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Fig. 1. 1 Steam car by Nicolas-Joseph Cugnot. (From the Gazoo Museum)



Fig. 1. 2 Electric car "Jame Contant" (1899, France). (From the Gazoo Museum)
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Fig. 1.3 The oldest wheelchair in Japan. Fig. 1.4 A self-supporting powered
(See the Ryukyu Rehabilitation College wheelchair with a self-stabilizing device. (See
website.) https://www.youtube.com/watch?app=desktop
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Fig. 1. 5 Number of license surrenders and number of handle-type electric wheelchairs shipped (based on a survey by the

Metropolitan Police Department)
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Fig. 2.1 Tire rotation axis for slip angle on the flat-belt tester. (3D view).
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Fig. 2.2 Comering force exerted on a tire with Fig. 2.3 Torque about the Z-axis of the tire due to torsional
slip angle. (Top view). deformation. (Top view).
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Fig. 2,4 Flat belt tester. Tire is fixed on the flat belt tester. The running flat belt rotates about the Z-axis. The measuring site of CF
and SAT is located upward the wheel.
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Sl FRHOWERO X A VIRE L |MEMEL R 2. 11T, 77 v b-UL Ml L CoMlEx, o7
V7R 200Hz & LTz, BEHIE S A VI o720, HH LiEiR s LTU0 M 100km/h CRARY S 4 A
Y IR KARMED 70%HE (& 1 OMEME) %5 2 7K T SA % =10deg DOEIFH T 10 [BHE > 72 Z ICARIE &
Tolz. RNUEIFE T —A 3B T 72
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2. 3. 3. MEETOBMEETRYE

HIERE— ATV MEEOBENZ E VRO 2 85— THIE Lz, —20F, X2, 5 OIKGEE O ik &1 T
ZAAE LB O — U gHAR CUH - 7o BRERIEI 0 A L7z, ~UL M 10, 20, 30km/h @ 3 Kk#ELE L SA 15
1%, Odeg 7°% 1.3deg ¥ T% SA ¥ 6.5deg/sec TH-Z7=. ZD SAFHIIATT U v 7 RA —/L%& 1 FHIZ 90deg
[ EI RIS LTI W ARMUE TRF O EM &80T DEEL L TR b D TH L. O —DiF, K2.6D
FHGER TO L — 2 F = o P aAE LI O — i T - 7o AR o 248508 L7z, ~VL Pl % 100km/h
THEEL, SA/$¥— 1% 02Hz @ sin I THRKMAEE 0.65deg & 52 7-. X A YFEEH 225/50R18 (2831} % ERED
7Z v bbb R oo SA #HEB A 2. 7 (TR AREEITRED 10, 20, 30km/h (ZH1T HakERE D SA #EEIZ
SA 1 5B 72D 0.4 FORRE DM (X 2.7 FORGRED) (/N SR IRBIREEINEB OIS, £z, ~Ub MEER 10,
20km/h DEFEITT T 7 EFER > TV DD, 30kmh OFEITIRE R ENO X A 2 v 7 BT Tnd. 2o
FRIZOWTIIARHTH 5238, O AND ICfIWE btz & 25 SA HlilDOEIUC K D b D Th 5 ArRErEN
bDHEDLTholz., KRB ZRV SA ITIFFTREL BV IMHETETNDHI2®), BRI T ERE RO
A ISV TIE SA DIREN & [ L 72 BB DWW TIBREDORES & LTz,

Table 2.1 Measured tires and conditions on inflation pressures , surface temperature and vertical load.

Tier inflation pressure Tire surface temp. Tire vertical load
[kpa] (tire center) [°C] [N]
225/50R18 for domestic compact SUV 230 24~26 3426
195/65R 15 for domestic compact sedan 230 24~26 4728
175/70R 14 for domestic compact hatch back 230 24~26 3431
. 2 Car speed :
Car speed : =
V=10 km/h = ! 100km/h
2 |
< i
p : A -simulated
. P2 ! — 4 Simu ated part
Simulated part o i
i T
\ !
i i
! i
i i
: 5
Lane change
Road width 6m or less width 4.5m
Fig. 2.5 Assumed operation at low-speed. Fig.2.6 Assumed operation at high-speed.
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=
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. V=10,20kmh _ _
FERE =~ \ Slipangle at lowspeed  Max. SA=1.3deg
< . _
p= -
& -
o 1 4
g% o
-5 0.8 g};
o 9 Max. SA=0.65deg
®
o 4 0.6 9 .
S o . o S
© + 02“14 S\“
= ] 30kmh o el Nis
g 02 L
~ S\\Q a
0
0 0.2 0.4 0.6 0.8 1
Time [sec]

Fig. 2.7 Measured time histories of SAs at high belt speed (100km/h) and low belt speeds (10, 20 and 30km/h) for the tire
225/50R18. From this figure it is confirmed that SAs at low speeds and high speed are almost equal to those given as the
reference except that increases in the SAs at low speeds involve small vibrational behavior in the region designated by dotted
line. The reason of the occurrence of this vibration is unknown. There are possibilities, however, that this vibration comes from

the control system of SA.

2. 4 EBRR

2. 4 1. 75y bR)L FREBRBOBERR
2.8 FEBIZ # A Y S 225/50R18 D~/L M EE 10km/h CTHRIE 4172 3 [B153D SA & CF ORI Z 3. 4
2.8 HIZIA & A ¥ D~L MEEE 100km/h THIE Sv7z 3 [B15300 SA & CF ORAIEZ R~ [FERIS, 2.9 £
|24 A Y HEEH 225/50R18 O~L MEEE 100km/h THIGE S 4072 3 [B1530 SA & SAT ORFAIRE, [X2.9 AR Z A
YO~V MEEE 100km/h THIE S72 3 [B53 D SA & SAT ORZIEZ R~T. Zibnn, ForL7z 3 ESO SA
#, CF ##, SAT #UX, [ ZFHELS>TWDLZ Enbod. FLIITRLIEUSNOT —Z bk Tho7. Lo
T, BEHAWS 77 v boyL MBI SA Flf OB L OHIEREL, 4 RI0 B TH HERINOMUN
AIZ &% CF SAT OJFEIHE LT\ Ll L7z, DI TR OEMES 2kl T 5720, F—&R4ETHIELRZ 3
5153 DWNET — & OFEIE CEBAER 27T 2 & & Lz,
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SA (3 samples) 1600 0.7

1600 SA (3 samples)
1400 1400 0.6
1200 1200 05
—_ 1000 =
= 1000 = = 04 g
— 800 =, = 800 =
) < & 03 S
600 » 600
400 400 0.2
200 200 0.1
0 0 0.0
0 05 1 0 05 1
Time [sec] Time [sec]
225/50R18, V=10km/h 225/50R18, V=100km/h

Fig. 2.8 Confirmation of reproducibility of SA and CF measured by the flat belt tester. The SAs and CFs of the three samples show

similar values, and measurement accuracy can be ensured.

SA (3 samples)

70 14 70 0.7

60 12 60 SA (3 samples) 06

50 1 50 0.5
£ 2 08 g £ 40 04 g
g 20 SAT (3 samples) 06 g g 20 03 g‘

20 04 20 0.2

10 02 10 SAT (3 samples) 01

0 0 0 0.0

0 0.5 1 0 0.5 1
Time [sec] Time [sec]
225/50R18, V=10km/h 225/50R18, V=100km/h

Fig. 2. 9 Confirmation of reproducibility of SA and SAT measured by the flat belt tester. The SAs and SATs of the three samples

show similar values, and measurement accuracy can be ensured.

