3.5 Relation between the resistance (R) and the humidity of the sand
Fig. 8 shows the dependency of H, R, ¢ and % on the change of the humidity
of the sand. The former quantities did not show any appreciable difference

COLUMN

Y=409CTN/S¢C  @CUOOV=5 K
m=0.07cm 0000/ =75K;
d=/0Cm 0008/ ~/) Ky
2r=25Cm H
— R 80
—_——t
------- 8
g s
o -
"N "=l —O—
st 24 - s R
* 4 -------------- & -- R
| ] S
T o 4w
O mmmm e —— -/-- = e
60
,._.f; PR —
/0 P
a—— -
2 e—————— — 2

WET
DRY AND WET SAND

Fig. 8 H, V, R, 6 and h as fanction
of the water content of the sand

between the case of the sand in a naturally
dried state and the case when the volume
of the water to that of the sand was 1:7.

Accordingly if we assume that these facts
hold in the whole range of the water con-
tent extending from the state of the nat-
urally dried to that with the content below
1.7, the angle of the fork may be kept con-
stant in every case.

3.6 On the characteristics of the ordi-
nary wheel and the spherical wheel

As described before the inclination of the
fork supporting the axle should be changed
properly according to the different condi-
tions in rolling on sand. In addition to this,
that the traction resistance should be as
small as possible under a determined load

(24)
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(V) and that the torque needed for the change of direction should also be small
constitute the three conditions, under which the design of the wheels should be
made to solve the problem of the traffic on sand from mechanical viewpoints.

It is apparent that the torque needed to change the direction is smaller for
the spherical wheel than the ordinary wheels with the same diameter.

Therefore if the traction resistance H in case of spherical wheels is smaller
than in case of ordinary wheels under the same load, the former can be said as
being the very wheels suitable for these requirements. In Fig. 91 are shown the
results of the comparison of the traction resistances for the ordinary wheels (thick-
ness 15cm and 20cm) and of the spherical wheel with the same diameter. As
shown in the figure the common diameter for these two kinds of wheels was
28cm. From these measurements it was found that the traction resistance is
smaller for the ordinary wheels than for the spherical wheels in every case, Al-
though the latter possess the good property that the torque needed for the direction
change is small, it can not avoid the inconvenience that the traction resistance
is higher than the ordinary wheel. Consequently it is necessary ;to design other
forms of wheels to lessen this bad property.

Fig. 95 shows the relation among the radius of the spherical wheels (7), the
combined resistacne (R), the traction resistance (H) the angle between the hor-
izontal (d) and the depth of the spherical wheel sunk in sand (%).

COLUMN

o 2r= /8N DRY SAND
DRY SAND ® 2r = 23CT } SPHERE —— = 0026 (T 0000 V=5 iy
sraml b il
= = — - H
° D 20(.771} COLUMN =

30

s 70 75 20 , .

g 73 20 % 30 35
2r cm
Fig. 94 H and V as function of the Fig. 98 H, V, R, 6 and £ as function of the
shape of the wheel, spherical or or- radius of the spherical wheel

dinary

(25)
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3.7 Sand stream lines of the spherical and ordinary wheels

(a) Measurements were made to see whether there are special relations among
the radius (71,7;), the load (V3,V:), the traction resistance (H;,H:) and the depth
(hy,h,), for two spherical wheels differing in diameter.

i) It was found in the case of virgin state of the sand that Hi=H, and hy=h
when the load is light and the equation 7/7,=V;/V; holds. These relations are
shown in Fig. 10.

ii) But if the load is increased, H,-=H; and k;= h; even in the case of n/r;=
V\/ V.

Fig. 11 is the graph showing this fact.

