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FOREWORD

The work reported herein was performed by the Vehicle
Research Department of the Cornell Aeronautical Laboratory, Inc. under
Contract No, CC-182 for the Schwinn Bicycle Company. The period of
performance was from 1 March 1971 to 31 May 1971, The dynamical analysis
of the bicycle used in this program was developed at CAL prior to this

program,
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1.0 INT RODUCTION

The research discussed in this technical report includes the
development, validation, and exercise of a free control bicycle-rider digital
computer simulation program. This work is Phase I of a program whose
overall objective is a comprehensive closed-loop simulation of a bicycle,
stabilized and controlled by a path following rider logic model. This
computer simulation program will be used for bicycle design and development
with particular consideration being given to the effects of various design

parameters and rider ability on bicycle maneuverability and stability.

This technical report includes the mathematical analysis of
the bicycle which is the basis of the computer sirnulation program. The
computer program, its required input, and various forms of output are
described. An experimental program to obtain detailed measurements of
the physical characteristics of a test bicycle and a typical rider is explained.
This experimental program included the construction of an on-road bicycle
tire tester and the measurement of the side force characteristics of two

types of bicycle tires.

Full scale experiments with an instrumented bicycle were made
to obtain time histories of motion variables from various maneuvers. A
comparison of computer output with the data from the experimental tests was

made to determine the validity of the simulation program.

A fifty~seven run simulation parameter study was performed
as an exercise of the computer program and as a preliminary study of the
effects of various design parameters on the free control stability of a

riderless bicycle,
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2.0 MATHEMATICAL ANALYSIS OF A BICYCLE AND RIDER

The mathematical analysis developed in this section is the basis
of a digital computer simulation of a bicycle and rider. The bicycle-rider
model is a system of three rigid masses with eight degrees of freedom:
six rigid body degrees of freedom, a steer degree of freedom of the front
wheel, and a rider roll degree of freedom. Included in the analysis are
radial tire stiffness, tire side forces due to slip angle and inclination angle,
the gyroscopic effects of the rotating wheels, as well as all inertial coupling

terms between the rider, the front wheel and steering fork, and the rear

wheel and frame.

2.1 Eight Degree of Freedom Bicycle Model

The bicycle-rider model is a system of three rigid masses
with eight degrees of freedom. A rotating coordinate system (X, Y, Z) is
defined as fixed in the rear wheel and frame structure and has three
translational ( We , V7 , Wo ) and three rotational degrees ( 40, 3', ro)
of freedom with respect to the space fixed coordinate system (X', Y!, Z'),
Figure 2.1. The front wheel and steering fork has a rotational degree of
freedom ( S } about an inclined steer axis. The rider has a rotational
degree of freedom ( ¢?D ) about a horizontal roll axis, Figure 2.2, The
origin of the vehicle coordinate system is at the intersection of the steering
fork axis and an imaginary line which is perpendicular to the steering fork
axis and passes through the rear wheel center. The X axis is along the
longitudinal axis of the bicycle and is positive forward, the Y axis is positive
to the right of the bicycle, and the Z axis is positive downward. The
origin of the front fork coordinate system (X", Y", Z'")} coincides with the

origin of the vehicle coordinate system. The Z' axis is coincident with the

2 YA-3063-K-1



t—
—
—_— e .
——

SPACE FIXED
COORDINATE
SYSTEM
y X’
/

Figure 2.1 VEHICLE COORDINATE SYSTEM

SPACE FIXED
COORDINATE
SYSTEM

Figure 2,2 FRONT FORK COORDINATE SYSTEM

3 YA-3063-K-1



steering fork axis and positive downward, the X'" axis is positive forward,
and the Y'" axis is positive to the right, The Y and Y' axes are coincident
at zero steer angle. The space fixed coordinate system is defined with the
X'-Y'! plane as the ground plane and with the Z' axis parallel to the gravity

vector and positive downward.

The position of the bicycle in the space coordinate system is
defined by the coordinates of the origin of the vehicle coordinate system
( 'Ko' ) ‘4#'0 . 9; ). The angular orientation of the bicycle in the space
coordinate system is defined by the Euler angles (¢) &, ¢ ) about the

X, Y, Z axes of the vehicle coordinate system taken in the order ‘f)’ 6, ¢

The matrix for transforming coordinates in the vehicle

coordinate system into coordinates in the space fixed coordinate system is

given below,

00w | ~ cooPam PramPomOcay | Siw Pam Y+ coofpamd oy

[A] = [ 004§ | coo oo 4 AimpainOain ¥} = conaind ¢ cood amoaint| (2.1 1)

Figure 2.3 shows the parameters of the bicycle model which
are included in the mathematical analysis. “p , M g , M g are the
masses of the rider, the rear wheel and frame, and the front wheel and
steering fork assembly, respectively. The mass distribution of the bicycle
is assumed to be symmetrical with respect to the vertical-longitudinal plane

through its geometrical center. Thus the X-Y anc Y-Z products of inertia
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of each rigid mass are zero, GF is the caster angle of the steer axis.

S is the steer angle of the front wheel about the inclined steer axis, Wy
and (g are the spin velocities of the front and rear wheels. A no-slip
condition is assumed between the wheels and the ground, therefore, the
wheel spin velocities are equal to the forward velocity of the bicycle

divided by the respective wheel rolling radius.
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2,2 Rotational Degrees of Freedom of Wheels

The moment on the front wheel which reacts the gyroscopic
effect of the spinning wheel is given below in matrix form., It is assumed
that the moment of inertia about a diameter through the wheel is equal to

one half the moment of inertia about the spin axis, IWF.

T - ar .

Nwe 7’ e o o0 *"

Nywel= | 8| X O Iw O ||g"tewr (2.2.1)
{_Nzhw: L"”"'é I o o Twy, r o+ $

n n " are the X', Y'', Z" components of the moment on the
Nyw; ) N

front wheel which reacts the gyroscopic effect.

4)0 ?n l"” are the X'', Y'', Z' components of angular velocity
)

vector of the vehicle coordinate system,

2| = [S] ' 4 (2. 2.2)

where [S] is the transformation matrix from the front fork coordinate

system to the vehicle coordinate system,

- —— -

' i
[S] B N R E ----- e s T i"‘;’“ (2.2.3)
. |
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I/4
Assuming that the velocity ? is negligible compared to the wheel spin

velocity, Wg , the above equation reduces to the following.

L] n .
we = = (r'+8) e Lus (2. 2. 4)
]

/VYWF = 0 (2.2.5)
[ 4

Nowr = P"@Wr Lwe (2.2.6)

The moment on the rear wheel which reacts the gyroscopic
effect of the spinning wheel is given below in matrix form. It is assumed
that the moment of inertia about a diameter through the wheel is equal to

one half the moment of inertia about the spin axis,

o -1 [~ - o LK o -
Nxwa * Iwfz © © r
NyWR ¢ X © Zwr © @ +Wr (2.2.7)
Nawr| |1 | 0 o IW“/Zd r

where
NXWR, Nywk, Nin are the X, Y, Z components of the moment on the
rear wheel which reacts the gyroscopic effect.

Wpr is the spin velocity of the rear wheel (assumed to
be the forward velocity of the bicycle divided by

the rolling radius of the wheel).

IWR is the moment of inertia of the rear wheel about

its spin axis,
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Assuming that the pitch velocity, }—” , is negligible compared to the wheel

spin velocity, wR , the above equation reduces to the following,
Nywr = = FrtWeLug (2. 2. 8)
Nywr = © (2.2.9)
Nawr = P @p Lup (2.2.10)

2,3 Rotational Degree of Freedom of Front Wheel Fork and
Handlebar Assembly

The force balance equations for the front wheel and steering

fork in the X, Y, Z directions are given below.
Mg U = Fxre + Fxr -~ My G 2 © (2.3.1)
ME Ve = Fyre tFypt Mp 3 c6 wn @ (2.3.2)

e Wi = Fare + Fap+t me § cms cro f (2.3.3)

where

F;(T'F, FYT’F, F&T‘F are the X, Y, Z components of the tire force acting

on the front wheel at the ground contact point,

FKF, FyF ) FgF are the X, Y, Z components of the reaction force
acting on the steering fork at the origin of the vehicle

coordinate system,

The X, Y, Z components of the inertial acceleration of the

c. g. of the front wheel fork and handlebar assembly are given below.

9 YA-3063-K-1



iy = Vet 30 <PV 9y § - ipr (PeGem 0)- e (o)
*YF PR T GF 7°"+'9-FM9;70$+»#FMG;?S' (2. 3. 4)

(R %p COOF - gy ain6p) 1§ ~( %5 00" - 2p Am 6 R O)§*

Vi = Vo ~PWetl U, - ?F(-p-rsMeF)-o-zF(r-*scooe,) F(ﬂ*")
tXe PG »g;m0;7o5+?,=22r‘+(z;me,+9,wa, | X} (2.3.5)
=2 .gp COO 1S + (XpAin O CREp - p i’ &) §?

10; 'W'+7o —?u,-r,&c‘,(.ﬁwf-gma,) '):F} ?F(.,).,.?)
+ Xp PP +(Xp oo - 29,%9,,)-105-#7; Cme,:?é' (2.3.6)
‘I"%FMBFPS"‘(zFAMQF“OGp'a_FM GF)S

where:

,g;: = [S] ;,; (2.3.7)

Thus the reaction forces acting on the front wheel fork and handlebar

assembly are:
Frp = M, (2, + g;,} -7;"-7; ma,cf')- Y2 = Ferr (2.3.8)

Fye =F (Va=grp+ Xel+ Kr 08 5) =Yy - Fyre  (2:3.9)

sz ’MF(Z&;*‘#F%'ZF?*/?FMGF f)"xu"F!TF (2.3.10)
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where:

fie= (g oot rvi—gain &+ ¥ [gerf- g fg ~ e pr

~Pp e P -y A 35+ [ Co0Get ] CooS) S
+ kg Coo 6y a«oS'.S'z)
)’éz = MF(fw; "rz'(°+? MQ%# +,&FZ¢‘+’\"?— zfﬁ}

tr s S - pr R Pr Pt Agpenterd
+ 2 ced'sr §°)

xsz"" Mg (-703: +3_u,+? eoodcood +.?F{7a‘+;'}—¥,.-7o"
- 27;’; woé‘-?,:mafg‘pf-,?ﬁ ?_P _?F Coo ¢ 7.5
- Xp A b rS — K o 6 mS$z>

The moment balance equation for the front wheel fork and
handlebar assembly about the X", Y'', Z' axes of the front fork coordinate

system is given below in matrix form,

Z- |5 |+ 7 x (=] 7)) e
r'+§ P+ § p".,.;_

where

T\

4')0
?: = [5] f' (2.3.15)
r

r\

u
[IF] is the inertia tensor of the front wheel fork and handle-

bar assembly about its c. g. along a set of axes parallel to the X", Y", Z"

axes of the front fork coordinate system,
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. iy 0 -I;,
[I,.-]C o I,-), 0 (2.3.16)
~Lea o Zsa

"
[NF] is the moment acting on the front fork and handlebar
assembly about a set of axes through its c. g. and parallel to the X", Y'', zZ"

axes of the front fork coordinate system,

) /Vfr /war *’FVF 3# ‘Fyrf{f}rf ?r') + £ ,zrp 'y;;
[NF] = /Vy',.- /Vyw: Fxr g +Fef e+ Frre (?rr ‘9,«) Fare(Xre- 7‘;) (2.3.17)
/V;f Nawe —F)'F %e = Fxrr ?rﬁ + Fyr; (2rr - ¥r)

where

[/ ” n
Krr ) ’?TF ) ?1’; are the X", Y'", Z'" coordinates of the tire-ground

contact point.

N“. ) N)"'F are the X" and Y'" components of the reaction moment
on the front wheel fork and handlebar assembly at the

origin of the coordinate system.

The first two rows of the expansion of equation (2. 3. 14) are

given below,

Ny = P I,., ~(F8) Lrxa -p"8" Ihs - f”("’"j)(zﬁ;‘ffg) (2.3.18)
+M.w,- - Fye 9; *Fyrr(?rr ?'F) Farr Gre

~

Ny = «I +/70//z (r"’-ﬁS)]IF,m'* P (P +S)Zer=T52) (2319
* /Vw *Fi = Bl %7 = Farvpre = 32)# e (23~ %)
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The third row of the expansion of equation (2.3, 14) is the

equation of motion for rotation of the front wheel fork and handlebar assembly

about the steer axis.

i " Tays +(F+8) ez *f'("ﬂé'.) Trra -8 (Zex "IF;) = (2.3.20)
Nar = Newe = Fyre X5 = Frre e + Fyre (Xre - 25)

or
—’?F WQF’MF 720 + 1: MSMFT}; +” FmeFMF 'u.fo )
+ {M o (Lra + Hp'mg) - Covsp 008 (Trxa + %5 P '”‘-r)}'lo
- M; (rFl‘Xf + 3‘; ?;' MF) ? + [M‘F (I;E +‘F:=MF)+M6F (2.3.21)
o008 (Zrxz +7¢:?;MF)} Fr(Tras2ime) s = 2°(r'ss) Toe
"7’}'(1}}‘ Zrp ) - 27 (€006 am § ¥}y = co0 & Xy
- ain G ain§ ¥32) * Nap = Nawe = Fire 45e +h0p CZpp =% )

The X, Y, Z components of the reaction moment on the front

wheel fork and handlebar assembly at the origin of the coordinate system

are found below.

Nxr Naxr
Nye| = [S] Nye (2.3, 22)
Nar Nar

13 YA-3063-K-1



f . . 2 .
Nyp = 65 CO06s Yo Mp Uy~ co0bp 3] e U6 + €0 O 45 My Wi
£t ol e,,{m‘é' Le +am's 1‘,’;}

+({ceodp s, m, +cot S 4 im
- gm & ?:0?6: S I;z)}?o +(famer @0 & 9,-'440’6,7!,}3,1«,
— Cev6f¢ 9:- Ke Mg + meFMS“"f{I;X = .F;' ) & _("‘""OF oo

7_; Mp + am b Co0Ep aozSI,,f +4o’n‘$1',-,}+ coo’e, Wf-zf'l-?)" (2. 3. 23)
- cow6 coo §(%f ';-/mF+.Z"F;;){— Coo O m&(qo"g'-zﬁxa ..