2. 4. 2. EETORERER

UL MR 10, 20, 30knvh DA OFEERFER 2R, X A YR 225/50R18 (2% 5 SA & CF OREZIE % %]
2.101Z7R L, SA & SAT ORFZIEA X 2. 11 127 [ Tid~v MEEEAS 10, 20, 30km/h D55 D CF % Z 2
VAR, AR, RECRLTH D, [ABRS, &1 YHEE 195/65R15 124735 SA & CF ORFAIEA[X 2. 12 (TR L,
SA & SAT ORFAIEZ X 2. 13 1T~ d. S HITH A VHEE 175/70R14 (25T % SA & CF ORFZIEEZ X 2. 14 1R

L, SA & SAT OWHIE%X 2. 151277, 9 CF ORIERTICHOWTRTFT 5. X2.10,2.12,2. 14 25
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&, CF OffiE# A YRHAIZ L > TR > TWAHD, 2 Z THWZ A YRESEIC L TE7 7 7 OFITIZIER LT
HHERDNDL. WTIhOX A YFEHICBNTHEEIZ L 5T CF 13X SA 55405 LiIZH BTt
basD, DAL HHIOITNS V. T2 5 CFIL SA T L TEN T B30, 3iH BN Y OBEHEN. 56
\Z CF XA D SA DB DBEZIF L A LT TR, £72, CFId~UL Ml Z L ITEA R ) ~UL bl
D EFIZES T CF INT 2523, B ERICHEIL THZRWZ &350 5.

WA SAT DREFEFAICONTIRAD . [X2.11,2.13,2.15 b5 &, CF & [RBEIC SAT (2% LT HZDOfEIE#
A YFHIC L o TR S TWDA, AREIRY EF723FEHOZ A YD 77 7KL L ITHD Z Edbins.
7272 L SAT [Z CF L1520, WO X A ¥ ORHIZIBTH I L 63 SAT 1% SA £ 5-BRARIE 7> H HI N
LG, TOARS CFIZHARD EREWV. Zia b > TLTSAT X CF kT2 & T 2ICIF BN H 5 Z &M
5303 % . ET SAT 1F SA [ EBIRAE %D LIES < OflIE SA OZEENZ R L 7 iREIRERBIN TRY, =
DD SAT OEIZ~V MEEIZ K S FIRER CEE & 52y, b L <IERFRHIZ S K D031 RN S W3
SAT DFIEKEVY. DX 5T SAT & CF THRHHIZ(KIZE WS R b7,

I S DITTHANDT2DIT SA B —TEIT 72 % 0.6 LD ZEHI 72 & T2 D SAT & CF DA RD7Z. Zhi
—ED SA Z 5 L THIE STz SAT & CF DJIET —# bR D — /s =2 —~F v 7 hL—L EET S
DTHD. ZZThbIha=a—~vF v 7 hL—AEESZLLTH. ZOXSIZLTROIc=a2a—~F 7 |
L= V&R 2. 27T, ZORIRT=a—~vF v FL—LOfii& CF DRIET —#725, CF KD SAT O
R LA R U, BBREEE CIIE S4U7z SAT & bk U 7= R R4 3 2. 2 1R LZIEICRG S & T 2. 16 725K
2241077 P OFHRA CFIER D SAT TH Y, K HIE Sz SAT THDH. Zib DI W IREDGA,
RRZAUL RMEEEAS 10,20km/h &AKIEOYE, SA 5B 0 B2 5 0.2 FORREORIZI\ T CF K 0 SAT |21
1 U CHIE STz SAT IX DMK EREEZ L 5o TVD Z LA D, AU CFICKERET 2 SAT I2Mx T R
v RALOALWERITER TS SAT ML EEbind. ~L MEENEINT 525N T, HE S
SAT 7% CF KD SAT % 5 K& ThE< o THY, FEMRHGEI LTS, TiUT~L MEENRK
L RDIZONNRTVERN NS 2D, ALY ERRAECLREHPELS 2o TNDTEDThd LB LN,

CF BXOSAT OH ENR Y BN LT, ZZTORLEFERERNLEZOND 2 AL FERITE
<. EIEFIXCFBIOSATIZE VAL D NEAT VI HRA—/V I O—EE LTELED. ZHETITR
L7z & 912 CFIE SA Ik LA BN H U, WIZ SAT [T H ER VIR, ZDTH AT Y o TR A — /L %A
LG T EZEDAT ) T RA—)b MV 75D 2 SAT KD b v 7 OEIGIXCFIZLD2ZENXL D HREWD
EWRIMD. KT, ATV T RA =V MVT Tl R EMERFNI T D8 v TR b LRI
TITENN SAT AR EREIGZ EDLDIFF > ETHRU.
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3000 1.4

SA

2500 1.2

1.0
_ 2000 CF, V=30km/h g B
Z : D
= 1500 \ =,
<
G 06 <

1000
04
500 CF, V=10km/h 02
CF, V=20km/h '
0 0.0
0 0.1 0.2 0.3 0.4 05 0.6 0.7 0.8

Time [sec]

Fig. 2. 10 Measurement results of CF at low belt speeds (10, 20, and 30km/h) for the tire 225/50R 18. For all belt speeds CFs rise
slowly with some delay time against SA. They show separate values while those at 20km/h and 30km/h show close.

100 14
9 SA
1.2
80
70 SAT, V=30km/h 1
'E 60 ¥ 08
= © 3
= 50 3
<40 \ 06 &
30
" SAT, V=10km/h 04
SAT, V=20km/h 0.2
10
0 0
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

Time [sec]

Fig. 2. 11 Measurement results of SAT at low belt speeds (10, 20, and 30km/h) for the tire 225/50R 18. For all the belt speeds SATs
rise quickly with very small delay time against SA. They show close values in the region of time 0 to 0.2 sec while those after that
show separate values.

3000 1.4
SA

2500 1.2

CF, V=30km/h L0

2000 l '
= 08 P
= 1500 5
° 1000 85

0.4

CF, V=10km/h
500 0.2
CF, V=20km/h
0 0.0
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

Time [sec]

Fig. 2. 12 Measurement results of CF at low belt speeds (10, 20, and 30km/h) for the tire 195/65R15. For all belt speeds CFs rise
slowly with some delay time against SA. They show separate values.
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100 1.4

% SA
1.2
80 SAT, V=30km/h
70 1.0
‘E 60 =
08 ©
Z )
= 50 =)
06 <
% 40 \ &
30 0.4
20 SAT, V=10km/h
10 SAT, V=20km/h 0.2
0 0.0
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

Time [sec]

Fig. 2. 13 Measurement results of SAT at low belt speeds (10, 20, and 30km/h) for the tire 195/65R15. For all the belt speeds SATs
rise quickly with very small delay time against SA. They show close values in the region of time 0 to 0.2 sec while those after that
show separate values.

3000 14

2500 1.2
2000 10 —
z 08 B

Z

= 1500 =
5 CF, V=10km/h 06 <
)

0.4

500 02

CF, V=20km/h :
0 0.0
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

Time [sec]

Fig. 2. 14 Measurement results of CF at low belt speeds (10, 20, and 30km/h) for the tire 175/70R14. For all belt speeds CFs rise
slowly with some delay time against SA. They show separate values.

100 14
90 SA
12
80
70 1
E 60 =
08
% 50 o\ 3
< 40 SAT, V=10km/h 06 &
30
>0 SAT, V=30km/h 0.4
10 0.2
0 01 0.2 03 04 05 0.6 0.7 08

Time [sec]

Fig. 2. 15 Measurement results of SAT at low belt speeds (10, 20, and 30km/h) for the tire 175/70R14. For all the belt speeds SATs
rise quickly with very small delay time against SA. They show close values in the region of time 0 to 0.2 sec while those after that
show separate values.
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Table 2.2 Pneumatic trails determined from the measured SATs and CFs when they are in the steady-state at low belt speeds.