SPHERE

SPHERE DRY SAND
DRY SAND -7 00 21=/5(m , V=7 K
N H-n 00 2¥=/5(I, =5 Ky E 2 S —— ) 00 25=26(M, V; =/0.89% |
—mem- el 00 =250, 1=775k St G o 28
v _ 28 R
4 {4
{4
8 8
S <
13 {3«
42 {2
4 / ; )
! ? 3 4T E ; ¢ 7 g Lz 2 3 F3 g 6 7 g
MES TIMES 7
Fig. 10 H and V as function of the Fig. 11 H and h as function of the
number of runnings » when the load number of runnings when the load
Vi and V; are added to the ration of V, and V; are added to the ration
the radii (7,r2) of spherical wheels between the radii (r,7;) of spherical
under light load under light load

iii) Even in the case of the running of the wheel over the trace which was
made by the previous runnings of the wheel, the relations i) and ii) hold, being
independent on the number of the running, as shown in Fig. 10 and Fig. 11.

(b) On the other hand we can make clear the difference between the cases i)
and ii) from the photographs of the sand stream lines.

The conditions under which the case i) takes place are as follows in Fig. 12
and 13: that there do not appear that portion of the sand on the front of the
wheel which is to be pushed away during the progress, that the ratio of the load
upon one wheel to that upon another wheel is equal to the ratio between the
two values of the radii, and that the number of running is common for both,
being more than 2.

When the load is increased, there can not be seen the appearance of the por-
tion of the sand to be pushed apart for the spherical wheel shown in Fig. 14,
while it is seen for the case shown in Fig. 15. This corresponds to the case ii).

(26)
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In short, it is presumed that the difference between 1) and 2) appears accord-
ing to whether the maximum inclination of the sand surface touching the sphere
is more than or less than the angle of repose of the sand. And because the in-
clination of the sand surface depends on the load and the radius of the spherical
wheel, a case like 2) may be considered to appear.

i v

Fig. 12 Sand stream lines after the Fig. 13 Sand stream lines after the

second running of a spherical wheel second running of a spherical wheel
with 28cm diameter under the load with 28cm diameter under the load
of 7.75Kg of 10.85Kg

Fig. 14 Sand stream lines after the Fig. 15 Sand stream lines after the
second running of a spherical wheel second running of a spherical wheel
with 18cm diameter under the load with 18cm diameter under the load
of 5Kg of 7Kg

(c) Fig. 16 and 17 are for the sand stream lines photographed from the side
for the case of the loading of the same weight on each of an ordinary wheel
and a spherical wheel, all having the same diameter. Fig. 18 and 19 show the
sand stream lines photographed from the front.

(d) Fig. 20 shows the way of the change experienced by the layers in sand be-
neath the wheel during the progress. Here the white lines which are placed at
equal distances within the sand are chalk powder. This photo reveals that the
sand layer is raised after the running of the wheel as can be seen from the ob-
servation of these white lines. This is one of the phenomena showing that the

27)
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sand sould not be regarded as a perfect elastic matter from mechanical viewpoints.

Fig. 16 Sand stream lines photographed Fig. 17 Sand stream lines photographed
from the side of a wheel (¢/=5cm) with from the side of a spherical wheel with
25cm diameter under the load of 5kg. 25cm diameter under the load of 5kg.

Fig. 18 Sand stream lines photographed Fig. 19 Sand stream lines photographed
from above a wheel (d=5cm) with 25cm from above a spherical wheel with 25cm

diameter under the load of 5kg.

Fig. 20 Sand stream lines for
a wheel (d=5cm, 2r=15cm)

rolling on sand.

diameter under the load of 5kg.

IV. Conclusions

1. The exponential increase of the fork angle is
necessary according as the radius and the thickness
of the wheels and also the particle size of sand
is increased.

2. The same thing becomes necessary again if
the radius of the spherical wheel is increased.

3. Below the limit at which the contact area
of a tire becomes maximum, the fork angle should
be inversely proportional to the pressure in the
tire.

4. In the above experimental ranges of the
change of the wheel velocity and the humidity of
sand, the fork angle may be kept nearly constant,

5. Between an ordinary wheel and a spherical

(28)
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wheel of the same radius, the traction resistance of the former is always smaller

Fig. 213 Apparatus.

than that of the latter in the experimental range if the load is the same.
6. If the load is light, two spherical wheels with different diameters have
equal traction resistance when the ratio of the loads is equal to that of the radii.
7. Judging from the photos in Fig. 20 it is impossible to regard the sand as
being a perfectly elastic body.
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