# p Ir ST -ThY+ [r'+5 s Lup) - coo SpainS ({p

=[P e3]PY Liva 4 p" P e ST iy T5a]) + condr 2 X

-~ me,,a.,(Me, Yie + €006 1y,) + anm 65 Mg

Nye = (Coodp ryp ~ a6, condhy ) mp 2, - ("""“ef?;.* éo0 & ‘”53‘;)”:'#"’3

- (A BF ?"', + Coo®F WS‘F:} A4p ME~ Coo6r 4§ MSZIFX'IF)}

+ Am QFMSI;Xi)ﬁ + ({M 9’7‘}‘* mef?ﬁ} ?.;/”(; - 2:44‘*9,:»?;
~ €00 65 Ur} coo§ Kf M+ A4S Tix + 00§ 27, ) ¢ + ({oiner
co0S X7 ~ ¢006p 3 dpp My — i 6p ain§ 098 § Ti - T53 - e00 6
e § IF”xa)"‘ "‘(?}"ﬁ’”‘r‘*"‘“‘l‘;}a)" MS(‘P"ZJ Fr3

§rte $Y§LS - Zial # fried S(§p*- [r+ 817} Tre
+ ?— {V‘ +S§{I,y _Z';gg'f‘{" +S}wPIwr),+w
+p" P SYIT S - T53]) + (#inbp cnS L - covr 37 ) ),

+ (Meﬁglfl'f' Co9 6 covds 75:))’32

(2.3.24)

Nap = - am26e 4 me U, +M9;7}MFK—M§FM¢?F@F&?
— (A B B A Mt A O ao?a,?,:m,ﬂwofme,[cwf Ly
+ am?S Lgyf = a6 co0§ Tppp)f — (e bp St 1, - erog;
. ” » ’ .
1 x{; Mg + M&MJWSZIF{;’IF}'}) 2 ':‘({’“" Fr® (2.3 25)
> 2 Mg +,ui<‘6,efao'JIFx +M’J-Z}.-,}+4me; cov6e

T A A ey
(300; IFX?),‘ +M9f m:(?sz,mF* Ip;g)s*‘me;- MS

(»"¢ Zara+ "[””*f}{I;x' Iie) + Z'r"*_f] W Zwr )+ 4o
& ({r2- ""*5.']2} Zrre + " §r'+83 { Tex '1;132 ~Am O
4
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2.4 Rotational Degree of Freedom of the Rider

The force balance equations for the rider in the X, Y, Z

directions are given below.

Mp Uy = Frp—m,y 3"":"9 (2. 4.1)
zmp?'r, =F‘-yp+ﬂﬂoa«w9w¢ (2. 4. 2)
“Mp W, = Fép'fvmpa, Cood wﬁ (2. 4. 3)

where

Fxp ) Fy,) FEP are the X, Y, Z components of the reaction force

acting on the rider at the rider roll center.

The X, Y, Z components of the inertial acceleration of the

c. g. of the rider are given below.
+?,70"+27,3 +2e,,cao¢,v~4>,

Vy = —7ow;,+ ru,-g,-r +zpr‘—(7,coo4)¢,-#p —p‘f-r‘)
+74m} 28 PP TP RV %0 #y

L;fp =W +tpP e ?ua-'?pf ZJ}+#)¢A ?o(f"})
+%pfl‘—2(‘)a°¢ﬁ'f¢b+?p}' - (% co0 &y ¢p

where:

’?0 = _(004"‘“'40 (2.

%o = 73'?0("‘““0) (2.4.8)

15
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Thus the reaction forces acting on the rider may be written as follows.

Fxp = mp (2 *‘??o""{(%%)-‘frn (2. 4.9)
FYP=M0<z.’"—7d?b*i‘7‘ﬁ’$ﬂpb)‘)fas (2. 4.10)
Fap = mp (v —ﬁﬂ,¢p-j—zp‘¢;ﬂp¢b)— Yaz  (2.4.11)

where:

Y13 Mo(“f_""?*rn" """."""7‘0283*"23""?01"3"?010" (2.4.12)

+ 40§ % —2 (0 0o p""p)

Xz; = MDC’”“F’— P, + a’me'g’”"d _'?‘p{‘ﬁl"' rl}- Lt 705’ (2.4.13)
t2 40 P Po Yt H085)

¥33 = Mo("ﬁ”?*3’.“"*3’“"9“""*%{"?:"?23 il lr (2. 4. 14)
1205 ero by pdy -ty g1+ o by b))

The moment balance equation for the rider about the axes of

the X, Y, Z axes of the vehicle coordinate system are given below in matrix

form,
"°"‘¢ 7°"‘¢:0 - 1"*#;
[Ib] # 0.,_[%%] F |tiF| X [Io] ?" - [ND] (2.4.15)
n r r r

where [Ip] is the inertia tensor of the rider through the rider c. g. with

respect to the X, Y, Z axes of the vehicle coordinate system.

[z.) = [5)[zs] [p]T (2. 4.16)

16 YA-3063-K-1



[D] is the transformation matrix from the rider coordinate

system to the vehicle coordinate system.

[D] =| o cood, -#mg, (2.4.17)

"
[ D] is the inertia tensor of the rider about a set of axes

through his c. g. and fixed with respect to the rider,

” #
Lor O Iy,

| ”"
[I,] =1|o Loy ° (2.4.18)
- 0’:\'2 () zpe
and
Nl o coo dp L oxe ain 8y Lora
n . L] ” N n 2, .
[J_; } =@, |coogy Zore 2 ain ) 2006,(Lpy-15,) (coogoaind, )(Ziy-Z50)| = %1%

oy Loxe  (cootp-amdp)(Zpy-Tpz) 2amfpceofs(Zoy- 15,

[ND] is the moment acting on rider about his c. g. with
respect to a set of axes parallel to the X, Y, Z axes of the vehicle coordinate

system.,

Nyp +¢5 coodp Fy -7; Fas
[ND] = | Nyp = Po coogp Fxo (2. 4. 20)
Nap + 45 Fro

17 YA-3063-K-1



The first row of the expansion of equation (2. 4. 15) yields the

equation of rmotion for the rotation of the rider about his roll axis (the

saddle).

—~ Cov B 0y M p Vs Fipp My W4 +(Lput Coop 2,00 My "'7)2/"70)7.‘{
~(Lory + % » ™) § - (-Z-Dxa"" covdp Koo Mp) 1 "'{IPX o) M, ) &,
=cooth Lopa 2+ 2inéy Zoxa ¥ ¥»-Lora 2 (f*i‘))—rpy;(}z“"z)
+ -z-bx)' "Cf"' ¢p)+<-z.0§_zby)2- """’¢D(‘D st +'?) b:: +Nyy

(2.4, 21)

The Y and Z components of the reaction moment on the rider

at the rider roll center are written below,

Nyp = = Zpyy (Fr+do)+ Loy g - Loys Fecoody Zpya (2+ ’5;) %
+ 2 M¢o.c’o ;f, (Ig‘; °I);)z-¢b +(¢”¢o'¢d"~¢o)(—zzy
- Io’;)r @y +.Loxa (2 {2+ B3 -+)+ Loys 23~ Loapr (2.4, 22)
= Zox * (#* o)~ Loxy 3+ +Po oo dp (m, {25 43, &
=% f‘}-t)’w)

My = - Ipxé G—ﬁ‘+ ¢0) - -z_py, } + Ioi".' + s Bp IP’:ft('f”‘é) ¢‘)
+ (00 -ain o )( Loy ~Zs2) 2 Bp + 240 ¢y oy (L),
- Lo2) " @ - Zoxy (P iP+ 63 -2 )+ Loy P ~Loyp o+
- Ipx}-(?‘*%)*z’xaf » ~#s 6’"0{2;0"'?0?'7» '.'}" b"3)

(2.4.,23

18 YA-3063-K-1



2.5 T ranslational and Rotational Degrees of Freedom of Rear
Wheel and Frame Assembly

The external forces on the rear wheel and frame assembly are
the rear tire force, the reaction forces of the front fork and of the rider,
and the weight of the rear assembly. The force balance equations for the

rear wheel and frame in the X, Y, Z directions are given below.

MRL;£=FXTR‘F;(F"FA'D‘MR?M9 (2.5.1)
MR?}k=FYTR—FyF-pr+MRa—moM¢ (2.5.2)
MRM=57R-5F“FM+MA’3‘M9“"¢ (2.5.3)

where;

Fx-rg ,FYTR, F?TR are the X, Y, Z components of the tire forces

acting on the rear wheel at the ground contact point.

The X, Y, Z components of the inertial acceleration of the

c.g. of the rear wheel and frame assembly are given below.

= Ut pui- Vot ge-(Frr)2e+prae s

v."k
Vi = Ve oM U Pt PR IR PI PR (255
Z‘.}k -b;,;+_’ov°—fu,-?zk-f-fng-(‘)"t*J-')?k (2.5.6)

The equations for the reaction forces from Sections 2.3 and
2,4 are substituted into equations (2.5.1), (2.5.2), and (2. 5. 3) which then
yield the equations of translational motion of the rear wheel and frame

assembly in the X, Y, Z directions as follows.

19 YA-3063-K-1



In the X direction

Emu, + y3?—"3’2"“’”’#' “"‘F?Fg"""n*xna"'x's*ﬁrr* Fxre  (2.5.7)

In the Y direction

Zom Vo =Yy Pty Fempp conSS-mppcod by =Y+ V3o 55 g
+¥a; +Fyre + Fyra

In the Z directiog

S m %+)’z»75 -)’,j.f-m,_-me,,-?,cé' *Mo/;rp%: b;l"‘XBZ (2.5.9)
+ %33 + Fare + Farg -

The following terms are defined to permit simplification of

the equations of motion,

Eom = omp Mg +om, (2.5.10)
Y, = Mp Rpt g K + Mp Xp (2.5.11)
Yo = “™p grtomp ) (2.5.12)
Y3 = “™f Gr *MR Gt Mo B0 (2.5.13)

Yy =-me C'X'WB"‘"VS-?WG-:-)‘,! 28'2"“"‘3'?;2’/“‘) (2.5.14)
an=Mk(f°m'ruo+3'“°9w¢-‘zgap}—?, ?«") (2.5.15)
Vo = R PVt Pt fane st -kepreme faisg])

(2.5.16)

20 YA-3063-K-1



The moment balance equation for the rear wheel and frame

assembly about the X, Y, Z axes of the vehicle coordinate system is given

below in matrix form,

7 [ 7
[IR] z— + i X [Ig] Z' ""’[NR] (2.5.17)

[IR] is the inertia tensor of the rear wheel and frame about

the origin of the vehicle coordinate system.

Toy+ Mg 7; o ~Lraz = Mg %2 Br
[IR] = o Iy tmg (7‘;*3@) o (2.5.18)
“Lrxe ~Me%r }r o Ipa +~mp 'r-ag

where:;

IRX . IRY , IRE- are the X, Y, Z moments of inertia of the rear wheel

and frame about its c, g.

IR)’E is the X-Z product of inertia of the rear wheel and
frame about its ¢, g. (Since the vehicle is assumed
to be symmetrical about the X~Z plane, its X-Y and

Y -Z products of inertia are zero.

[NR] is the vector moment acting on the rear wheel and frame
at the origin of the vehicle coordinate system.
1 = Nip ~Nep -Newn* 3 0-Po)Fys <Ko Fyrr +m1z 2 (o ~prn+ FUty-g cavdain 9) ]

2.5.19
[NR] — | ~Nyr -Nyo = Nywe - (3o-Co) Fxo+ % Fap + Ay Frre ~ALe Fare ( )

+ e ’Fn(wa TPV U~ F m‘“f)‘*’"xgg(ﬁa-*}w-r% 4.3‘4"‘9)

L" /VEF '/V“ - ’V!WR 'zprp 'bekFym ~Mp Ep (%—;ﬁu&-fru,,-a,maw)-
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The expansion of equation (2.5.17) results in the following
equations of motion for rotation of the rear wheel and frame assembly about

the X, Y, Z axes of the vehicle coordinate system.

Equation of motion for rotation about the X axis:

4O Cooer»?;”"r"“r(@(’"g*- M%;’}Mﬁ{gp-ﬁp}»np))}; + crd' Ep gy

g Wo +( Lpy "972 rtg + o0 0p § o ST oy +.0m S iy} - ainBp 0008, a8 Tpyy

+ fecoep g Dpt C00'Opgpdomg+ 20 {gp-p,}m,)-fu-(meF o $ mS{I:x

- Leyf+ {ain & ety ?r - a40'6r Ep} 4rmp - Cobp oy, 7F’”‘F) ?’ - (-Z'kxa

+ X Qp Mp+ Am O €00 8g [¢00*S Ly +amtS Lpy) + ev'op co§ Ipyy +am 6,

Ceo B¢ ?;/’”r*zb Z;,-P,}m,)f‘ - mepmS(I;;g+z,”9}m,)f+ coodp (45 20)
o (gp‘top)/mp =P# w4 +5r"(1g,-l'g¢)+ Co0Op coo§ B, + oo by ami 8,
+rwpTwe = ¥y = Co06 a7 Xy, — 008, g (em 6 Yie* me,b’”)-(gp

~0p) Y23 ~Ao Fyra + coo 6 oS (475 Farr - 2reFyre )= cooBe 4in§ (3re Farr

[

” . ”
~ Zrr Farp) = 4 6F Nap = Nyo

Equation of motion for rotation about the Y axis:

i~ Y v, + (MGFM‘MS{I'F’x'IF"y}—MBFMS‘{;';* - 'Xp?c/"'p

~ Loxy =~ %p @ Mp)p + (Tpy+ {Ar+ BrJ g + #° S Lex + coo®$ Ly
+§aa o %ps meﬁ,?,__} Ap Mg - { 2 ?Fﬁr’ coo 8 ¥} cooS K me+ I,,y
3 s+ [t ) . < (i T T
+ Ce9 O ain | Lot PEYEF +Loye +7, Z?D" "oﬂ‘m¢5]}/mp> r
-(e S e +an 7;/1",)6’— (szy'*?to 4> wmp)dpo = = (P-1") Trr (2.5. 21)
- 0r (Zax-Tr2) + avie §8, — coo $8; - coop (£+ ) & Io?-z: + & amd) cnf)
3 b0 (Lay=Loz) = (eroty=sindy) rbo (TiyToa) = Cp {7+ 83 = ) Tone
-~y Loya - »r Loz -r (70+ﬁ).sz + ?—PIP»\')!"zg Ya, +?R Yu =% Y3z
+ e ¥ie = X0 Va3 + (95-00 [1- e h]) Xy + A, Fire =L Farn + 2o S (s
Fare -g';-,. Fy;'-r> +eond (9‘1? Ferr = 2reFare
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Equation of motion for rotation about the Z axis:

- (om' F Gr M +»?9Mo)72a + (Remtp+am6e P ”"F*’Iio""p)ﬁ'o

~ A O €00 6 gy Mg ¥ ~ (Zaxa +Ze Yo Mg ~4in*6p coo§ Ipxe +am b eaoby
{ep’S Lry ol § 1‘,';,}4.4&0, 2F Pe Mt ava p t008p 3r Mp + Lora

+ X0 mp)p = (B 9F""'“:"‘.S {Zpx-Zry 3 +am OFE/‘“"F?;‘?& e}
4EME * Loya tGops :’*;) #+ (IRE + g Me +44k:6f{uo'5 Zey tam's
I;'}} + A O oo O Ly + {44« 9;9:; ‘p,+4-&u*6,1,-}m, +Zpz
+{7g:+,?:g,,:¢,> P +.ain 8 MJ(Z-F”XQ +2;?:/m,> S—(be-t* cro Py
Es Po MD) ¢p = —5"‘ IRX**%?‘(ZM' n,)—m'nOf m‘ﬂ,"Mé}:
i @, - 4 &) (f"ﬁ) @ -Z.D':re‘ ("" ¢"4”.“'/l)2‘¢0 (Ia;'Ib;)

~2 aimth end, rdp (Zog-Zo2 )+ (PiP163-3) - Pp Loy +pr Loye

+ }(1)#- ¢;) I,,—}rl'”,-fawk Zwr + ko 82 +am S ?; Y2 - am GF”
«y;('”'"'@f Yizt ero 8 Xy3) + 2o =% LN +ALp Fyre - MGF,,‘NS Core Fare
- rr Fyre) + 4m or Mf(g};Fm = ¥rr Fore ) = coo 8 Nag

(2.5.22)

where:

B = ‘7"“3" Zexa + 3‘~("*f)(IF;‘IF;) +(r's5)we T (2.5.23)

8, = (" - {r'+ S'}') Toat £(r+eS)(Tex-Zre) (2.5, 24)
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2.6 Tire Forces

The inclination angles and slip angles of the front and rear
wheels are determined so that tire forces and moments at the ground contact

points may be calculated, Figure 2.4,

The direction cosines in the space fixed coordinate system
of the normal to the front wheel plane are found below. The elements of
the right-most matrix represent the direction cosines of the normal to the

wheel plane in vehicle coordinate system,

co0 Bywe| = [A] eoo § (2.6.1)
L-600 waf _4';* SMO_

where:

Ceo NYWF , c:oﬁwa) eod rywr are the direction cosines of the normal
to the front wheel plane with respect to the
X', Y', Z' axes of the space fixed

coordinate system.,

The inclination angle of the front wheel with respect to the
ground, ¢F , is the angle between the wheel plane and a plane perpendicular

to the ground plane and having the same line of intersection with the ground

plane as the wheel plane.

P

arcaim ("“‘ywr €00 Xg. + 020y oo + Caolyur wb’,) (2. 6.2)

24 YA-3063-K-1




POSITIVE
INCLINATION
ANGLE

TRACTIVE

DIRECTION fon
ROLLING OF WHEEL CE
RESISTANCE HEADING

MOMENT

DIRECTION
OF WHEEL
/S ——\/— TRAVEL
-

POSITIVE

SLIP ANGLE
LATERAL
FORCE AN
V \
NORMAL g;:ﬁl
FORCE

WHEEL VELOCITY (w)

Figure 2.4  SIGN CONVENTION OF TIRE FORCES, MOMENTS AND GEOMETRY
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where:

Ceo X , coo Be ) Cod ). are the direction cosines of the normal to
the ground plane with respect to the X', Y!',

Z' axes of the space fixed coordinate system.

Since flat level ground is assumed, the normal to the ground plane is vertical

and Qeo Xg=0 ,MHG'-': 0’ c.o-ob’@-:I.
therefore ¢F = arcarn (w wap) (2.6.3)

The direction cosines in the space fixed coordinate system of

the normal to the rear wheel plane are found below,

- - - -
coo Kyup o
coo @y | = [A]] !
(2.6.4)
I-m ng ol LO-

Again assuming flat level ground, the inclination angle of the rear wheel with

respect to the ground, ¢R , may be expressed as follows.

Pe = arcemn (aod’ng> (2. 6.5)

The slip angle is the angle in the ground plane between the
heading vector of the wheel and the velocity vector of the ground contact
point. Since the ground plane is parallel to the X'-Y' plane of the space
fixed coordinate system, the heading angle is the angle between the X' axis

and the line of intersection of wheel plane and the ground plane,
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Thus the front and rear wheel heading angles, “FF and ‘VR ,

are as follows.

Ve = arcin (- con pye [0 @y, ) (2.6.6)
Pr = aretan (- “‘dwk/"‘ﬂrw&> (2.6.7)

Assuming that changes in the rolling radii of the front and rear

wheels are negligible, the velocity components( Ug, Vg ) We and
Upe, V2 ) Wy ) along the X, Y, Z axes of points located at the front and
rear wheel ground contact points, but fixed in the vehicle coordinate system,

are given below.

Ue * K, *3"‘0

(2. 6. 8)
Up = uo-l-?.»‘o (2.6.9)
vy = Vo_,)o,(, +r e (2.6.10)
ve = Vi ph,+rie (2.6.11)
we = W, —‘?IF (2.6.12)
Wi = M-iﬂe‘ (2.6.13)

The components in the space fixed coordinate system of the

velocity vectors of the front and rear wheel ground contact points are found

below.
FuF uF
’
Ve |= [A] Vi (2. 6. 14)
[4
e W
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Pué u:
'V'g' = Eﬁ] Vr (2. 6.15)
| R, | %,

Since the ground plane is parallel to the X'-Y' plane of the
space fixed coordinate system, the angle between the X' axis and the velocity

vectors of the front and rear wheel ground contact points in the ground plane

may be found as follows.

anlaw (Vi (1) (2. 6.16)
anclom (Vi'/‘“-‘/z) (2. 6.17)

Hoe
P

The front and rear wheel slip angles may now be expressed

as follows,

Xe = Yr- Yy (2.6.18)
A r

o - Yo (2. 6.19)

The normal load on a tire is assumed to be equal to the radial
stiffness of the tire times the deflection of the tire section in the direction

normal to the ground, Figure 2,5,

4
The elevation of the front wheel center above the ground, QWFO

is given by the following equation.

,

Zywr %,

Ywr
7;./; _ ?,o . [A] e (2. 6. 20)
?'wf ?; AWF
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where

/ ’ I3
L2 ) /?, , 90 are X', Y',Z' coordinates of the origin of the

bicycle coordinate system.

zwp, '?WF,Q-WF are the location of the front wheel center in the

bicycle coordinate system.

¥wr Xe

7| = [5] 7:“" (2. 6.21)
FWE Iwr

Thus from Figure 2.5 it can be seen that the deflection of the

tire section is:
V4
A = RT"‘?«:F“(RW'RT) coo & (2. 6.22)

The elevation of the rear wheel center above the ground, ?:vk )
is given by the following equation.
/ ‘
Xwe zo »@,

7{"" G| [A] ° (2. 6. 23)
9:”‘ 9'0 —(rﬁw

0\

and

Ax = R+ g:'wg + (Rw'kr> ero Py (2. 6.24)

The normal forces (normal to the ground plane) on the front

and rear tires are given below.
Fne = — Ky Ok
Fur = - Kr An (2. 6. 26)
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If a wheel is not in contact with the ground ( AF or AR is
zero or negative), the normal force is zero; thus all the tire forces and

moments are zero for that wheel,

The tire rolling resistance force is assumed to be proportional
to tire normal load. Thus the circumferential force on the front and rear

tires is as follows,

Fer= Ker Fur (2. 6. 27)
Fer = Ker Far (2. 6. 28)

These circumferential force vectors lie along the line of intersection of the

ground plane and the corresponding wheel plane.

The side forces on the front and rear tires are expressed by

the following approximate relationships.

2
EF=: F;VF (Kq” Xpe + kﬂ’é oy SENX, +k¢, ¢F + k¢g ¢: SGN¢F) (2.6.29)

Fsa = Fur (Koy %o + K2 Srq SEN g +Kgs #e + Kga $r SN Ge) (2.6.30)

where

Ko(/ , K,(z are tire characteristics relating side force and

slip angle.

K¢/’ K¢2 are tire characteristics relating side force and

inclination angle.

S 5N°(F indicates the term has the sign of & ¢ or other

corresponding angle,
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The side force vectors lie in the ground plane and are perpendicular

to the circumferential force vectors,

In order to transform the front tire force components into the
bicycle coordinate system and the front fork coordinate system, the direction
cosines of these force vectors must be mathematically defined. The direction
components in the space fixed coordinate system of the line of intersection
of the front wheel plane (direction cosines:Cov X ywe , cao,@y“,,) doo b;'wﬁ)
and the ground plane (direction cosines: 0, 0, 1) are found by té,king the

vector cross-product of the normals to these two planes.,

Qop = @08 yur (2. 6.31)
ber = — Co0 Xywe (2. 6.32)
Cep = © (2. 6.33)

The direction cosines in the space fixed coordinate system of the front

circumferential force are; -

eoo (sywﬁ
GO0 XCF = cowt dyup ¢ car*dyur (2. 6.34)
- 40 Q(ywﬁ'
ceo ﬂcF = Veos Xyws + co?@ywr (2.6.35)
oo Yep = © (2. 6.36)

The direction components in the space fixed coordinate system

of front side force vector ( Q. g¢ ) bSF , Csr ) are given by taking the
vector cross-product of the normal to the ground plane and the unit vector

in the direction of the front circumferential force vector,
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The direction cosines of the front side force vector in the space fixed

coordinate system are:

Coo Xywr |
€00 Xsp = Veeot oty + cor’@ywe

- M(Q yYwWE
coo £8F - 'Vcn’ﬁywtf m'p,m-

coo {gp = O

(2. 6.37)
(2. 6. 38)

(2. 6.39)

(2. 6. 40)

(2. 6.41)

(2. 6,42)

Thus the front tire force components in the X, Y, Z directions of the bicycle

coordinate system are:

} - r
Fxre T Fep @00 ep + Fgp coos,
F)‘TF = [A] Fer coofcr + Fsp ofsk

| Fare | i Fur i

(2. 6. 43)

The components in the X', Y", Z'' directions of the front fork

coordinate system are:

4 - [ Fere
F, Y:'F = [S] Fyre
__FE“T'F_- _FETF_

(2. 6. 44)
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The components of the rear tire forces in the bicycle coordinate

system are simply expressed by the following equations.

Fare = Fer

(2. 6. 45)
Fyre = Fsr coo $p + Fye am ¢n (2. 6., 46)
Fare = —Fse o $p t Fye coo & (2. 6. 47)

In order to accurately compute the moment of the front tire
forces about the steer axis, it is necessary to determine the location of the

ground contact point in the front fork coordinate system.

The ground contact point is defined as the point of intersection
of the wheel plane, the ground plane, and the plane passing through the wheel

center which is perpendicular to the ground plane and wheel plane.

The equations for these three planes in the front fork coordinate

systern are respectively:

7"* g eoo@gqn (2. 6. 48)

' a0 Xege t gy o0+ 9" o0l = -3, (2. 6. 49)

x" too X + 3" coo¥er = Ywr 600 " + ALy e ¥t (2.6.50)

where:
Cro X gp"

, cooﬂ“", eso ¥¢p* are the direction cosines of the normal to the

ground plane with respect to the X", Y'", Z"

axes of the front fork coordinate system.
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cod Xga A Pam P+ oo Pamb coo @

T . . .
Mﬁc:’ = [S] - con pom b+ W¢M"-¢M¢ (2. 6.51)
w‘vxce" o6 coogp

Where the right matrix represents the direction cosines of the normal to
the ground plane with respect to the X, Y, Z axes of the vehicle coordinate

system, from Equation (2.1.1),

CoQ N ) mﬂc' y Coo rc" are the direction cosines of the line of
intersection of the wheel plane and the ground

plane with respect to the X', Y'", Z'" axes,

coo Yoa*
Co0 Ke® = endatgq + 60 Vorr (2.6.52)
e o' = O (2. 6. 53)
~ 000 X ga"
ceo ¥ ou Vo' Xeat * emivgqs (2. 6.54)

Thus the coordinates of the ground contact point in the front fork coordinate

system ( 'Z-;F , ,?1'-" ) 9.',', ) are given by the following equation.

[]

zTF o / (2] ,l,: cooﬁu'

.?'-}F = | Cooxgpt ovBg oo Vgt - 9; (2. 6.55)
”»

e cov Xo" o 200 8" p m«g”?‘;«p 7Y P
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2,17 Matrix Equation of Motion
Figure 2, 6 shows the equations of motion which have been

developed in Sections 2,1 through 2.6 as a single matrix equation of motion

for the eight coupled degrees of freedom of the bicycle model.
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Figure 2.6 MATRIX EQUATION OF MOTION




3.0 DIGITAL COMPUTER SIMULATION PROGRAM

The simulation program, consisting of seven subroutines, uses
approximately 110 K bytes of core storage and requires about 6 seconds of
CPU time per second of problem time when run on an IBM 360-65 computer.
The output processor program uses approximately 160 K bytes of core
storage and requires about 5 seconds of CPU time per run. The total cost
of both the simulation and output processor programs is approximately

seven dollars per problem,

Forty-four input data are required by the simulation program.
These data include dimensions, weights, moments of inertia, tire side force
coefficient, initial conditions, etc. Figure 3.1 is a listing of typical input

data.

The digital computer bicycle simulation program basically
consists of the application of a modified Runge-Kutta step-by-step procedure
to integrate equations of motion developed in Section 2. The integration
step size is variable although a value of 0,01 second is generally used. With
a step size of 0.0l second, solutions up to 10 seconds duration (problem
time) may be obtained. Solution output is obtained from a separate output
processor program which can produce time histories of as many as 36
variables (bicycle translational and angular positions, velocities, accelerations,

and tire force components, etc.) in both printed and plotted format,.