Tire Belt speeds [km/h] Pneumatic trails [mm]
10 37.0
225/50R18 for domestic compact SUV 20 36.0
30 36.0
10 29.0
195/65R15 for domestic compact sedan 20 29.0
30 29.0
10 34.0
175/70R 14 for domestic compact hatch back 20 33.0
30 34.0
90 90
) 80 80
X 70 70z
L ‘g Z
‘; © 60 Measured SAT of 225/50R 18, V=10km/h 60 =
S = g50 50 g
S £ Z S
S 54 4 40 3
£ g =
S io; 30 30 §
2 20 20 =
o 10 1 4 10
0 SAT due to CF of 225/50R 18, V=10km/h 0
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
Time [sec]

Fig. 2. 16 Comparison between SAT due to CF and measured SAT for the tire 225/50R18 at the belt speed 10km/h. The
measured SAT takes larger value than SAT due to CF in the time region of 0.03 to 0.22seconds. It is thought that this difference
comes from the torsional deformation of the tire.

90 90

T 80 80

Q 10 0%
w = Measured SAT of 225/50R18, V=20km/h =
C® 60 60 &
£ 5250 50 <
LS E wn
3 £ 4 40 40 3
=3 s
S S 30 30 §

% 20 \ 20 =

& 13 SAT due to CF of 225/50R18, V=20km/h (1)0

0 0.1 0.2 0.3 0.4 05 0.6 0.7 0.8

Time [sec]

Fig.2. 17 Comparison between SAT due to CF and measured SAT for the tire 225/50R18 at the belt speed 20km/h. The
measured SAT takes larger value than SAT due to CF in the time region of 0.03 to 0.2seconds. The amount of the difference in
this time region is small compared to the case of the belt speed 10km/h.

18



90 90

o 80 80
X 70 70 E
L Measured SAT of 225/50R18, VV=30km/h Z,
o= 60 60 —
SEE50 50 &
2EzZ =
= 40 40 ©
=2 =
<S030 30 5
= 2
2 20 \ 20 @
3 10 SAT due to CF of 225/50R18, V=30km/h 0 =

0 0
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
Time [sec]

Fig. 2. 18 Comparison between SAT due to CF and measured SAT for the tire 225/50R18 at the belt speed 30km/h. The
amount of the difference between the measured SAT and SAT due to CF in the time region of 0.03 to 0.2 sec is small compared
to the case of the belt speed 10km/h.

90 9%

B 80 80
L= 10 Measured SAT of 195/65R15, V=10km/h 0
CE 60 60 =
O ~
é-% £ 50 50 <
5 E £ 40 40 3

[} —
<5 30 30 3

= 20 20 2

[

B 10 X 10

~ 0 SAT due to CF of 195/65R15, V=10km/h 0

0 0.1 0.2 03 0.4 05 0.6 0.7 08
Time [sec]

Fig. 2. 19 Comparison between SAT due to CF and measured SAT for the tire 195/65R15 at the belt speed 10km/h. The
measured SAT takes larger value than SAT due to CF in the time region of 0.02 to 0.23seconds. It is thought that this difference
comes from the torsional deformation of the tire.

90 90
80 80 _
Z 170 70 £

SR 60 Measured SAT of 195/65R15, V=20km/h 60 =

o O

2 B E 50 50 o

S EZ 2

|<T: 3 40 40 g

2 30 30 3
2 20 X 20
3 1 SAT due to CF of 195/65R15, V=20km/h 0=

0 0
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

Time [sec]
Fig. 2. 20 Comparison between SAT due to CF and measured SAT for the tire 195/65R15 at the belt speed 20km/h. The

measured SAT takes larger value than SAT due to CF in the time region of 0.02 to 0.17seconds. The amount of the difference
in this time region is small compared to the case of the belt speed 10km/h.
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90 90

=80 80 2
X 70 Measured SAT of 195/65R15, V=30km/h 70 Z
e 2 =
ot 60 60 £
o -~
= E—= 50 50 &
o g g =
- gz 40 40 2
!
= £ 30 30 5
220 20
2 SAT due to CF of 225/50R18, V=30km/h g
8 10 : 10 =
2 0 0
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

Time [sec]

Fig. 2. 21 Comparison between SAT due to CF and measured SAT for the tire 195/65R15 at the belt speed 30km/h. The
difference between the measured SAT and SAT almost disappears.

90 90
L &0 Measured SAT of 175/70R14, V=10km/h 80
X 0 0 =
GE 60 60 §
o ~
§-§ £ 50 5 <
3 E £40 40 3
= o >
g5 30 30 g
(3] 5+
5 20 x 20 =
& 10 SAT due to CF of 175/70R14, V=10km/h 10
0 0
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
Time [sec]

Fig. 2. 22 Comparison between SAT due to CF and measured SAT for the tire 175/70R14 at the belt speed 10km/h. The
measured SAT takes larger value than SAT due to CF in the time region of 0.02 to 0.23seconds. It is thought that this difference
comes from the torsional deformation of the tire.

~ % Measured SAT of 175/70R14, V=20km/h %0
G 80 80
X —_
wz 10 70 E
5. 60 60 &
28 E g 50 <
3 EZ %)
5 3 40 40 3
S g 30 30 3
2 2 20 =
2 SAT due to CF of 175/70R14, V=20km/h
10 10
0 0
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
Time [sec]

Fig. 2. 23 Comparison between SAT due to CF and measured SAT for the tire 175/70R14 at the belt speed 20km/h. The
measured SAT takes larger value than SAT due to CF in the time region of 0.02 to 0.21seconds. The amount of the difference
in this time region is small compared to the case of the belt speed 10km/h.

20



%0 Measured SAT of 175/70R14, V=30km/h %0

T 80 80
x 70 0
GE 60 60 §
2o~
s §E 0 50 <
2 EZ a0 403
g £
S8 SAT due to CF of 175/70R14, V=30km/h 0 &
S 20 20 =
& 10 10
0 - 0
0 0.1 0.2 0.3 0.4 05 0.6 0.7 0.8

Time [sec]
Fig. 2. 24 Comparison between SAT due to CF and measured SAT for the tire 175/70R14 at the belt speed 30km/h. The

measured SAT takes larger value than SAT due to CF in the time region of 0.02 to 0.2seconds. The amount of the difference in
this time region is a little smaller compared to the case of the belt speed 20km/h.

2. 4. 3. BETOERRKER

~UL MHREEDS 100kmv/h D55 D SA & CF DRFAIEZ 4 2.25 1277 L, SA & SAT ORFAIEZ X 2.26 1T77.
HIZIEL 2 A PR 225/50R18 (23 DR, 2 A VA 195/65R15 (23 HfER, % A YHEHH 175/70R14 (2%
DRERZ TR, B, BRORLTHD. X2.25 BLUX 2.26 205, CFIEH A YRHEIC L - TlIER
72503, SAT 134 A VRN R THMVMELA IS Z L 3bnd. £z, 22 TH SADBIZEFEHELE N 138
LIBED SAT & CF D7 —Zinb=a—~<F v 7 hL—/V&ZRDTZ. BONBREE2.3ITRT. IHITRkDZ
Za—~F w7 FL—LOffiL CF ORET —4#H b, CF ZREO SAT ORiZ kAR L, #BRERE CRIE =
AUIZ SAT EH L7z, fiRZ2X2.27 5K 2.29 189, ZOKIEY, mEHOSEHIE S 7z SAT (3 CF R O
SAT 121> CEL LIREN N EE L T\ 5. ZOIRENE SA 2157 2010640 TR Y, miE2e~L METTHR
KTECTWD b LBbD. 2 OREZ BRI ITHE S 4172 SAT 1% CF ER O SAT (ZI1ZEF—8T 5. Lo
TEIROGEITITA LV ERITER T 5 SAT IHEE A EET RN ENbND. £z, SATBLOCF OhH |
B DIENUZHONWTIE, SA A7 = PMERDLE LITRR 2 O CTEENRIEIZTE 2V, 22 ThHE%

72 SA K LIBIUIRE <N LD 5.
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Fig. 2.25 Measurement results of CF at high belt speeds (100km/h) for the tire types of 225/50R 18, 195/65R 15 and 175/70R 14. For
all tire types CFs show separate values.