The characteristic dimensions of the bicycle for simulation

program input are shown in Figure 3. 2 and defined in Table 3. 1.
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STMULATION STUDY NF BICYCLE DESIGN PARAMETFR CHANGES
STANDARD BICYCLE WITH 102 tB,

WHFFIBASF (TN}
TOTAL WFIGHT OF RICYCLF (LR)

LOCATINN OF TOTAL R{CYCLE Cal5e
FORWARD NF RFAR WHFEL CENTFR {IN)

LACATINN OF TOTAL BICYCLE Cofe
ABOVF GROWND (IN)

RALL MOMFNT OF INEuTIA OF THE TOTAL BICYCLE
ABOYT AXIS THROUGH TOTAL C.G. (LB-IN-SFC SO)

PITCH MOMENY OF INERTIA NF THE TOTAL BICYCLE
ARDUY AXTS THROUGH FNTAL C.G. {LB~IN-SEC SQ)

YAW MNMENT 01F INERT[A J)F YHE TNTAL BICYCLE
ARBNUT AXIS THRAOUGH TOTAL C.G. {LB-IN-SEC SO}

ROLL-YAW PRONYCT NF INERT IA OF THE TOTAL BICYCLF
ABNUT AXIS THROUGH TNTAL C.f, (LB-IN-SFC SQ)

WETRHT NF FRONT FORK ASSEMBLY
(FORKsWHFEL  ANND HANCLE BARS), (LR)

PERPENDICULAR DISTANCE FROM C.G. NF FRONT
FORK ASSEMBALY T0 STFER AXIS (IN)

DISTANCF PARALLEL TO STEFR AXIS FROM C.G, 0OF
FRANT FNRK ASSEMALY TN FRONT WHFEL CENTFR (IN}

ROLL MOMENT NF [NFRTIA OF FRONT FNRK

ASSEMBLY ARNUT AN AX[S PERPENDICULAR TN THE

STEER AXIS THROUGH C.Ge NF ASSFMBLY (LB-IN-SFC SQ)
PITLH MOMENT OF INFRITA NF FRONT FORK

ASSFMBLY ABNUT AN AX1S THROUGH THE C,.G.

NF THE ASSFMALY (LB-IN-SEC SQ)

YAW MOMFNT NF [NFRTIA OF FRONT FNRK
ASSEMBL Y ARNUT THE STFFR AXIS (LB-IN-SEC SQ}

ROLL~-YAW PRONUCT OF INERTIA OF FRONT

FORK ASSEMRLY ARDUT AN AXIS THROUGH
THE CeG, OF THE ASSFMBLY (LR-IN-SEC SQ}¥

INITFAL X LOCATION (FT)
INITIAL Y LNCATION {FT)
INITIAL YAW ANGLE (DEG)
INITIAL FORWARD VELOCITY (MPH)
MAXIMUM ROLL ANGLE (NEG)

MAX IMUM PATH DISTANCE (FT)
MAXIMUM SIMULATION TIME (SFC)

INTEGRATION TIME [INCREMENT (SEC)

41.50
40.80

18.05

20.76

12.64%

35.95%

25.70

-l.62

~0.32

15.00
60.00
70.00

0.50

.01

RINER

MAKTIMUM SIMULATINN TIME EXCEEDED, COMPUTATION TERMINATED

TOTAL SIMULATION TIMF = 0,510

Figure 3.1

39

2TIUNTTL
SPEED = 15 MPH sn

WEIGHT OF RIDER (LB)

LNCATION OF RIDER C.G. FORWARD
0OF REAR WHEEL CENTER (IN)

HEIGHT OF RIDFR C.G. ABOVE GROUND (IN)
HEIGHT OF SADOLE ABOVE GROUND {(IN)

ROLL MOMENT DOF INERTIA OF RIDER ABNUT
AN AX[S THROUGH HIS C.G. (LB-IN-SEC SO

PITCH MNMENT NF INERTIA OF RIDER ABOUT
AN AX1S THROUGH HIS C.G. (LR-IN-SEC SQ)

YAW MOMENT NF INERTIA OF RINER ABOUT
AN AXIS THRNOUGH HIS CaGe (LB-IN-SEC SQ)

ROLL-YAW PRODUCT OF INERTIA OF RIDER ABOUT
AN AXIS THROUGH HIS C.G. (LB-IN-SEC $Q)

CASTER ANGLE DF THE STFER AXIS (DEG)
FORK NFFSET (IN)

UNDEFLECTEND WHEEL ROLLING RADIUS (IN)
TIRE SECTION WIDTH (IN)

RPADIAL STIFFNESS OF TIRE (LB/IN)

SPIN MOMENT OF INERTTA NF THE FRONT
WHFEL (LB-IN-SEC SQ)

SPIN MOMENT OF INERTIA OF THE RFAR
WHEFL (LB-IN-SEC SOQ)

FIRST AND SECOND NRDER COEFFICTENTS RELATING
TIRE SIOE FORCE AND SLIP ANGLE

FIRST AND SECOND ORDER COEFFICIENTS RELATING
TIRE SIOF FORCE AND INCLINATINN ANGLE

CNEFFICIENY NF ROLLING RESISTANCE (tB/L8)

AFRODYNAMIC DRAG CNEFFICIENT (LB/MPH-SQ)

TYPICAL INPUT DATA FOR COMPUTER SIMULATION PROGRAM

102,00

11. 30

46.60
38,20

27.80

39,90

1R. 40
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Figure 3, 2 CHARACTERISTIC DIMENSIONS OF BICYCLE FOR COMPUTER SIMULATION INPUT



Table 3,1

Characteristic Dimensions of Bicycle for

Computer Simulation Input

wheelbase

location of total bicycle c., g. forward of rear wheel center
height of total bicycle c. g. above ground

location of rider c, g. forward of rear wheel center

height of rider c. g. above ground

height of saddle above ground

perpendicular distance from c, g, of front fork assembly

to steer axis

distance parallel to steer axis from c. g. of front fork

assembly to front wheel center
caster angle of the steer axis
fork offset

undeflected wheel rolling radius

tire section width
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Figures 3.3, 3.4, and 3.5 are typical printed lists of the 36
output variables. The order in which these output variables is presented is
determined by input control data to the output processor program. Plotted
output variables and scale factors are also controlled by the output processor

program, Figure 3.6. Abbreviations and definitions of output variables are

given in Table 3. 2.
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€%

[-3-€90¢€-VA

TImre
SFC.

0.00C
Genl0
N.020
C.nA0
0.040
0.050
0.060
0.070
0.080
0.099
0.10C
O.110
0.120
0.130
0.140
0.150
0. 160
Ne170
0.1R0
0.190
G.200
0.210
0.220
7.230
0.240
0.250
0.260
0.270
0,280
0.270
0,300
0,310
0,320
N.330
0.340
0,350
0,360
0.370
€. 380
0.390
0,400
Ce&10
C.420
C.430
0,440
0,450
0.460
0,470
0,490
Cad 0

DISTANCE
FT,

Vel
0,22
Deds
Naht
Je9x
1.1C
1.32
1.54
t.76
1,38
2420
2442
?.66
2.86
3,08
3.30
3.52
3.74
3.96
4418
4440
4eh2
4,84
5406
5428
5450
5.72
Se4
5.16
5e3®
6459
681
7.03
7.25
T.47
Te69
7.931
3413
A.35
8.57
],79
Fe21
9,22
J.40
9ehh
Q.97
12.10
10.32
10.54
10.76

STMULATION STUNY 1NF SICYCLE DFSIGN PARAMETER CHANGES

STaNpar) 3ICYCLE

STR ANT
DEG.

0.0
f.00

RDR ROLL
NFS.

Je
2.07
.00
2e 30
- 3.0
-0.00
-0.03
-0.07
-J.10
-0.11
-0.11
-0.10
-0.99
-%.,07
-0.95
-0.02
0.00
0.03
0.05
0.729
J.10
0.1
Jels
0. 164
0.1%
0.1°
017
0.20
v.19
Ol 19
0.18
2.17
Jel6
0,15
0.14
Q.12
.11
010
0.09
.08
0.07
N.06
0.05
N.N4
J.03
2. 02
091
-0.00
-0.71
-0.02

STR TGRG
LALIN,

0.9
2.00
4,00
AN
1. 00
10.00
12.00
14.00
16.00
12,00
20.00
22,00
24.00
26400
293.00
30.00
30.00
30.0n
30.00
30.00
30.00
244 CC
18.00
12.00
6.00
0.00

o e e s e

COO0OCWYWOOoOoOCLODLGOLC

. .
)

DVDOCDO0OODOOOoOLCODODD2OCC

WITH 107 LB.

RDK TNRQ
LR.IN,

2.0
-0.27
-1.22
_6.37

-15.65

-57.43
-171.06
-241.75
-255.16
-277.16
-293.51
-307.78
-313.74
-329.93
~338,66
~34642%
-352.88
-358,64
-363,56
-367.75
-371.25
-373.69
~374.75
-374.17
-371.62
-3A7.10
-36l.12
-354.29
~-347,10
-340.09
-333.58
-327.764
-322.44%
-317.63
-313.27
-309.15
-305.31
-301.62
-298.21
-294.93
-291.76
-288.77
—295,75
-292.73
~279.83
-276.77
-273.65
-270.50
247439
-264,23

RIDE?

SPEED

X
Fr.

2.0
0.22
0.44
0.6¢
0+ RA
1.1GC
1.32
1.56
l.76
1.98
2.20
2442
2.64
2.86
3.0R%
3.30
3.52
3.74
3,96
4.18
4.40
4e62
4.84
5.06
5.28
5450
5,72
5.94
6.15
6037
6.59
6.61
7.03
7.25
Tat?
7.69
7.91
Rel13
3.35
Be56
R, 7R
9,00
9.22
.44
.66
9.R2
10.10
10.32
10.54
10. 7+

27JdUn‘*T1

= |5 MPH
Y VELACITY
FT. MPH
0.0 15.00
-0,00 15.00
-0.00 15.00
-0.02 15400
-0.,00 15.00
-0.00 15.00
~0,00 15.00
~0.00 15.00
-0.00 15.00
-0.00 15.00
-0,00 15.00
-0.00 14.99
0.00 164.99
0.00 14.99
0.00 14,99
0.00 14,99
0.01 14499
0.01 164,99
0.01 14.99
0.02 14.99
0.02 14,99
0.03 14 .98
0.03 14498
0.04 14,98
0.05 14.98
0.06 14,98
0.07 14,97
0.08 14.97
0.09 14.97
0.10 14,96
0.11 16,95
0.12 14,96
0.13 14.95
0.13 14,95
O.l4 14,95
0.15 14,94
0.14 14 .94
0ul7 1494
0.18 14,94
0.19 164,93
0.20 14.93
0.20 14.93
0.21 14,93
0.22 14.93
0.23 14.93
0.23 14,93
0.24 14,93
0.24 14.93
0.25 14,93
0.25 14.93

(573

RILL
DFG.

0.0
-N.00
-0.00
-0.C0

0.00

0.00

0.02

0.05

0.09

0.12

0.14

0.15

0.17

Q.17

0.17

0.16

0.14

0.12

0.08

0. 04
~0.02
~0.09
-0e17
-0.26
-0.36
~0.48
~0.60
-0.74
-0.89
-1.05
-1.22
-1l.40
-1.58
-1l.7R”
-1.98
-2.20
-2.42
~2.64
-2.88
-3.12
-3.37
-3.62
-3.8°
-4.14
-4.41
-4,.6%
~4.96
-5.23
-5.52
-5.80

VEH SLIP
DEG.

0.0
-0.00
~0.00
-0.00

0.00

0.04

0.12

0.15

0.12

0.12

0.13

0.16

0.20

0.25

0.31

0.38

Q.04

0.51

0.58

D64

0.69

0.73

JeTH

0.80

0.81

0.7

0.73

0.63

0.50

0.33

.14
-N.06
-0.27
-0.48
~2.69
-0.90
-1.10
-1.29
-1.49
-1.67
-1.85
-2.02
-2.20
-2.37
-2.53
-2.59
~2.84
-3.00
-3.14
-3.29

YAW VEL
DEG/SEC

0.0
-0.02
-0.05
-C.08
~0.13

-0.35

-0.95
-0.66
-0.08
0.39
0.94
1.60
2.40
3.31
4.32
S5.41
6.59
7.86
9.18
10.53
11.87
13.24
14,65
16,02
17.24
18.24
18.88
19.09
18.93
18.45
17.74
16.86
15.87
14.81
13,73
12.63
11.55
10.47
9.40
.34
7T.28
6.22
5.16
4.10
3.04
1.98
0.91
-0.17
-1.25
-2.34

Figure 3.3 TYPICAL PRINTOUT FROM COMPUTER SIMULATION PROGRAM

LAT ACC
G*S

0.00
-0.00
-0.00

0.00
-0.00
-0.02
~0.08
~0.11
-0.08
~0.05
-0.02

0.02

0.05

0.08

0.10

Gel2

O.14

0.16

0.17

0.18

0.18

0.19

0.1R

0.16

0.12

0.08

0.02
~0.04
-0.09
-0.13
-0.16
-0.19
-0.20
-0.20
-0.21
-0.20
-0.20
-0.20
-0.20
~0.21
-0.21
-0.20
-0.20
-0.20
-0.20
-0.20
~0.21
-0.21
-0.21
-0.21



4%

[-X1-¢90¢-VA

TIME
SFC

0.000
0.010
0.020
Ve N30
C.040
0.050
0.060
0.070
0. 080
0.090
0.100
0.110
N.120
0.130
D.14C
0.1%0
Cel60
0.170
O.170
0.190
C.?00
0,210
0.22¢
0,230
0,240
0s250
0.260
0,270
0e.280
0,290
c,300
Ce310
0.320
Ce 330
0. 340
e 350
0.360
0.370
0.3°0
0. 390
0e400
0.410
0.420
0,430
Qea4
0.450
0.450
CesTC
Get8C
0,4°0

PATH RAN
FT,

SREEEE KKK
51752, 44
35686, 56
21135.98

5435,92
1272.3°9
40R, 79
312,06
341,40
358,03
385.0¢
412480
430,964
460,77
478,39
4924672
507472
514,00
517.74
498 .57
490,51
467,53
442,95
404435
362,27
323.08
205,36
258,72
240,93
229.14
221.75
217.74
216461
217.51
219.87
222.34
225.30
228.34
230,34
732,40
234,71
237,71
241.10
244,36
247421
269,71
252406
754460
257.83
261,62