60 0.7
50 0.6
0.5
__40
g 04 ©
Z . D
‘: 30 =,
< 03 §
“ 20
0.2
10 0.1
(225/50R18, 195/65R15, 175/70R14) *~-
0 0.0
0 0.2 04 0.6 0.8 1 1.2 14
Time [sec]

Fig. 2. 26 Measurement results of SAT at high belt speeds (100km/h) for the tire types of 225/50R18, 195/65R15 and 175/70R14.
For all tire types SATs show close values.

Table 3 Pneumatic trails determined from the measured SATs and CFs when they are in the steady-state at high belt speed.

Belt speeds [km/h] Pneumatic trails [mm]
225/50R18 for domestic compact SUV 100 47.0
195/65R15 for domestic compact sedan 100 38.0
175/70R 14 for domestic compact hatch back 100 31.0
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Fig. 2. 27 Comparison between SAT due to CF and measured SAT for the tire 225/50R18 at the belt speed 100km/h. The
measured SAT and SAT due to CF are similar.

40 40
- Measured SAT of 195/65R15, V=100km/h
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L= 30 30 E
© —_
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Fig. 2. 28 Comparison between SAT due to CF and measured SAT for the tire 195/65R15 at the belt speed 100km/h. The
measured SAT and SAT due to CF are similar.
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Fig. 2. 29 Comparison between SAT due to CF and measured SAT for the tire 175/70R14 at the belt speed 100km/h. The
measured SAT and SAT due to CF are similar.
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AREETIE, oM A I C ORI ENE 2 T 5 72007 CF X0 SAT OXEiREAZ HIgE L, 77 v b
AL BRI 35V TR & 0D 2 DO FEII T 31T 2B~ ST IMEFEAIZ KD CF & SAT & SHRAICHIE
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[G] Lower arm
rear bush [H] Tie rod inner ball joint

Fig. 3.1 Strut type front suspension in 3D view.
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B-D-G : Lower arm
Wheel B-C-I : Steering knuckle

C-H : Tierod
A : Upper support

Y axis

X axis

: Lower ball joint
: Tie rod outer ball joint

: Lower arm front bush

: Lower arm rear bush

o9)
T QU Ow

: Tie rod inner ball joint
I : Wheel center
Kiy kay : Spring constant of upper support
H kpy : Spring constant of lower arm front bush

kny @ Spring constant of tie rod

kay : Spring constant of lower arm rear bush

Fig. 3,2 Top view of the front suspension. Red triangle represents the lower arm, blue line the tie rod and green lines the wheel parts.
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Table 3.1 Examples of the spring constants in Y direction.

kay 450 N/mm
kpy 15200 N/mm
key 500 N/mm
ky 16900 N/mm
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Fig. 3.3 LF and SAT directions when turning in planar view. In the left-turn comering, leftward LF and clockwise SAT act on the
two front wheels.

3. 2. 3. LFIZx9 % F—AZELDEAE

FEHIZBIT D, LEIZHT 25 b —AZLOFERMEOFIZ >V GRRTH <. HIEIL AB Dynamics 1100 K&C [3-6]
WZE VAT, 3.2 ITHE SN oTRE 4 #HfED N—AZ B L O0F v o AR E RS, BIEOBRILLF &
L CEALTCIRIREADRIFF A 1000N (F A ¥ E oK) 25%H4) 2afm Lz, JE Iz h—AZloA
FZoRlE, M—AZRITHEENER D HFRE T LR TH DL EERL, Ty U NAEEDIERRILS A Y OHEH
SEANHE M PNIANZERL L CTEI A BE THDHZ L 2R LTS, IR EBIEO 7 oy h A Y 3 TR
3.2 O M—AZLOWMD L 51T, BEEDBEhNRA S &5 H M LT F AN b—AEPEL D L IRESH
5. 29 LIEREDFHE LF-CIS BT U HATT ThDH EMFA TN D, 2O HELEHET L1230 THEIS
K35 HE OB SR EIHI L, WY ATT VU THRA— IV MV ERD L H D, BRO X D ARG
TIEEESMROZEENCER LT EIT 5. IEESMGICIIT 57 X 277 O h—AZTEmSNAE O h—7

28



U M5, 72853 3.2 OFEOMIHEIZ K E 72 b O TRV (BRZ b—AZIT 10%deg FLE) 23, ZORED

ETHERAT TV T RA—)L MV OM ] 3 — B EE 525 2 L BT LI TWS.

Table 3.2 Measured LF compliance characteristics of front suspensions for 4 passenger cars for LF of 1000 N.

Vehicle A Vehicle B Vehicle C Vehicle D
Toe angle change [deg] -0.004 -0.032 -0.02 -0.022
Camber angle change [deg] 0.137 0.162 0.25 0.179
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(a) Inner side view of the front wheel assy. (b) Rear view of the front wheel assy.

Fig. 3.4 Inner side view and rear view of the front wheel assy when LF acts on the wheel. In the rear view, the black arrows represent
Y-direction components of the forces acting on points A, B, C and J. The white arrow represents the displacement of point A. LF acts
on point J in the negative Y-direction. On points B and C, forces with positive Y-direction components act. On point A, a force with

negative Y-direction component acts, and displacement in positive Y-direction occurs.
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Wheel
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Fig. 3.5 Top view of the suspension when LF acts on the wheel. The black arrows represent the forces acting on points A, B, C and
J. In this figure, LF acting on point J is represented by the black arrow starting from point I. The white arrows represent the directions

of the displacements of point D and H, and the direction of rotation of the lower arm about point D.
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(a) Case where BD and CH (b) Case where distance DH is (c) Case where distance DH is
are parallel. larger than that of BC. smaller than that of BC.

Fig. 3.6 Changes in the toe angles for different configurations of the suspension in which point B is located slightly forward of point
D when the lateral force acts on the wheel. As shown in figure (a), for the case where the side B-D and the axis C-H are parallel and
have the same length, change in toe angle does not occur. As shown in figure (b), for the case where distance DH is larger than that of
BC, change in toe angle in the direction of toe-out occurs. As shown in figure (c), for the case where distance DH is smaller than that

of BC, change in toe angle in the direction of toe-in occurs.
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Fig. 3.7 Changes in the toe angles for different configurations of the suspension in which point B is located slightly backward of
point D when the lateral force acts on the wheel. As shown in figure (a), for the case where the side B-D and the axis C-H are parallel
and have the same length, change in toe angle does not occur. As shown in figure (b), for the case where distance DH is larger than
that of BC, change in toe angle in the direction of toe-in occurs. As shown in figure (c), for the case where distance DH is smaller than

that of BC, change in toe angle in the direction of toe-out occurs.
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Fig. 3.8 Rear view of the front wheel assy when SAT acts on the wheel. The black arrows represent Y-direction components of the
forces at points A, B and C. The white arrow represents the displacement of point A. On point C, a force with positive Y-direction
component acts. On point A and B, forces with negative Y-direction components act. In addition, at point A displacement in positive

Y-direction occurs.
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Wheel

Fig. 3.9 Top view of the suspension when SAT acts on the wheel. The black arrows represent the forces acting on points A, B
and C. The white arrows represent the directions of the displacements of points D and H. The force acting on point B of the lower

arm may rotate the lower arm about point D, although it is not the case in this figure.
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Y axis Wheel Y axis Wheel

)
)

(a) Case where distance BC is smaller than that of DH. (b) Case where distance BC is larger than that of DH.

Fig. 3. 10. Top views of the front suspension when SAT acts on the wheel. Figure (a) shows the case where distance DH is larger
than that of BC. In this case the lower arm rotates in counterclockwise direction, and hence the change in toe angle becomes toe-out
as shown in figure 6(b). Figure (b) shows the case where distance DH is smaller than that of BC. In this case the lower arm rotates in

clockwise direction, and hence the change in toe angle becomes toe-out since it is the opposite case shown in figure 6(c).
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Fig.3. 11 Time history of SA given in the test at 100km/h.
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Fig. 3. 12 Measurement results of CF and SAT at 100km/h.
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FiE2 x 1077 sec & 43/ NS UVMEIZERE LT,

SAT : Self aligning torque

Power steering Right Wheel

ssist motor

A : Upper support

B : Lower ball joint

C : Tie rod outer ball joint
D : Lower arm front bush
G : Lower arm rear bush
J : Tire contact point on
ground

Steering shaft

S = LF : Lateral force
Car direction Inside = -3 == Outside

Fig. 3. 13 Front suspension model used in CAE.

Table 3.3 Suspension specifications.

. Spring constants
. . Location
Suspension points Translation [N/mm] Torsion [Nm/deg]
X Y, Z[mm]

X Y Z X Y Z

A : Upper support 1067, 571, 1595 450 450 333 4 4 0

B : Lower ball joint 984, 725, 960 21300 21300 39200 0 0 0

C : Tie rod outer ball joint 1130, 685, 1068 34300 34300 13500 0 0 0
D : Lower arm front bush 1013, 338, 959 922 15200 15200 276 200 200
G : Lower arm rear bush 1281, 360, 970 1500 500 244 1.42 35 3.59

H: Tie rod inner ball joint 1169, 304, 1058 10080 16900 10080 0 0 0

1: Wheel center 1000, 764, 1084 - - - - - -

J : Tire contact point 1000, 766, 795 - - - - - -
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Fig. 3. 14 Results of displacements of each point at #=1.2 [s] obtained by CAE analysis for Case 0, Case I, Case Il and Case III when

LF acts. In these figures, displacements are plotted by black arrows with magnification factor of 500. In Case I where kyy is halved,

displacement in Y direction at point H is larger than that of Case 0. In Case II where point H is moved to negative X direction,

displacement in Y direction at point C is smaller than that of Case 0. In Case III where kyy is doubled, displacement in Y direction at

point A is smaller than that of Case 0.

Table 3.4 Values of parameters that correspond to change in tow angle by mode I, II and III for Case 0, Case I, Case II and Case I1I

when LF acts. In Case I, value of Ay; is decreased, which corresponds to that change in tow angle by mode I is in direction of toe-out.

In Case II, value of Ay is increased, which corresponds to that change in tow angle by mode II is in direction of toe-in. In Case III,

value of Ay is decreased, which corresponds to that change in tow angle by mode 111 is in direction of toe-in.

Ay p [m] Ay [m] Ayn [m] Ay [m]
Case 0 4.20x107 7.10x10° -0.38x10° 53.8x10°
Case 1 2.93x10° 5.84x107 -0.39x10% 54.4x10°
Case II 4.11x10° 7.03x10° 1.85x10° 52.1x10°
Case III 4.22x10° 7.15x10° -0.28x10° 30.7x107
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Fig. 3. 15 Time histories of change in toe angles for Case 0, Case I, Case II and Case III when LF acts. In Case 0, change in toe angle

is negative, which means that change in toe angle is toe-out. In Case I, amount of toe-out is increased. In Case II, amount of toe-out is

decreased. In Case III, change in toe angle is toe-in.
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Fig. 3. 16 Comparison of LF-C/S obtained by the CAE analysis and that obtained as the sum of the changes in toe angle by Mode I,
IT and I1I. It is seen that the sum is very close to LF-C/S obtained by the CAE analysis.
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(c) Case 1T (d) Case III
Fig.3.17 Results of displacements of each point at #=1.2 [s] obtained by CAE analysis for Case 0, Case I, Case II and Case III when
SAT acts. In these figures, displacements are plotted by black arrows with magnification factor of 500. In Case I where kyy is halved,
displacement in Y direction at point H is larger than that of Case 0. In Case II where point H is moved to negative X direction, rotational
direction of the lower arm and tie rod is changed to clock-wise direction In Case III where kyy is doubled, displacement in Y direction

at point A is smaller than that of Case 0.
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FHEIZ AR TONES K E— FIIZ L D F—AZ(LITE— RUSLARTRSNWZ ERXG0D. EHIZ, AYnDEIXE &
%oTHY, FE—FINZED F—AZMIT =77 NI TH D I A%, Case IOWETE Case 0 DHEIT
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EERL TS, LLEE3. 5. 2 TR 3. 3 Hils L O3 4 Hioim» b TSI AR E B LD, Zhi
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BIZ =77 hZRLTWA. ZOXNE S Case 1 Case 0IZHART h—7 7 FEAEIML TS Z & B30 5.
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PO LTED, h—A v HHOEEEZ LTS, ZROIXEOELRERE 8T 5.

Table 3.5 Values of parameters that correspond to change in tow angle by mode I, II and III for Case 0, Case I, Case II and Case I1I
when SAT acts. In Case I, value of Ay is decreased, which corresponds to that change in tow angle by mode I is in direction of toe-
out. In Case II, value of Ayy is decreased, which corresponds to that change in tow angle by mode II is in direction of toe-out. In Case

111, value of Ay is decreased, which corresponds to that change in tow angle by mode III is in direction of toe-in.

Ay [m] Ay [m] Ayn [m] Aym[m]
Case 0 —2.86%107 —4.59%107 —0.20%x10% 9.34x107
Case I —4.36x10% —6.09x107 —0.21x10 10.1x107
Case II -2.97x10° —4.69x107 —0.53x107 8.72x107
Case I1I —2.85%107 —4.59%107 —0.18%10° 491x10°
0.02
—— Case0
—_ —— Case |
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Fig. 3. 18 Time histories of change in toe angles for Case 0, Case 1, Case II and Case III when SAT acts. In all of Case 0, Case I,
Case II and Case III, change in toe angle is toe-out. In Case I and Case II, amount of toe-out is increased while in Case I1I, amount of

toe-out is decreased.
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DXL, SAT IZLBHKE— RO h—AZLZERNRD . BHFEIL LF OBA LFRICTHS. Case 0 DL
B ORREIK 3. 19 17T, ZORITITEE— RO M—AZLOMIEFNE L O CAE it TR 7z b —AZE i %=
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& D F—AZMEE T ITERITE TV D 2 ENRbnDd.

0.04

Total
Mode |
Mode II
Mode 111
Sum

0.00 yMpwivmy

0.02

-0.02

-0.04 -

Change in toe angle [deg]

_006 | | | | | | |
00 02 04 06 08 10 12 14

timet [s]

Fig. 3. 19 Comparison of SATF-C/S obtained by the CAE analysis and that obtained as the sum of the changes in toe angle by
Mode I, IT and III. It is seen that the sum is very close to SAT-C/S obtained by the CAE analysis.
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WTHDHZ ENyh5. Case MIIZDOWT S, LFIZKT D AymDZEA(IE, SAT IZxT 2 AymDEL LD KE <,
F— RN U T hky N2 DX LF ISk 5 5 SAT IS8T 5 L 0 b REWZ 3905, 72771, Case

& 3872~ TC, LF & SAT OfFEICKTHELDOME IR U THD Z EB005D.