STMULATION STuDY NF

STANDARD ARICYCLFE WAITH 102 LB. RIDER SPFED = 1S MPH

z oITCH YAwW RALL VEL PTCH VFL YAw VEL

IN. NEG. NFG. DER/SEC NEG/SFL DEG/SEC
-2h.75 V. ln 0.0 0.0 0.0 0.0
—26.74 0.10 -0.00 -0.01 u.01 -0.02
—26.7A D40 ~0.00 -7.0% .01 -0.05%
-26.176 J.10 -0.0C -0.19 0.01 -0.08
-26.76 3. 10 -0.00 -0.71 0.00 -0.13
-26.76 Je10 -0.00 -2.6R ~0.01 -0.35
—26.75 0. 1C 0.00 -7.95 -0.01 -0.956
-26.76 0.10 0. 01 -10.57 -0.01 ~0.67
-26.76 0.10 0.03 -10.42 -0.01 -0.10
-26.76 3. 10 0.05 -~10.93 -0.02 0.37
-26.76 0.10 0.07 -11.35 -0.03 0.92
=2h.76 0.10 n.10 -11.84 -0.04 1.58
-25.76 0.10 0. 14 -12.39 -0.05 2.37
-26.76 0.19 0.1R ~12.99 -0.06 3.28
-26.76 V.1n Ca24 -13.66 -0.05 4,29
~26.76 0.10 N. 31 —14.40 ~0.06 5.39
~26.76 0.10 0.38 ~-15.20 -0.03 6.57
-26.76 0. 17 De 4?7 -16.08 -0.02 T.R3
~26.76 0.10 0.58 -17.06 -0.03 9,15
-26.75 J.172 0. 70 -18.056 -0.05 10.50
—2%a 76 Jel9 0.33 -12.14 -0.C# 11.R4
~26.76 Y1) N:97 -20.29 -0.10 13.21
-26.7A 7.10 l1.13 ~21.45 ~0.11 14.61
~2h.76 0. 10 1. 30 -22.64 -0.12 15.°8
-26.76 0.10 1. 48 -23.82 -N.13 17.20
-26.76 J.10 157 -24.97 -0.14% 19.19
-26. 786 0. 10 1.97 -25.09 =0.17 13.83
-26.7¢ 0.10 ?2.08 -27.17 -0.2% 19.04
-26.7¢ 0.10 2.2% -2R.20 -0.30 18.87
—2be 74 J.10 2.43 ~29.118 -0.38 12,39
-26.75 0. 11 2468 -30.12 ~0.45 17.67
-2hs75 0.11 2.87 ~31.03 ~0.51 16.79
-2647% N.11 3.04 -31.90 -G.55 15.80
-26.75 0.11 3.21 -32.73 -0.58 14,74
-26.75 C.1l0 3.37 -33,52 -0.60 13.65
-26.74 Q. 10 3. 51 -34,28 -0.62 12.55
-26.74 0.1n 3.65 -15,00 ~0.6% 11.47
~26.13 0.10 3.77 -35,69 -0.65 10.37
-26.73 Uel0 3. 3% -36.32 -0.64 9.31
26,12 N.10 3.98 -35.92 -0.62 8.25
-26472 [ BV} 4,08 ~37.47 -0.59 7.19
-26.71 J. 10 4. 16 -37.98 -0.55 6.13
-26.70 0.1 423 ~33.45 ~0.53 5.07
~26.59 7. 1C 4,29 ~38,87 ~0.52 4.01
-26.64 Ja 10 44 34 -39.27 -0.51 2.94
~26.57 J. 10 4438 -39,.62 -0.48 1.87
=26.66 0.12 4,40 -33,93 -0.42 0.82
-26455 d.10 4,42 -60,21 ~0.33 -0.27
—2hsH4 0.09 4,43 ~40.45 -0.21 -1.35
—26.42 n.09 442 -60.65 -0.07 -2.42

BICYCIF DFSTIGN PARAMETFR CHANGES

YAW MNM
LALFT,

0.0
0.18
0.77
2.4l
R.16
29.23
81.01
LLPY-1.)
91.08
90.76
89,.87
49,67
83,57
89,56
99,58
33.62
99,53
89,25
38.72
28,02
B87.15

ag 78
8575

33,70
Al.04
77.9%6
T4.67
71.77
59,71
48,40
AT.T79
67,70
68,07
6R .73
69.64
T0.7R
72.04
73.42
T4.80
THhe26
T7.67
79.08
30.52
81.89
33.23
84.51
R5.TL
36495
88.15
89,58
9l.l4

FF /7 TNF

0.132
0.3?
0.32
0,32
0.32
2.32
0.32
0.32
0.32
0.32
0.32
0,32
0.32
0.32
0. 32
0.32
0.32
0.32
0.32
0.32
0.32
0e.32
0.32
0.132
0.32
0.32
0.32
0.31
0.31
0.131
0.31
0.31
0.31
0.32
0.32
0. 32
0.32
0.32
0.32
0.32
0.32
0,32
0.32
0,32
0.32
.32
0.32
.32
9.32
0.33

TSF/TNF

0.9

0.00
7.00
0.00
0.02
0.10
0.28
0.35
0.32
0.31
d.30
0.29
Q.29
0.28
0.28
0.27
0.27
Q.26
0.26
D.26
0.26
0.25
0.25
0.26
0.26
0.27
0.28
0.28
0.29
0.30
0.30
0.31
0.31
0.32
0.32
0.33
0.33
0.34
0.34
0.35
0.35
0.36
0356
0.37
0.37
7.33
0.33
0.39
0.39
0.40

TSFP/TNF

0.0
0.00
0.00

0,00 .

0.02
0.10
0.28
0.35
0.32
0.31
0.30
0.29
0.29
0.28
0.28
0.27
0.27
0.26
0.26
0.26
0.26
0.25
0.25
0.26
0.26
0.27
0.28
0.28
0.29
0. 30
0.30
0.31
0.31
0.32
0.32
0.33
0.33
0.34
0434
0.35
0.35
0.36
0.36
0.37
0.37
0.38
0.38
0.39
0.39
0.40

Figure 3.4 TYPICAL PRINTOUT FROM COMPUTER SIMULATION PROGRAM

TTFP/TNF

0.0
0.00
0.00
0.00
0.00
0.00
G.00
0.00
0.00
0.00
0.00
0.00
0.00
¢.00
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.01
0.00
0.00
0.00
0.00
0.00
0.00
0.00
0.01
0.01
0.01
0.01
0.01
0.01
0.02°
0.02
0.02
0.02
0.02
0.02



Sy

[-X-€90¢-VA

TIME
SEC.

C.000
0,010
Cel20
n,030
0.040
0,050
Ce060
0.070
0.030
6,090
0.100
J.110
Cel20
0.130
0,140
0.150
0.160
0.170
0.1%0
0.13C
0.200
0,210
0.220
0.230
0.240
0.250
0,260
0.270
0.2R0O
04290
0,300
c.310
0.320
04330
0,340
0.35¢C
0,360
0.370
¢, 30
0.390
Q.4GC0
0,410
0.420
C.430
[Pl
N.450
0.460
0.470
0.4 R0
0,490

F£T SL1P
NEG.

kT

SIMULATIVUN STuDy OF siCylLt
STANDARD BICYCLE WITH 102 LB,

INCL
DEG.
00
01
£ 0?
0.0%
N.08
0. 14
0.21
0.29
0.37
0445
0.53
n.61
V.68
0.75
0.32
0.88
0.92
.95
0.97
0.97
0.95
0.90
0.92
0.71
0,55
0.3%
0.17
-0.04
-0.28
~0.52
-0.77
-1.03
~1.30
-1.57
-1.858
~7.14
-2.44
=2.74
-3.0%
-3.37
-3.67
-4.01
—4434
—4.h7
-5.01
-5.35
-5.69
—5.04

0.0
0.0
3.0
0.9
0.0

FT NF
L3,

-45452
-45.50
-45.%6
~45.472
-45,41
—45.45
-45,49
-45.52
-45.51
-45.45
-45.38
-45435
-45435
~65.41
~45.4%
~45,54
-45.52
~45.51
-45.47
~45,46
—65.44
-45.47
-45.417
~45.41
~45,.28
-45.07
-44.83
44460
—bb. bl
—44.42
44,51
-64.62
—44 469
-44.71
~44,664
-44,57
-44,56
-44.61
-44.79
~44.97
-45.13
-45,20
-45,22
-65.24
-65,32
-45.4°
-45,.69
~45.92
-46,06
-4b6. 16

FT SF
LB

0.0
0.0?
C.12
9.17
-0.28
-2.90
-1C.28
~13.27
~1l.68
-10.86
‘Q.ﬂo
-8.85
-8.01
-7.28
-b.b4
-6.07
-5.58
-5.23
-5.04
64,99
-5.04
-5.30
-5.96
-7.03
-f.44
-10.10
~11.82
-13.32
-14.55
-15.52
-16.26
-16.79
-17.13
-17.34
-17.4%
-17.55
-17.66
-17.82
-18,04
-19.26
-18.46
-1R, 64
~18. 79
-18.95
-19.16
~-19.30
-19,64
-19.90
-20.12
20432

FT SFP
LB.

D.0
0.02
0.12
0.17
-0.2%
-2.90
-10.28
-13.27
-11.68
-10.86
-9.A0
-8.85
-3,00
~7.27
-6.64
—-6.06
~5.57
-5.23
~5.03
-4,98
-5.03
-S'ZQ
-5.95
-7.01
-Re42
-10.08
-11.79
-13.30
-14.52
-15.50
-16.24
-16.77
-17.12
-17.33
-17.45
~-17.54
-17.66
-17.82
-18.04
—-1R.25
~18.46
~1R.63
-1R, 78
-18.94
-19.14
-19.37
-19.62
-19.87
-20.08
-20.27

RIDER

FT TFP
LB,

0.0
0.0C
~0.00
-0.00
0.00
0.01
0.05
0.09
0.10
0.11
0.13
0.15
0.17
.19
0.20
0.21
0.23
0.24
0.26
0.28
0.30
0.34
0,40
0,69
0. 50
0.72
0.81
0.87
0.8%
0.R%
0.78
0.673
0.59
O.4P
0.37
0.25
0.14
0,03
-0.08
-0.2¢
-0.31
-N.43
-0+54
~Q.h6
~0.78
-0.90
~1.03
-l.15
-l.27
~1.4C

NESIHN PARAMETER CHANGES
SPEED = 15 MPH

RR SLIP
UEG.

0.0
-0.00
-Ge0l
-0.01
-0.09
-0.35
~1.05
-1.31
-1.20
-1.19
-1.17
-1.16
-1.15
~1.15
-l.14
-l.14%
-1.13
~1.12
-1.11
-1.10
-1.09
~1.07
~1.05
-1.02
-0.99
-0.96
-0.93
-0.91
-0.90
-0.89
-0.89
-0.90
-0.91
-0.92
-0.93
-0.95
-0.95
~0.98
-0.99
-1.01
~1.02
-1.01%
-1.05
-1.04%
-1.07
-1.09
-1.10
-1l.11
-1.13
~1.15

2TJUN'T1

RR INCL
DEG.

0.0
-0.00
-0.00
-0.00

0.00

0. 00

0.02

0.05

0.09

0.12

0.14

0.15

0.17

0.17

0.17

0.16

O.l4

0.12

0.0%8

0.04
-0.02
-0.09
-0.17
-0.26
-0.36
~0.48
~0.60
-0.74
-0.89
-1.05
-l.22
—le40
-t.58
-l.78
-1.98
-2.20
-2.42
-2.64
-2, 88
-3.12
-3.37
~3.62
~3.A8
~4.14
—4.41
-4.68
~4.36
-5.23
-5.52
-5.80

(57)

RR NF
L8.

-97.28
-Q7,29
~97.32
-97.33
-97,136
~97,37
~97,38
~97.40
-97.42
-97,40
-97,34
-97.26
-97.16
-97.08
-97.05
-97.06
-97,11
-97,18
-97.24
~97.29
-97,29
-97.25
-97.18
-97.10
-97.05
-97,0%
-97,08
-97.17
-97.28
~-97.38
-97,39
-97.34
-97.21
-97.00
-96.75
-96.50
-96,2%
-96.14
-96,11
-96.16
-96.28
-96,41
96,51
-96.53
-96.44
-96.26
-96,03
-95,82
-95.67
-95,64

RR SF
LA.

0.0
-0.06
—0.24
-0.81
-2.90

-10.79
-30.35
-37.19
-34.15
-33,87
~-33.34
-33.08
-32.87
-32,71
-32.59
-32.49
-32.35
-32,.19
~31.96
-31.70
-31,42
-30.99
-30.40
-29.69
-28,.91
-28.10
—27.44
-27.03
-26.83
-26.82
~26.,94
~27.18
=27 .48
-27.84
-28,26
-28.72
-29.22
-29.74
~-30.29
~30.83
-31.36
-31.90
-32.41
-32.91
-33,40
-33.86
-34.33
-34,82
-35.36
-35,95

RR SFP
L8.

0.0
~-0.06
-0.24
~0.81
-2.90

-10.79
-30.35
-37.19
-34.15
-33,.87
-33,.34
-33.08
-32.87
-32.71
-32.59
~32.49
-32.35
~-32.18
-31.96
-31.70
-31.41
~30.99

~30.40

-29.69%9
-28.91
-28.10
-27. 44
-27.03
-26.83
-26.82
-26.94
-27.18
—27.48
-27.84
~28.26
~28.72
-29.22
-29.73
~30.28
-30.82
-31.34
-31.88
-32.38
-32.88
-33.36
-33.82
-34.28
-34.77
-35.31
-35.89

Figure 3.5 TYPICAL PRINTOUT FROM COMPUTER SIMULATION PROGRAM

RR TFP
t8.