3. 6. RFT7VITFYRY Y AL WHRESH L & YRTHICENNI-BRD LF-C/S
7Y RDOARNT v bR AR T 3 AT 3.20,3.21,322 DX HICAT T Y T F YR v 7 A DS Hij
L #GICEE S b O (LB, HUZ R-SGB) &RIFICE D= b D (LIEHIZ F-SGB) O 2 FEFESFIET 5.
3.3 Hinh 3.5 HiE TIZEm Ue b O3 pilti Bl 12 0 %5 ICRLE SN2 b OIS0 4. AREICIXATR B L 0 5512
BLiE SAL72 b DIZ OV TR 21T - 72,

. Kingpin axis

B-D-G : Lower arm

C-I : Steering knuckle

C-H : Tierod

A : Upper support

B : Lower ball joint

C : Tie rod outer ball joint

D : Lower arm front bush

G : Lower arm rear bush

H : Tie rod inner ball joint

I : Wheel center

J : Wheel contact point on the road
Kay @ Spring constant of upper support
Koy @ Spring constant of lower arm front bush

Ky : Spring constant of tie rod
Kgy @ Spring constant of lower arm rear bush

Steering

Fig. 3.20 3D diagram and names of each part of the strut type front suspension. The figure shows two types of steering gearboxes:
one is F-SGB and another one is R-SGB.

Rack housing support point Q Q
| Tie rod C

" H Shock
absorber B

‘ Steering gear box ass!

Shock

Rack and pinion gear couplin |7” Rack housing support point absorber

©

‘ Steering gear box assy

. —
Steering shaft G © Rack and pinion gear coupling

Universal joint

Right wheel Universal joint «—Steering shaft
Worm gear Assist motor
P =
A
Worm wheel gear || Worm wheel gear Assist motor
Steering wheel Steering wheel

Fig. 3.21 F-SGB suspension and steering system layout. ~ Fig. 3. 22 R-SGB suspension and steering system layout.
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V) R-SGB Tili*7z Mode IDY ARt a UEENNAEL S, ¥ 3,25 I278F F-SGB IZ W TR 5. # A
2y K C-HIIOIFZEM G THY, a7 7 —LH0 B-D O B 2AD LY bEERISICALEL TWD. HAB
~AT) Fay OH TR B ORI Z45 7200 7 7 — A 2KIT/AE Y 0 Mode #1272 5. £ LT, C-H & B-
DDOYYIZERIZEY h—T 7 MZ725b. LLED, F-SGBIZEWTEH R-SGB [AEED 3 >DH A~ g v
ZHENE— RNFET D 2 L300 5.

AY A

Jihe
s LD

Z axis

X axis

Z axis

B™ i
Fy
Ground line Groung’iine 1 J
(a) Inner side view of the front wheel assy. (b) Back view of the front wheel assy.

Fig. 3.23 Explanation of the direction of the force acting on each point of the wheel part with the steering gearbox assembly
located forward of the center of the front axle.
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Z axis

X axis

Ground line Ground line ! J

(a) Inner side view of the front wheel assy. (b) Rear view of the front wheel assy.

Fig. 3.24 Explanation of the direction of the force acting on each point of the wheel part with the steering gearbox assembly
located behind of the center of the front axle.

Fig. 3.25 Planar view of the suspension when LF acts on the wheel. The black arrows represent the forces acting on points A,
B, C and J. In this figure, LF acting on point J is represented by the black arrow starting from point I. The white arrows represent

the displacements of point D and H, and the rotation behavior of the lower arm around point D.
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7 —AFRA B-DIZIXEGENANZEN TS, TORER, VT h—Tv MIkD. LT, TOET by & kuy D
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HETETIILT h—A T D. Lo T, F-SGB & R-SGB @ Mode 112 X 5 LE-C/S O b —A T FILHE MW
M IZIRD T ENN5.

3. 6. 3. F-SGBIZ&(+B Mode HIZ&k D F—AZEIL

P 3. 26 (2 F-SGB Ol Z7~d . [X3.26 [£4 A 1w Niifi C-H MIUTEBLF MICEE S, =7 7 —LAD
A4 B-D O B 2841 D Tk LHLlit H A& LT D, 208G, Fy BMEH LTCBEDO M B ~D43 7] Fey l3n 7
T—LDORD XY b®BGFEENTD. ZOHK 325 LIFERY 0T T — ATAEREOFEAET L. ZL
T, CHEBDOUUIZERICEY b—=T 0 MZhked. 728, XA my Rl a7 7 — ARHLO B /A7 5w~
DERUC LD b —FAZIL Mode ITTEE L TWAH7280 2 Z T D, HIFEAFEICEM LN D& LTHEZ
TWb. ZDOXHIZ, F-GBS IZHWTH R-SGB [FRICH AN v a D LA T U MLV uT 7 —AD[EE);

MBI 7 EMIC LD h—AITEIT 2 2 EN0nD.

Lower arm rotation

around point D

LF=F, i

Fig. 4.26 The figure showing the direction of force acting on each point of the suspension in a plan view. When the steering
gear box is placed forward of the front axle, the tie rod axis C-H is pulled to the outside of the vehicle, and the front lower
arm edge B-D is pushed to the inside of the vehicle. And the lower arm and tie rod rotate to clockwise.
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OElfE B-C 1XXICH 5 X 5 ICHEMATH 3@\ il 5. ZoflE b 0 ISR —ANElET 2814 B D
WD ENT h—A 12725, iU, R-SGB &#72 5. £ LT, b—AZ{bDOKRE X3l B-C OFiE M~
&, BLOW B-C £V DA A DREEATIRDOET v 3i—HR— hE A O FTRERIC LD RES
WD Z LR D.

X axis

Y axis
t
in MOV emen
<~

Wheel Rotetion

Side view

Kingpin axis

]
I+ Ground line
I

Fig. 3.27 Toe angle variation due to wheel rotation around axis B-C. When point C in front of the vehicle is higher than
point B, the toe angle changes in the toe-in direction due to wheel rotation around axis B-C.
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Tire & wheel

[A] Upper support

Coil spring

1
Shock absorber
. [B] Lower ball joint —%5
a

Lower arm

[1] Wheel center

Steering knuckle

(D1 Lower arm front bush [C] Tie rod outer ball joint

[P] Rack housing support point

[G] Lower arm [J] Tire contact point on the ground

rear bush

box assy [H1 Tie rod inner ball joint

Fig. 4.1 Strut type front suspension in 3D view.
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Wheel B-D-G : Lower arm
B-C-I : Steering knuckle
C-H : Tierod
A : Upper support

Y axis

X axis

: Lower ball joint

: Tie rod outer ball joint

: Lower arm front bush

Qo aow

: Lower arm rear bush

H : Tie rod inner ball joint

1 : Wheel center

kay : Spring constant of upper support

kpy : Spring constant of lower arm front bush

kny : Spring constant of tie rod

key : Spring constant of lower arm rear bush

Fig. 4.2 Top view of the front suspension. Red triangle represents the lower arm, blue line the tie rod and green lines the

wheel parts.

Table 4.1 Examples of the spring constants in Y direction.

kay 450 N/mm
kpy 15200 N/mm
kay 500 N/mm
kuy 16900 N/mm
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Fig. 4.3  Strut front suspension in side view. Tie rod axial force is Fig4.4 Strut front suspension in back view.

affected by front suspension dimensions ¢ and d. Kingpin offset is related to straightness.
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Table4.2 Measured lateral force compliance characteristics of front suspension for 3 passenger cars for lateral force of 1000N.

This table shows the results for the outer wheel. Negative toe angle change means that the wheel rotates in direction of toe out

and camber angle indicates positive camber. The grounding point is displaced in the input direction.