0.0
-0.00
-0.00
~0.,00

0.00

0.01

0.06

0.10

0.07

0.07

0.08

0.09

0.12

0.14

0.18

0.21

0.25

0.29

0.32

0.35

0.38

0.40

0.41

0.42

0.41

0.39

0.35

0.30

0,23

0.15

0.06
~0.,03
-0.13
-0.24
-0.34
-0.45
-0.56
-0.67
-0.78
~0.90
~1.01
-1.13
-1.24
~l.36
~1.47
-1.%9
-1.70
-1.82
-1.94
-2.06
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OUTPUT VARIABLE CODE NUMBERS, DEFINITIONS, ABBREVIATIONS AND UNITS

Number

O o~ Uk v~

%

D
[

30
31
32
33
34
35
36
37

TABLE 3.2

Variable Definition

Simulation Time

Path Distance

Steer Angle

Rider Roll Angle

Steer Torque

Rider Roll Torque

Space X Coordinate of Origin
Space Y Coordinate of Origin
Total Bike Velocity

Roll Angle

Vehicle Slip Angle

Yaw Velocity Relative to Vertical
Lateral Acceleration

Path Radius

Space Z Coordinate of Origin
Pitch Angle

Yaw Angle

Roll Velocity

Pitch Velocity

Yaw Velocity Relative to Bike
Yaw Moment on Bike

Ratio of Front Normal Force to
Total Normal Force

Ratio of Total Side Force to

Total Normal Force

Ratio of Total Side Force Relative
to Path to Total Normal Force
Ratio of Total Tractive Force Relative
to Path to Total Normal Force
Front Wheel Slip Angle

Front Wheel Inclination Angle
Front Normal Force

Front Side Force

Front Side Force Relative to Path
Front Tractive Force Relative to Path
Rear Wheel Slip Angle

Rear Wheel Inclination Angle
Rear Normal Force

Rear Side Force

Rear Side Force Relative to Path
Rear Tractive Force Relative to Path

47

Abbreviation

TIME
DISTANCE
STR ANG
RDR ROLL
STR TORQ
RDR TORQ
X

Y
VELOCITY
ROLL
VEH SLIP
YAW VEL
LAT ACC
PAT RAD
z

PITCH
YAW
ROLL VEL
PTCH VEL
YAW VEL
YAW MOM
FNF/TNF

TSF/TNF
TSFP/TNF
TTF/TNF

FT SLIP
FT INCL
FTNF
FT SF
FT SFP
FT TFP
RR SLIP
RR INCL
RR NF
RR SF
RR SFP
RR RFP

Unit

sec.

ft.

deg.

deg.

Ib. in.
Ib. in.

ft.

ft.

mph.
deg.

deg.

deg. /sec.
g's

ft.

in.

deg.

deg.

deg. /sec.
deg. /sec.
deg. /sec.
Ib. in.

deg.
deg.
1b.
1b.
ib.
b,
deg.
deg.
1b.
1b.
Ib.
1b.
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4.0 MEASUREMENT OF PHYSICAL CHARACTERISTICS OF
BICYCLE AND RIDER

Experimental measurements were made to determine the
physical characteristics of the bicycle and rider necessary for mechanization
of the computer simulation, Three basic groups of data were obtained:

(1) weights, dimensions, and mass moments and products of inertia of the
major bicycle components {(frame, front fork, and wheels), (2) bicycle tire
side force characteristics as functions of normal load, slip angle, and

inclination angle, (3) dimensions and mass moments of inertia of a typical

(102 pound) rider.

4.1 Physical Characteristics of Bicycle Components

The experimental bicycle was a special 22 inch single speed
Schwinn Suburban with coaster brakes., The resultant measurements of
this bicycle are given in Table 2,1, Weight measurements were obtained
with the use of a platform scale having a resolution of p 0.1 lb. Linear
dimensions were measured with scales having a resolution of ! 0. 05 inch
while angular measurements were obtained with a vernier inclinometer
having p 1/20 resolution, In some cases, specific dimensions were
obtained by calculation using other measured parameters. The longitudinal
center of gravity (C.G.) position of the total bicycle was calculated from
measurements of the front/rear wheel weight distribution and the wheelbase
dimension, while the vertical C.G. position was located by determining the
intersection between the longitudinal C.G. axis and a line projected from a
point suspending the bicycle. The bike was suspended from several single
points such that a measurement accuracy of t 1/8 inch was obtained. A

measurement of the C. G, position of the front fork assembly was developed
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by suspending the assembly from a wire and determining its gravitational
balance point. The caster trail dimension was developed from computations
involving the measured geometry describing the ground plane projections

of the steer axis and the vertical axis of the front wheel,

The moment of inertia parameters of the total bicycle, the
front fork assembly, and the tire/rim assembly were experimentally
determined using a torsional pendulum. The theory of the measurement

technique and the resulting errors developed by the process are discussed

below.

Each test inertia was attached to a long slender steel rod
and set into angular oscillation. A measurement of the period of oscillation
was converted to the moment of inertia by appropriate calculation, A
single oscillatory degree of freedom was maintained by placing a bearing
just above the test inertia to prevent radial movement of the torsion bar,

The test component was balanced at its C. G. so that negligible side force

existed at the bearing.

The majority of the bike components were easily attached to
the rod but in a few cases, fixtures of significant inertia had to be fabricated
to secure the more awkward components. In such cases, appropriate

corrections were applied to the experimental data to account for fixture

inertia.
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A fundamental test method for obtaining the mass moment of inertia
of any body is by the use of a torsional pendulum. The combination of the
inertia coupled to a torsional spring simulates a second order system with
negligible damping. Bearing restrictions should be minimal in that the
system is free to oscillate without decay. In addition, it is essential that
the test object be oriented with its C.G. on the rotational axis of the
pendulum to eliminate any bending moments that might contaminate the
angular oscillation of the system. Figures 4,1 thru 4,7 demonstrate several

examples of bicycle and component arrangements and test apparatus,

It can be shown that an expression for the natural frequency of
oscillation of an undamped second order system can be written as:
S oL K
n =27 )T
Since the period of oscillation (7") is the reciprocal of the natural
frequency (},’ }, this expression can be solved for the moment of inertia
as a function of the measured period of oscillation as follows,

K 7t
I = =

e (LB.-IN, -SEC. 2)
”~2

It is customary to use a long slender rod of such dimension that an
easily measured period of oscillation is obtained, approximately one second.

In addition, use of a long rod minimizes end effects at the attachments
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FIGURE 4.1

Measuring the roll moment
of inertia of the entire
bicycle with a seven foot
torsional spring.

FIGURE 4, 2

Measuring the pitch moment
of inertia of the entire
bicycle with a ten foot
torsional spring.
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FIGURE 4,3

Measuring the yaw
moment of inertia of the
entire bicycle with a
seven foot torsional
spring.

FIGURE 4, 4

Measuring the pitch
moment of inertia of the
front fork assembly with

a ten foot torsional spring.
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FIGURE 4,5

Measuring the roll
moment of inertia of the
front fork assembly about
an axis through its c.g.
perpendicular to the steer
axis.

FIGURE 4.6

Measuring the moment
of inertia of front fork
assembly and handle bars
about steer axis with
calibrated coil spring.

FIGURE 4,7

Measuring the spin moment
of inertia of a wheel with
a ten foot torsional spring.
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where non-uniform shear stress distributions can exist, The ""spring rate"
(Ka ) of the torsion bar can be calculated using an expression relating the
moment (Mt)-angular deflection ( @ ) conditions in a cylinder of homo-

geneous composition. This expression is derived in the following manner.

M s e rqg 46
r 324
Therefore: > d ’6
K =2 _ _7Td 6
P - 527 (IN, LLB. / RADIAN)

Where ( ¢/) is the diameter and ( f ) is the length of the rod and
(& ) is the shear modulus of elasticity of the rod material (usually steel,
G=1,2x 107 PSI). It is essential that the angular deflection of the
pendulum be small so that kﬂ remains a linear parameter, The maximum
deflection based on material yield stress can be computed from the

expression derived below.

Given the maximum shear stress ( 7 ) expression;

Z = ij = ‘;’60/7; ( J = polar moment of inertia)

and substituting the previous moment expression yields a result relating

the maximum angular deflection in terms of shear stress,

0 . 274

RADIAN
s e~ | )

As a practical matter it is desirable to keep the angular deflections
small, say 1/10 é max’ thus insuring that the system oscillates in a

strain region that corresponds to the linear elastic region of the rod material.
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Occasionally, it is necessary to attach the unknown inertia to the
torsion bar with a fixture that contributes significantly to the combined
inertia of the system, Fig. 4.5. Assuming that the fixture and the unknown inertia
have their centers of gravity on the axis of rotation, the test inertia can
be computed, knowing the period of oscillation of the fixture (7;_ ) and the
combined assembly (7’), using the following.

- A .
Since )‘; = >F _z':‘_?'f

this yields an expression for the test inertia,

Z= e (T N T-T)

The period of oscillation can be timed with a stopwatch having a
resolution of .01 second. Several periods should be timed consecutively

so that start-stop timing errors are minimized.

The product moments of inertia were obtained from computations
involving the moments about the fixed bike coordinates and another moment
value obtained from a rotated position of the coordinate system. A rotational
transformation expression for the coordinate system shown in Figure 4. 8
was employed in calculating the product moments from computed values of
the appropriate inertias and the measured angle of rotation. The expression,

given in Reference 13 and solved for the product moment of inertia, is as

follows.

Z, = =Iyy' + L3y W (x+ T )+ Tix cas'(4+ YE)
¥ Z.rlzvf"(f '7?.)@5{0(1‘ ”72}
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Where .l:“ and f,,,, are the roll and yaw moments of inertia of the total
bicycle with respect to the ground plane and I;_"_/ is the moment about

an axis of the rotated coordinate system. A similar technique was employed

in obtaining the product moment f“? of the fork assembly.

FIGURE 4,8
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Results of the indirect measurement techniques used to compute
moments of inertia can be analyzed to determine their influence on the
accuracy of the calculated values. Table 4.1 is a summary of the analysis.
The number of observations represents the number of independent time
intervals where a consecutive number of oscillations were timed, usually
5, 10, 15 or 20 periods. Total time divided by the cycle count produced
an average period for that observation. The number of periods timed
represents the cumulative total of all observations, The mean period is a
mean average of the average periods for all observations., Computed
values of each inertia are developed from the expression given previously
using the mean period and in some instances are not corrected to eliminate
fixture inertia, Standard deviations calculated for each moment of inertia

are based on theory developed in Reference 5 to approximate the standard

deviation of computed results, Briefly, the development of the analysis

is as follows,

Given a function relating the moment of inertia to measured variables
77, the period of oscillation, and /f; the torsional spring constant, the
standard deviation of the computed result can be calculated using the

expression developed as follows:
a"‘z/(.?!_ 77 ) s (2 L. % )']y’
z aTingk 74 Lok Ipp 4

since .Z= f/?:,(;} -

LY

— 2 —5 r g/
— 7 o /z
v w=[ (L4 7) e(3= %) ]
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Table 4.1

DICYCLE INERTIA PARAMETERS
- MEASUREMENT SUMMARY -

Period of Oscillation Moments of Inertia
No. of Total No. (Sec.) (Lb. In. Sec.z)
Test Observ- Periods Test Standard Computed Corrected Computed
Condition wvations Timed Method Mean Deviation Value Value Std. Deviation
I 13 155 1 3. 04 . 0248 12.76 11,31 .2138
Total xx
. I 10 56 2 5,97 . 0157 34,50 . 2638
Bike YY
Izz 11 96 1 4,28 . 0219 25,10 L2771
I 11 115 2 2,47 .0l112 5.91% 4.59 . 0627
Fork I 9 90 2 2.40 .0102 5.56 . 0563
Assy. vy *ok
Izz 16 230 3 0.73 . 0135 1,81 1. 86 .0673
Std. Ixx 8 105 2 0.99 . 0072 0.94 . 0147
Tire I 10 150 2 1. 35 . 0060 1.76 . 0185
& Rim vy
Total I
Bike X2 o
(of = 47.5) 10 56 2 4,47 .0302 -1.62 . 330
Fork I
Ass xz o
Yoo (o¢= 30°) 7 85 2 2. 26 .0115 -0. 27 . 066
-0.32
0 .
(o ==45") 9 90 2 2,07 . 0105 -0.37 (Avg. ) . 087
Test Method 1 - 0,25 in. dia., 7 ft. lg. torsion bar, l(/ = 54, 45 in, 1b, /rad.
2 - 0.25in. dia., 10 ft. lg. torsion bar, ,('f, = 38. 05 in. 1b, /rad.

3 - Linear spring (K = 0.69 lb,/in.) at 14 in., radius

A; = K’,z = 135 in, 1b, /rad.

% Hek—
Values not corrected for fixture inertia. ‘Corrected for bent fork.



Approximate values of the standard deviation of the computed
moments of inertia were obtained by substituting the appropriate mean
values (7', If; ), and the standard deviations of their means (0’7-, , 04’,0 ).

A similar analysis was used to determine the standard deviation of
the computed product moments of inertia. The expression relating the
product moment to other measured inertia values given previously can be

used to derive an expression for standard deviation in the following manner.

since _sz & f (.2;.3,} Z}y, _Z;,‘)

The function can be simplified by assigning coefficients that are

functions of the coordinate system rotation (q’).
Ly - Ly Gy s G Iy

/
SIN (2otr )
St (+7)

]

Where C,

C

2 SN C200+ 7T)
C - cosCet + )
3 - SN (2atw-TT)
Then f ~ (JII? a )i(az} z a-zx z ;é
Z,., = . Bantd
b 4 o4’ 1}'}/ ;I}}, 0%})* (aIxx 0};:)_/

and

vy ¥y
}a;.. =-G ; ¥z, G ;2.
Therefore } 2.71" a‘z‘-\’x

TGy = [ ()" (G i, )% (6 77, )]
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In all cases, the average torsional spring constant used was obtained
by averaging the results of calibrations of the rod, calculated values, and
values computed from tests of known (calculated) inertias, A value of

0’4',6 = 0,21 IN. LB./RAD,' was obtained for both the 7 and 10 ft. rods.

Considering the standard deviations computed for the moments of
inertia, a 2 ¢  deviation represents a range of 1.6 to 7.4 percent spread
in the results obtained by this test method. As would be expected, the
standard deviations of the product moments are large by comparison since
they rely on the combined effects of the moment measurements themselves.
Much of the error in determining product moments arises from the analytical

technique involving small differences between large quantities.

Improved accuracy could be realized by the addition of a more
sophisticated means of timing the period of oscillation since timing errors
contribute the major influence in the data spread. An electronic counter

gated by a light beam interrupter serves as an example of more accurate

timing,
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4,2 Bicycle Tire Tester and Measurement of Tire Side Force
Characteristics

A thorough review of the published literature on bicycle research
revealed no knowledge of the side force characteristics of bicycle tires,
Having given consideration to the significance of this data in developing a
simulation of the dynamic performance of bicycles, an on-road bicycle tire
tester was designed and constructed. The tire tester was designed to be
towed behind an automobile and to have the capability of measuring bicycle
tires of all sizes, Tire normal load, slip angle, and inclination angle are
variable with ranges of 35 to 150 pounds, -3 to +10 degrees and -6 to +45

degrees, respectively.