Vehicle A Vehicle B Vehicle C
Lateral compliance steer : Toe angle change [deg] -0.004 -0.02 -0.022
Lateral compliance camber : Camber angle change [deg] 0.137 0.25 0.179
Lateral compliance : Input point movement [mm] 0.737 1.189 0.846
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Fig.4.5 Top view of the wheel movement when LF acts on the wheel. Rotation center made by lateral compliance. When

the lateral force compliance steer is under, the rotation center is found in in front of the vehicle.
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Fig. 4. 6 Back view of the wheel movement when LF acts on the wheel. Rotation center made by lateral compliance. The
rotation center is found above the vehicle due to the camber angle and the movement of the contact point caused by the action

of the lateral force.
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Fig. 4.7 Formation of wheel rotation axis by lateral force compliance in 3D view. This figure is a 3D version of Figures 5

and 6. The posture of the wheel is determined by the lateral force compliance characteristics of the front suspension by the
ground contact lateral force acting on the front suspension with the steering tie rod fixed. Then, it rotates around the rotating
elastic axis of the wheel.

X_

" tan#y [mm] @

[mm] (2)

"~ tan Ox

(67 : Lateral force compliance steer angle [deg], fx : Lateral force compliance camber angle [deg], /¥ : Lateral compliance

[mm], X : Distance between X and J [mm], Y : Distance between Y and J [mm])
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Fig. 4.8 Elastic king pin axis of vehicle A in the side view. In this sample, an elastic kingpin axis with the largest caster angle

and longest caster tail appears. The elastic kingpin axis here was obtained from Fig. 7 and Equations 1 and 2. The camber angle

change is dominant in behavior of the wheel due to the lateral force of vehicle A.
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Fig. 4.9 Elastic king pin axis of vehicle B in side view. In this sample, an elastic kingpin axis with relatively small caster
angle and short caster tail appears. The elastic kingpin axis here was obtained from Fig. 7 and Equations 1 and 2. The wheel

behavior due to the lateral force of vehicle B has a larger toe angle change than that of vehicle A.
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Fig. 4. 10 Elastic king pin axis of vehicle C in side view. In this sample, an elastic kingpin axis with a relatively large caster

angle and long caster tail appears. The elastic kingpin axis here was obtained from Fig. 7 and Equations 1 and 2. The wheel

behavior due to the lateral force of vehicle C is similar to that of vehicle B.
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Y : Center of rotation

—

X : Center of rotation

Ground line

Fig. 4. 11 Synthetic kingpin axis with geometric kingpin axis and elastic kingpin axis. A synthetic kingpin axis consisting of a
geometric kingpin axis and an elastic kingpin axis is generated between the two at a location corresponding to their respective rotation
angle ratios. If the rotation angle about the geometric kingpin axis is large, the synthetic kingpin axis is formed close to the geometric
kingpin axis, and if the rotation angle around the elastic kingpin axis is large, the synthetic kingpin axis is formed close to the elastic

kingpin.
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Fig.4.12 Lateral force compliance steer. The lateral force compliance steer has a relatively large hysteresis. Negative value in lateral
force compliance steer indicates understeer, and draws a diagram extending to the lower right as the lateral force at the ground contact
point increases. Compliance steer has non-linear characteristics for ground contact lateral forces between 0 and 1000N. On the other

hand, it has linear characteristics between 1000N and 3000N. (On turning outer wheel)
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Fig. 4. 13 Lateral force compliance camber. The lateral force compliance camber has a hysteresis. Positive value in the lateral force
compliance camber indicates a positive camber, and draws a diagram extending to the upper right as the lateral force at the ground
contact point increases. Compliance camber has non-linear characteristics for ground contact lateral forces between 0 and S00N. On

the other hand, it has linear characteristics between SO0N and 3000N. (On turning outer wheel)
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Fig. 4. 14 Lateral force compliance. Lateral force compliance has a hysteresis. Positive value in lateral force compliance indicates
the displacement of the lateral force at the ground contact point in the input direction, and draws a diagram extending to the upper
right as the lateral force at the ground contact point increases. Compliance Value has non-linear characteristics for ground contact

lateral forces between 0 and SOON. On the other hand, it has linear characteristics between SO00N and 3000N. (On turning outer wheel)
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Fig. 4.15 Time history of SA given in the test at 100km/h on the flat belt tire tester.
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Fig. 4.16 Measurement results of CF and SAT at 100km/h on the flat belt tire tester. The two values increase linearly with SA.
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SAT : Self aligning torque

Wheel Z-axis

Power steering Right Wheel

ssist motor

. A : Upper support
Steering shaft B : Lower ball joint

C : Tie rod outer ball joint
D : Lower arm front bush
G : Lower arm rear bush
J : Tire contact point on
ground

o = LF : Lateral force
Car direction Inside <= ) = Outside

Fig. 4. 17 Front suspension model used in CAE.

Table 4.2 Suspension specifications.

. Spring constants
) ) Location
Suspension points Translation [N/mm] Torsion [Nm/deg]
X Y, Z[mm]

X Y Z X Y Z

A : Upper support 1067, 571, 1595 450 450 333 4 4 0

B : Lower ball joint 984, 725, 960 21300 21300 39200 0 0 0

C : Tie rod outer ball joint 1130, 685, 1068 34300 34300 13500 0 0 0
D : Lower arm front bush 1013, 338, 959 922 15200 15200 276 200 200
G : Lower arm rear bush 1281, 360, 970 1500 500 244 1.42 3.5 3.59

H: Tie rod inner ball joint 1169, 304, 1058 10080 16900 10080 0 0 0

I : Wheel center 1000, 764, 1084 - - - - - -

J : Tire contact point 1000, 766, 795 - - - - - -
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Fig. 4. 18 Behavior of elastic kingpin axis in side view. The elastic kingpin axis by CAE is tilted forward and is close to that

Elastic axis of rotation
of actual measurement

obtained experimentally. And like the measured value, it exists at almost the same position regardless of LF. The caster angles and

caster trails of elastic kingpin shafts are much larger than those of geometric kingpin axis.
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Fig. 4. 19 Behavior of elastic kingpin axis in back view. The back view of the elastic kingpin axis by CAE is greatly tilted, and
there is no large difference by LF. The kingpin inclination and kingpin offset of the elastic kingpin axis will be much larger than

those of the geometric kingpin axis.
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Fig. 4.20 Behavior of synthetic kingpin axis in side view. The side view of the synthetic kingpin axis by CAE is closer to vertical
than the geometric kingpin axis. Also, it will be in the same position regardless of LF. The caster angle and caster trail of the synthetic

kingpin axis are much smaller than those of the geometric kingpin axis.
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Fig.4.21 Behavior of synthetic kingpin axis in back view. The back view of the synthetic kingpin axis by CAE is tilted more than
the geometric kingpin axis. Also, it will be in the same position regardless of the LF. The kingpin angle and kingpin offset of the
synthetic kingpin axis will be slightly larger than those of the geometric kingpin axis.
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(a) Handle type.

Joystick

Seat
Controller

Drive wheel

iven wheel Front driven wheel Rear driven wheel

Drive wheel

(b) Joystick type 4 wheeler. (c) Joystick type 6 wheeler.

Fig. 5.1 Three kind of wheelchairs powered by the motor.
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(a) Joystick type 4 wheels wheelchair. (b) Joystick type 6 wheels wheelchair.

Fig. 5.2 Wheelchair part names.
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Fig. 5.3 Driven wheels for joystick type wheelchairs.
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(a) Handle type 4 wheeler. (b) Joystick type 4 wheeler. (c) Joistick type 6 wheeler.

Fig.5.4 Comparison of the occupation circle radius between the handle type 4wheeler, the joystick type 4wheeler and the joystick
type 6wheeler under the same wheel base length and tread. The joystick type 6wheeler is smaller than any other.
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Table 5. 1 Comparison of minimum turning radius of electric wheelchairs. The joystick-type 6 wheelchair having the smallest

minimum turning radius compare with others.

23 3R No. Type of chassis L : Length | W: Width | R : Minimum turning | Ratio: L/R
[mm] [mm] radius [mm]
[6-1] Joystick 6wheeler 880 600 440 2.0
[6-2] Joystick 6wheeler 940 620 470 2.0
[6-3] Joystick 6wheeler 904 648 508 1.78
[6-4] Joystick 6wheeler 970 550 595 1.6
[6-5] Joystick 6wheeler 1040 590 600 1.7
[6-6] Joystick 6wheeler Not clear 610~620 670 Not clear
[6-7] Joystick 4 wheeler 935 555 780 1.2
[6-8] Joystick 4 wheeler 985 554 760 1.3
[6-9] Joystick 4 wheeler 1020 590 762 1.3
) 800
[6-10] Joystick 4 wheeler 1010 598 1.3
[6-11] Handle 4 wheeler 1020 430 800 1.3
[6-12] Handle 4 wheeler 1085 650 841 1.3
[6-13] Handle 4 wheeler 981 510, 565 900 1.1
. 930
[6-14] Joystick 4 wheeler 1030 600 1.1
. 940
[6-15] Joystick 4 wheeler 1010 00 1.0
) 980
[5-16] Joystick 4 wheeler 1040 660 1.1
1050
[5-17] Handle 4 wheeler 1160 670 1.1
1100
[5-18] Handle 4 wheeler 1140 670 1.0
1100
[5-19] Handle 4 wheeler 1040 550 0.9
1200
[5-20] Handle 4 wheeler 1195 690 1.0
1200
[5-21] Handle 4 wheeler 1170 690 1.0
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Driven wheel Drive motor
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W;: Rear wheel weight W, : Rear wheel weight

(a) Side view of 4 wheelchair on flat surface.

Gravity center Gravity center

Wheel base

(b) Side view of 4 wheelchair on the downbhill. (c) Side view of 4 wheelchair on the uphill.

Fig. 5.5 A diagram showing the front-to-rear weight distribution of a 4 wheelchair and its resistance to overturning on

uphill and downbhill roads. Fall resistance on downhill roads is higher than that on uphill roads.
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Fig. 5.6 The structure of a 6 wheelchair using three rocker links.
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Fig. 5.7 Side view dimensions of 6 wheelchair with 3 rocker links. Dimensions ¢ and d are set such that c>d.
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Driven
wheel

(a) Side view of 6 wheelchair on the downhill. (b) Side view of 6 wheelchair on the uphill.

Fig. 5.8 Wheel grounding property of 6 wheelchair with 3 rocker links on uphill and downhill road. 6 wheelchair using three rocker
links has different resistance to wheel lift when going uphill and downhill. The front wheels have good grip on uphill, but the rear

wheels easily float on downhill.
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(a) When driving straight to an uphill road. (b) When driving at an angle to an uphill road.

Fig. 5.9 Two types of climbing routes for 6 wheelchair. 6 wheelchair with three passive links is more likely to fall diagonally

backward if it crosses diagonally while climbing a slope.
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Rear Pivot point

Front Pivot point

Passive link

Fig. 5. 10  The structure of a 6 wheelchair using two rocker links and one H shape link with suspension.
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wheel :
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Driven '_":_q - Driven
wheel ¢ wheel
c d

Fig. 5. 11 Side view dimensions of 6 wheelchair with 2 rocker links and 1 H shape link with suspension. Dimensions a, b, ¢, d are

set such that a<b, c>d.
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Gravity center

Driven wheel
wheel

(a) Side view of 6 wheelchair on the downhill. (b) Side view of 6 wheelchair on the uphill.

Fig. 5. 12 6 wheelchair with 2 rocker links and 1 H shape link with suspension on uphill and downhill. On a ramp, the grounding
of the three wheels can be maintained from the side view, but the front and rear pitch angle changes due to the expansion and

contraction of the rear coil springs.
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Fig. 5. 13 The rear wheel vertical movement of 2 rocker links and 1 H shape link with suspension by the weight on flat

road surface.
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Gravity center

‘: > Ground line 2

Fig. 5.14 Vertical movement of the rear wheel of two rocker links and 1 H-shape link on a flat surface moves the

center of gravity back and forth.
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Fig. 5.15 Rocker & bogie mechanism used on Mars rovers. The wheel weight distribution of each wheel can be changed

by the dimensions a, b, ¢, d in the figure.
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(a) Conventional wheel load flow. (b) Wheel load flow that we want to improve.

Fig. 6.1 Flow of wheel load. Conventionally, the flow of wheel load was divided into front and rear parts, as shown in (a).

Ideally, I would like the wheel loads from the front and back to be concentrated in the center, as shown in (b).
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(a) 3D drawing of the new chassis structure. (b) Side view of the new chassis structure.

Fig. 6.2 A new chassis structure drawing. The three wheels on each side are connected by two rocker links, and the wheel load

on the center wheel is combined by the front and rear rocker links.
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Fig. 6.3 A detailed view of the passive link of the new chassis structure. In this figure, the drive motor is installed in the front

rocker link.
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(a) Movement of the mechanism on uphill. (b) Movement of the mechanism on downbhill.

(¢) Step climbing. (d) "4 bumpy road driving. (e) [H] Center wheel up.

Fig. 6.4 Movement of parallel double rocker link due to road surface shape.

6. 2. NSLLFETNavh) ) DBEBRERICE T2 EmiEY L REEEEICBET SRR

T, BEEICBT DT LAE T ATy J1 ) o BT X D BEROBEHIMEIC OV TR AT o 72, X 6.
SIOBIIRIZ 31T B AHE O KR OBEHIRIRAE L B 2 I TR L7z, X 6. 5 @IEB R/ NS S EOLD D
HIESAELIZE A LICBRA E AR » bR Pr, PROMIZFE LR TIREEA R L. ZORBBIZE R > M Py, PrIZIZ T
Z OSAMER LRI S 0 3 SO sl g2, X 6.5 (b8 0 SBRHA R K E <, Lo b HFEHNEIC
Be D LIS E R v MR Pr D% 248 LR IREBAAIV. ZORE, By A PO AR EEML. 207k
ORMmFEEZNET D, M6.50b)D L 5 72 RS 7B VRV 2RI Lt 2 &, X 6.5 T X D ICHELRNE
DGR & KO Y b ) SA R ARENRII S . ZoW 0 DY mA @i ABREICEIVE TR T
TR R D . O, FRFICKRE Ry F U T AN AE LD, 2Oy T U/ X VEREIIE TR
< &b, FEICH LEEBIORMNZRAMENT L L1205, UibhD, vy 7 —2A0OER Y MA Py, Pr
DY AT ROBLEIZ X0 EATLEMIZRENE LD T L0505,

89



Gravity center .
Gravity center

qi’ont /
L
5
,. §
I FE E
Pe Fo §
P
=
C FA
J !
F JMa JRYFe
c d e ) f 7
@
%%
2, =
Fe=Fp*Fe 5% 2,55
(A

(a) Wheel load on each wheel on a small uphill.  (b) Wheel load on each wheel on large climbs.
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(c) Sudden pitch angle changes when changing road surfaces when climbing.

Fig. 6.5 Ground load on uphill road of parallel double rocker link. When the tilt angle is small and the vertical line of the center

of gravity points between Pr and P, the three wheels are grounded. On the other hand, if the angle of inclination is large and the

vertical line of the center of gravity points to the rear of Py, the front wheels will float.
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Fig. 6. 6 Front/rear wheel lift limit tilt angle and front/rear overturn limit angle for parallel double rocker link. This figure is

written so that the wheel floating limit tilt angle is made smaller than the overturn limit angle to inform the danger before overturn.
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(a) Method to widen the length between Pr and Pr. (b) Method to set Pr and Pr height.

Fig. 6.7 Methods for enlarging the front or rear wheel lift limit angle in a parallel double rocker link.
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(a) S50mm step plus 13.5 degree slope climbing.  (b) Flat road transition from 13.5 degree incline.

Fig. 6.8 Uphill driving scene with prototype vehicle.
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