The tire tester uses a strain gage bridge, Figure 4.13, mounted
on a cantilever beam and an on-board strip-chart recorder to measure side
force. The beam is rigidly attached to the rear structure of the tester which
supports the bicycle wheel, This rear structure is attached to the triangular
box-shaped front section, Figure 4,11, by a bearing which allows only rotation
about a vertical axis. The tire side force produces a moment about the
bearing axis which is reacted by the indexing block, Figure 4. 14, at the end
of the cantilever beam., The strain in the beam is measured and converted

into tire side force.

The triangular box-shaped front section is hinged to the back
of the tow vehicle, Figure 4.12, where screw brackets are used to zero the
pitch and camber angles of the test rig, Tire slip angle is changed by
moving the indexing block which constrains the end of the cantilever beam.
Inclination angle is changed by disassembling the rear structure and bolting
it back together in a new location, Figure 4,10, Normal load is changed by

placing barbell weights on a support rod directly above the bearing.
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FIGURE 4,9

Bicycle tire tester with
wheel set at 45 degrees
inclination angle.

FIGURE 4.10

Rear view of bicycle
tire tester showing tow
vehicle and crane for
lifting test rig.
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FIGURE 4,11

Top view of bicycle
tire tester,

FIGURE 4,12

Screw brackets for
adjusting pitch and
camber angle of test rig,
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FIGURE 4,13

Strain gage bridge for
measuring side force,

FIGURE 4. 14

Indexing block for wheel
steer angle.
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The tire test rig was towed approximately five miles per hour
over a sealed asphalt surface, The order of changing the test conditions
was: first, normal load; second, slip angle; last, camber angle. This
order was chosen because of the relative difficulty in varying the three
parameters., The filtered signal from the strain gage bridge was recorded
on a strip chart recorder and the side force was taken as the measured
average of the recorded data, A digital voltmeter was also used for

immediate visual readout of the side force.

The Puff High Pressure Road Racer and Breeze Sports Touring
tires were tested. Plots of the reduced data show significant differences in
the side force characteristics of the two types of tires. Both tires were
tested at actual normal loads of 36,4, 73.4, and 105, 5 pounds. The first
tire tested was the Puff at inclination angles of 0, 6, 15, 25 and 35 degrees
for a slip angle range of 0 to 4 degrees. After having observed the plotting
data for the Puff tire, the range of measurement for the Breeze was increased

to inclination angles of 0, 10, 20, 30 and 40 degrees for an increased slip

angle range of 0 to 6 degrees,

The following corrections were made to the measured data:

(a) Because of the bending of the cantilever beam on which the
strain gage bridge is mounted, the true slip angle of the tire
is less than the nominal slip angle of the test rig. The steer
compliance correction is 0.033 degrees of slip angle per

pound of side force,.

(b) Because of coupling in the test rig, the strain gage bridge
indicates a side force when the inclination angle and slip angle

are non-zero although the true slip angle is actually zero,
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This side force correction is a nonlinear function of indicated
slip angle, inclination angle, and normal load. The maximum
correction for this coupling effect is approximately 5 pounds
occurring at the 40 degree inclination angle, 8 degree indicated

slip angle, 36.4 pound normal load test condition.

(c) It is practically impossible to align the tire in the test rig
precisely at zero slip angle. To account for this inherent error
in the zero slip angle, the plotted data is offset by an amount

equal to the corrected slip angle at which the corrected side

force is zero,

Measured and corrected numerical data are given in Appendix I
and carpet plots of the final curves of side force versus slip angle and

inclination angle are shown in Figures 4. 15 through 4. 20,

The "vertical' curves of the side force versus slip angle with
inclination angle held constant are third order polynominal fits (least mean

squared error criterion) to the corrected data for that specific normal load,

The "horizontal' curves of side force versus inclination angle
with slip angle held constant are higher order '"computer faired'" curves

and do not represent a statistical fit to the data.

It is apparent from the plotted data that there is a fundamental
difference in the side force characteristics of these two tires, The camber
thrust of the Puff tire is highly nonlinear with inclination angle, thus
accounting for the overlapping curves., The camber stiffness (change in
camber thrust per degree of inclination angle) of the Breeze tire, however,

is not greatly changed by increasing the inclination angle (up to 40 degrees).
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4.3 Physical Characteristics of Typical Rider

Parameter data representing a bicycle rider were developed
from computations involving published data for a 5th percentile female
anthropometric device. Estimates of the center of gravity and moments
of inertia for the device in a riding position were obtained from calculations
using the measured mass, inertia and C. G. locations of the basic body
components, The roll pitch and yaw moments of inertia of the total rider
about its C.G. were determined by summing the appropriate component
inertias and their respective mass transfer terms., The center of gravity
position of the total rider in the x-z plane was established from mass
distribution calculations involving the body components, A conservative

estimate of accuracy for the computed parameters is believed to be ten

percent,

Results of the analysis are given in Table 4, 2. The radial
distance from the total body C.G. to the C. G, of a given component was
scaled from a schematic (Figure 4, 21) of the body oriented in a sitting
position., Component dimensions, masses, moments of inertia, and C.G.
positions were obtained from Reference 10, The reference describes
parametric data with respect to the [fﬁ’ (pitch) axis and in certain cases
component inertias (e.g., upper and lower arms and legs and torso) with
respect to the roll and yaw axis were estimated using analytical methods
outlined in the reference., The effect on accuracy of these estimates is
small since the mass transfer terms dominate in determining the total
moment of inertia., The analysis is useful in determining inertia parameters
for a rider in other positions and simply requires a different component

schematic to determine the appropriate mass transfer terms,
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Figure 4,21 RIDER BODY COMPONENT DIMENSIONS AND C, G,

LOCATIONS USED TO CALCULATE MOMENTS OF INERTIA
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Table 4.2 SUMMARY OF COMPUTED RIDER
Moment of Inertia I
XX vy zz
I I I

Component CG CG CG
Maszs ca E: Ica | o 2 Ica v 2

Body Component lb-sec /in || lb-in-sec | r (in) r {lb-in-sec r (in) r | Ib-in-sec | r (in) r
Head 0. 020 0.162 20.5 | 8.432 0.162 20.5| 8.432| 0.162 1.5 0. 206
Torso 0.120 1. 205 3.4 1.595 1,205 3.5{2.675 | 0.168 1.5 1. 475
Upper Arm (2) 0.016 k] 0. 140 12,9 2.150 0. 140 11.0 | 2,030 | 0.005 6.9 [0.747
Lower Arm (2) 0.014 0.004 7.5] 0.814 0.164 6.3 (0.734 | 0.164 9.5 [1.494
Upper Leg (2) 0.055 0.039 5.8 1,870 0.876 6.0 2,836 | 0.876 6.0 | 2,836
Lower Leg & Foot (2) 0,045 h 1,200 16.1 {12,960 1. 200 22.0123,20014{ 0,027 16.0 11,680
£- 27.821 £ = 39.907 < -18.438




5.0 VALIDATION OF THE COMPUTER SIMULATION BY CORRELATION
WITH FULL SCALE EXPERIMENTAL TESTS

A comparison of recorded motion variables (speed, steer angle,
lean angle, and lateral acceleration) from full scale experimental maneuvers
with corresponding output from the computer simulation program was made
to establish the validity of the simulation program. Since a rider control
model has not yet been incorporated in the simulation program, relatively
simple maneuvers were essential. These maneuvers included steady state
circular turning with a rider, and riderless maneuvers with free and forced
steer inputs. A simulated maneuver was generated by the computer program
using the same bicycle configuration, initial conditions, and steering torque
as was measured for a specific experimental test. Comparisons of the
motion variables from the experimental and simulated maneuvers are made

and discussed in the following section.

5.1 Test Bicycle Instrumentation

The test bicycle was instrumented with: (1) a potentiometer
connected to the steer axis for measuring the steer angle, Figure 5, 3,
(2) a gyroscope mounted on the horizontal frame member to measure the
bicycle roll angle, Figure 5.3, (3) an accelerometer mounted beneath the
horizontal frame member to measure lateral acceleration, Figure 5. 4,
(4) a d.c. tach-generator mounted on the rear wheel to measure forward
velocity, Figure 5.2. Two 2-channel strip chart recorders and power
supplies were mounted in the chase car, Figure 5,5, and operated by the
chase car driver. Instrumentation power and data signals were transmitted
to and from the bicycle through an eleven conductor fifty foot long cable.

The influence of cable mass and drag on bike motion was minimized by
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FIGURE 5.3

Roll angle gyro and
steer angle potentiometer
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FIGURE 5.5

Two channel strip chart
recorders mounted in
chase car
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fabricating a very flexible cable from light weight teflon-covered wire,
The cable was loosely hung from a boom extending laterally from the chase

car and connected to the bicycle through a pull-out coupling beneath the

rear of the saddle.

Transducers were chosen on the basis of minimum weight as
well as sensor range, resolution, and method of installation. As a result
of these requirements, potentiometric sensors were chosen. A summary
of transducer specifications is given in Table 5.1 and Figure 5, 6 shows the

location of each sensor as mounted on the test bicycle.

Data signals were conditioned with filters having a corner
frequency ( -3 db point, first order rolloff) of approximately one Hertz,
resulting in an adequate bandwidth for the frequency content of bicycle
responses, In addition to the recorded instrument data, movies were

taken of most of the full scale experimental tests.

5.2 Full Scale Validation Tests

The following full scale experimental maneuvers were performed

with the instrumented bicycle to obtain data for validation of the computer

simulation,

(1) Motion of riderless bike with free control. Initial speed was
approximately 10 mph., Data was recorded until bicycle fell

over, Duration of the free control maneuver was about five

seconds, Figures 5.7 and 5. 8.
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Table 5.1

VALIDATION TEST INSTRUMENTATION
SPECIFICATION SUMMARY

Test Approximate Weight
Variable Sensor Type Make, Model Range Accuraxc;r>=< (including mount)
+ ) +
Roll Angle Free Gyro Humphrey, Inc. -178 - 2% 1. 81 lbs.
Potentiometric FG 23-3101-1
DC/DC
- . + o +
Steer Angle Precision 10 Helipot - 250 - 1% 0. 8 1b.
Turn Potentio-
meter W/Timing
Belt 7, 2:1 Drive
. + +
Lateral Linear Accelero- Humphrey, Inc. -5g - 2% 0. 2 1b,
Acceleration meter LA 45-0104-1
Speed Precision D. C. + 20 mph T 39, 0.5 lb.

Generator
W/F riction
Drive (36:1) at
Rear Wheel

Data Acquisition - (2) Brush Mark 220, Model 15-6327-50, Two Channel Direct Write Recorders

als
ko

. A
Linearity -

0.5% Full Scale,Chart Speed Accuracy pA 0.25%

Combined effects of linearity, hysteresis, repeatability,



(2)

(3)

(4)

Motion of riderless bicycle when given a nominal 2. 24 lb-sec
lateral force impulse (C6 Rocket). Initial speed was approxi-
mately 10 mph, Duration of this maneuver was about four
seconds, This test was performed by pushing the bicycle up
to speed in a straight path, then firing a small rocket motor

to provide the lateral thrust, The rocket motor was rigidly
attached to the bicycle frame approximately one foot above and

one foot forward of the total c. g., Figure 5.9,

Motion of riderless bicycle when given a nominal 6,72 lb-in-sec
torque impulse {Bl14 Rocket) about the steer axis. Two runs
were made with very good repeatability., The initial speed was
about 9 mph and the duration of the run was approximately four
seconds. In these tests the rocket motor was attached to the

handlebar six inches from the steer axis, Figures 5,10 and

5.11.

Suspended bicycle with a nominal 6, 72 1lb-in-sec torque

impulse (Bl14 Rocket) about the steer axis, Two tests were
made to observe the effect of gyroscopic coupling between the
steer and roll degrees of freedom. The bicycle was held or
suspended off the ground and a rocket motor was fired to provide
the steering torque impulse. One test was made with the front
wheel spinning at approximately 12 mph and the second test

was made with the front wheel motionless. These tests were
recorded on movie film only., The conclusion was that rotating
the front wheel had little effect on the resultant steer and roll

motions of the bicycle after the rocket blast.
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(5) Steady state turning of bicycle with rider. Runs were made at
speeds of 8, 10, 12, and 14 mph on a forty foot radius circle
and on a twenty foot radius circle. These runs represent a
range of lateral acceleration from 0.1 g to 0.6 g. Reduced

data is presented in numerical form in Table 5. 2,

5.3 Rocket Motor Calibration

In order to verify the rocket motor thrust curves published
by the manufacturer and to obtain some measure of the variability of the
data, time histories of the thrust of two types of rockets were recorded.
Three thrust curves were recorded for each type, Figures 5.12 and 5. 13,

The force output was measured with a high sensitivity fast response strain

gage proving ring.

None of the Bl4 rockets developed a peak thrust of seven
pounds indicated by the manufacturer's performance curves. The average
impulse of the Bl4 rockets was approximately 80 percent of the manufacturers
rated l 12 lb-sec impulse. Two of the three C6 rockets tested developed
a peak thrust of about 0.5 pound higher than indicated by the manufacturer's
performance curves, The steady state thrust of 1.35 pounds for the Cé6

is exactly that shown by the manufacturer. However, a 0.4 second shorter

burning time resulted in the average impulse of the C6 rockets also being

only 80% of the nominal 2. 24 lb-sec.
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5.4 Comparison of Computer Simulation with Full Scale
Experimental Tests

The time histories of steer and roll angle from the computer
simulated validation maneuver agree very well with the data from the two
full scale experimental tests, Figure 5.14, The steer torque impulse for
the simulated maneuver was 4.5 lb-in-sec. Using the average impulse from
the rocket calibration tests, the estimated torque impulse in the full scale
tests was 5.4 lb-in-sec, with the rocket mounted 6 inches from the steer
axis. A series of simulated maneuvers was made with decreasing values of
steering torque impulse. It was found that decreasing the steering torque
impulse from 6.7 lb-in-sec (corresponding to the manufacturer's rated
impulse) to approximately 4.5 lb-in-sec caused bicycle motion to change
from divergent instability to oscillatory instability typical of the full scale
maneuver, Steering torque impulses from 4.5 to 3.5 lb-in-sec did not
significantly change the motion. Since torques which resist steering motion
such as friction in the steering head and tire scrubbing are not explicitly
included in the bicycle model, the value of steering torque impulse used

in the simulated maneuver is thought to be a good approximation to the

full scale experimental tests.
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6.0 COMPUTER SIMULATION PARAMETER STUDY

A computer simulation study was made to determine the effects
on bicycle motion of variations of certain bicycle design parameters. This
study consisted of 57 computer simulated bicycle maneuvers. The effects

of nine bicycle parameters were studied, each for speeds of 7, 9, and 15

mph.

The simulated maneuver was the steer torque impulse validation
maneuver., The configuration of the riderless bicycle as measured with the
validation instrumentation and with the Breeze tires was taken as the standard
configuration. All simulated maneuvers had a single parameter variation

with other data remaining the same as the standard configuration.

For each parameter a value higher and one lower than the
standard were run. In some cases the high and low values represented the
range of this parameter in current production bicycles. In other cases,

arbitrary values of 80% and 120% of the standard were used.,

The study also included runs at the three test speeds with data

representing the Puff tire and with data representing a rigid '""hands -off"!

rider,

Detailed printed time histories of 36 output variables and
plotted time histories for steer angle, roll angle, lateral acceleration, and

velocity for each of the 57 simulated maneuvers are contained in additional

volumes,
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Table 6.1 lists the parameter variations and simulation run

numbers, and briefly states the effect on the motion of the bicycle according

to the following code.

DU - the motion was Divergently Unstable (indicating that the

bicycle fell over immediately).

OU - the motion was Oscillatory Unstable (indicating that the

bicycle had both steer and roll oscillations before falling over).

The number in parenthesis is the time at which the bicycle

finally fell over,.

oI - the motion was Oscillatory and it is Inconclusive as to

whether the bicycle would have stayed upright or fallen over.

OS - the motion was Oscillatory, however, the bicycle maintained

Stability and settled into a steady state turn.

The results of the parameter study show that all maneuvers
at 7 mph were divergently unstable and all maneuvers at 15 mph were
oscillatory stable regardless of the parameter variations. However, the
15 mph runs do show significant differences in settling time, oscillation

frequency, peak amplitude of steer and roll angles, and the steady state

value of the steer and roll angles.

The 9 mph runs show the most interesting results since it is
at this speed that the parameter variations have the greatest effect on the

motion of the bicycle.

The effect of several parameter variations of the bicycle

motion at 9 mph are listed below,
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c)

d)

Reducing the wheelbase from 41.5 inches to 33, 2 inches
had little effect on the degree of stability, however, increasing

the wheelbase to 49. 8 inches caused the motion to become

divergently unstable.

Reducing the total weight from 40, 8 pounds to 25, 0 pounds
reduced the oscillatory motion allowing the bicycle to remain
upright. However, increasing the total weight to 55.0 pounds

greatly increased the amplitude and reduced the frequency of

oscillation.

Reducing the total c. g. height from 20. 8 inches to 16, 6 inches
had little effect on the degree of stability. Increasing the c. g.
height to 24. 9 inches damped the oscillation but caused the

bicycle to fall over sooner,

Reducing the steer moment of inertia from 1,86 to 1. 49 lb-in-sec2
reduced the tendency to oscillate but caused the bicycle to fall
sooner. Increasing the steer moment of inertia to 2, 23 greatly
increased the amplitude and reduced the frequency of oscillatory
motion. The motion had not settled enough by the end of the

run (3.0 seconds) to conclude that the bicycle would have

remained upright.

Reducing caster angle from 21,0 degrees to 15,0 degrees
greatly increased the amplitude of oscillation with little effect
on frequency. Apparently the motion would have been stable
when the oscillation damped out. Increasing the caster angle

to 25,0 degrees resulted in increased damping but falling over

sooner,
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f)

g)

j)

Reducing fork offset from 1,87 inches to 0.87 inches increases
damping but the bicycle still falls over after about 2. 8 seconds.
Increasing the fork offset to 2, 87 inches greatly increased the
amplitude of oscillation and apparently the bicycle would have

fallen on the next cycle of the oscillation.

Reducing the rolling radius from 13. 6 inches to 10. 0 inches
damped the oscillatory motion and the bicycle was falling with

a high roll velocity., Increasing the rolling radius to 14. 6 inches
significantly changed the motion, increasing the amplitude and
reducing the frequency of the steer and roll oscillations.

Apparently this increase in rolling radius of one inch tended

to stabilize the bicycle motion,

The wheel moment of inertia variations had the greatest effect
on stability, Reducing the wheel moment of inertia from 1,76
to 1.41 lb-in-s ecz caused the motion to become divergently
unstable, Increasing the wheel moment of inertia to 2,11
lb-in-sec not only damped the oscillatory motion but also

caused a significant improvement in stability.

Changing from the Breeze tire data to the Puff tire data increased
the oscillation amplitude and reduced the frequency with an

apparent stabilizing effect on the bicycle motion.

The addition of the rigid 102 pound rider (hands -off) caused
the bicycle to fall over even at 15 mph. The rate at which the
bike fell over with the rider was slower than when riderless
and the steer motion was very nonlinear. At 15 mph the roll

angle tended to oscillate but fell over after 2,5 seconds.
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Table 6.1 BICYCLE PARAMETER STUDY RESULT MATRIX

SPEED
PARAMETER VARIATION

7 mph 9 mph 15 mph
Standard Bicycle (Breeze tires) #2 - DU #1 - OU #3 - OS

y (2. 6 sec)
33,2 in, | #4 - DU #25 6 U | 46 -o0s

Wheelbase (2.6 sec)
49,8 in, #7 - DU #8 - DU #9 - OS

25,0 lb. #10 - DU | #11 - OS #12 - OS
Total Weight

55,0 lb. #13 - DU | #14 - OI #15 - OS

#17 - OU

16, 6 in, #16 - DU #18 - OS

. (3.0 sec)

Total C.G. Height 420 - OU
24,9 in, #19 - DU B #21 - OS

(2. 8 sec)

1,49 #23 - OU
Steer Moment lb-in-sec2 #2z - DU (2.5 sec) #2d - OS

of Inertia

2,23

. #25 - DU #26 - O1 #27 - OS
lb-in-sec

15,0 deg. | #28 - DU | #29 - OI #30 - OS

Caster Angle
#32 - OU
25. ) - -
5.0 deg. | #31 - DU (2.3 sec) #33 - OS
0.87 in. | #34 - DU f2358'3(:3 #36 - 08
Fork Offset .
2,87 in, #37 - DU | #38 - OI #39 - OS
#41 - OU
. 0 in. -D 2 -
Undeflected Rolling 10.0 in #40 U (3.0 sec) #4 oS

Radius 14. 6 in, #43 - DU | #44 - Q1L #45 - OS

1,41
Wheel Moment lb-in-sec

of Inertia 2. 11

#46 - DU | #47 - DU | #48 - OS

#49 - DU | #50 - OS #51 - OS

l1b-in-sec

Standard Bicycle (Puff tires) #52 - DU | #53 - OS #54 - OS

LStandard Bicycle with 102 pound #55 - DU

Ride - #56 - DU | #57 - OU
Ir
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APPENDIX I

Measured and Corrected Side Force Data

for Schwinn Breeze and Puff Bicycle Tires
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27X1.25 SCHWINN BREEZE SPORTS TOURING (65 PSI)

NORMAL FORCE = 36,4

INCLINATION ANGLE 0.0 10.00 20.00 30.00 40.00
MEASURED SLIP ANGLE -2.00 -2.00 -2.00 -2.00 -2.00
MEASURED LATERAL FORCE ke xs Skkkkk -18.,00 -14.00 -14.,00
CORRECTED SLIP ANGLE bl b L *EXERK ~l.44 ~l.61 ~l.66
CORRECTEDN LATERAL FORCE hhdd t 2 Rk R -16.90 -1l.60 ~10,30
MEASURED SLIP ANGLE -1.00 -1.00 -1.00 -1.00 -1.00
MEASURED LATFRAL FORCE RERER K Kk -13.00 -10.20 -92,00
CORRECTED SLIP ANGLE xRk kX *rkkkx =0.51 -0.75 -N."3
CORRECTED LATERAL FORCE REE £X Rk k kX -11.70 -7.40 -5.10
MEASURED SLIP ANGLF =0. 50 -0.50 -0.50 ~0.50 -0.5N
MEASURED LATERAL FORCF -12.09 =10.00 -9.50 =-2.,00 -8.,00
CORRECTYED SLIP ANGLE -0.05 -0.17 -0.23 -0.32 -0.37
CORRFCTED LATERAL FNRCE -13.20 -%.90 -2,10 -5.30 ~4.00
MEASURED SLTP ANGLE 0.0 0.0 0.0 0.0 0.C
MEASURED LATFRAL FNRCE ' =0.720 -7.50 =6.00 -5400 -4,00
CORRFCTED SLIP ANGLF 0. 07 0.24 0.15% 0.07 -0.0n
CNRRECTEN {ATERAL FNRCE -2.00 -7.30 ~4.50 -2.20 0.10
MEASURFDN SLTP ANGLE 0.50 0.5n C,.50 0.50 0,50
MEASUREN LATERAL FORCE =4,50 ~4.00 =4.00 -3.50 0.0
CNRRECTEN SLIP ANGLF 0. 58 0e4h? 0.58 0452 N.35
CORRECTFD LATFRAL FORCE -5.50 -3.79 -2.40 -0,.60 4420
MFASURED SLIP ANGLF 1. 00 l1.00 1.00 1.00 1.00
MEASURED LATFRAL FORCE 0.50 1.00 0.0 2.50 5.00
CPRAECTED SLTIP ANGLE 1.01 Ne "8 N.9%4 O.R2 0.60
CORRECTEN LAYFRAL FNRCE -0.4) 1.40 1.70 5450 9,30
MEASURED SL TP ANGLE 2.00 2.00 2.00 2 .00 2.C0
MEASURFD LATERAL FMRCE 7.00 7.0C 7.00 11.90 10,00
CNRRECTED SL 1P ANGLE 1.79 1.75 1.70 l1.51 1.52
CPRRFCTEN LATFRAL FNRCF 6.30 TeAN R. 9N t4.20 14.50
MEASURED SLIP ANGLF 3.00 3.0N 1.00 3.00 3.00
MEASUREDN LATERAL FQORCF 17.00 16.07 18,50 17.50 17.00
CDRRECTED SLIP ANGLE 2.45 2.04 2.31 2.30 2,29
CORRFCTED LAYFRAL FORCE 16.50 16.80 20.60 20.90 21.70
MFASURED SLIP ANGLF 4.00 4400 4400 4.00 4,00
MFASURED ( ATERAL FNRCE 18.59 22,00 22.00 21450 20,00
CNRRECTEN SLIP ANGLE 3. 39 3.23 3.10° 3.15%6 3.17
CNRRECTFND LATFERPAL FNRCF 18,20 23,00 24430 25410 24.90
MFASURED SLIP ANGLF 6.00 e 0N €10 6400 A.00
MEASURFD LATERAL FORCE 27.00 2R.00 25,00 25,00 21.00
CORRECTEN SLIP ANGLF 5.19 5.07 5.08 5400 Sel2
CORRFCYFD L ATERAL FNRCE 27.10 223,40 27.70 30.70 25,30
MEASURFED SLTP ANALF 8,00 g.00 8.00 8.00 3.00
MEASURED LATERAL FDRCF 29.00 26,00 23.00 24.00 24,00
CNRRECTEN SLIP ANGLE 7.02 6,07 7413 6.99 TeN1
CNPRECTFEND LATERAL FNRCE 29,50 30.R0 ?6.10 30,40 29,70
MEASUDPED SLIP ANGLF 10,00 10.00 10,00 10.00 10.C0
MFASURED LATERAL FOQORCE bl TEEKEE kel 23,00 23,00
CORRECTED SLIP ANGLE LT3 EhERRK LS 220 9.927 9,03
CORRECTFD LATERAL FNRCE b TR K A REEEX X 27480 29,10
SLEP ANGLF NFFSET = 1,06
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27X1.25 SCHWINN BRFEZE SPORTS TOURING (6% PSI)

INCL INATION ANGLE

MEASURED SLIP ANGLF
MEASURED LATERAL FORCE
CORRECTED SLIP ANGLE
CORRECTED LATERAL FNRCE

MEASURED SLIP ANGLF
MEASURED LATERAL FORCEF
CORRECTED St IP ANGLF
CORRECTED LLATFRAL FNRCE

MEASURFD SLTP ANGLF
MEASURED LATERAL FORCE
CORRECTED SLIP ANGLE
CORRECTEN LATFRAL FORCF

MEASURED SLIP ANGLF
MEASURED LATERAL FNRCE
CNRRECTFEN SLIP ANGLF
CNRRFCTEN LATFRAL FORCE

MEASURED SLIP ANGLF
MEASURFD LATFRAL FORCE
CORRECTEN SLIP ANGLF
CNRRECTFN LATERAL FQORCE

MEASUPFD SLIP ANGLE
MEASUREN LATERAL FORCE
CNRRECTEN SLIP ANGLE
CNRRECTED LATFRAL FNRCF

MEASURED SLIP ANGLFE
MEASURFD LATERAL FORCE
CORRECTED SL1IP ANGLE
CNRRECTED LATFRAL FNRCE

MEASURED SLIP ANGLF
MEASUPRPED LATERAL FORCE
CNRRECTED SLIP ANGLE
CORRFCTFD LATFRAL FORCE

MEASUREN SLIP ANGLF
MEASURFN LATFRAL FORCE
COARRECTEN SLIP ANGLF
CNRRECTYED LATFRAL FORCE

MEASURED SLIP ANGLE
MEASURED LATERPAL FORCE
CORRECTED SLIP ANGLE
CORRECTFD LATERAL FORCE

MEASURED SLIP ANGLE
MEASURFD LATERAL FORCE
CDRRFCTEN SLIP ANGLE
CNRRECTFN LATERAL FORCE

MEASURED SLIP ANGLE
MEASURED LATERAL FORCE
CORRECTED SLIP ANGLE
CNRRECTED LATERAL FNRCE

SLIP ANGLE OFFSFT = 1,07

NORMAL FORCE = 73,4

0.0

-2.00
LRI e 2
LAl Z R
LR Y

-1.00
ARk R
hEkEk
EEEE R

-0.50
-15.50

0. 0%
-17.40

0.0
=11.50

0.44
-13,.30

0.50
~6.00
0.7
=110

1.20
1. 90
1.0?
-0.50

2.00
9,20
1.78
Te50N

3.00
20459
2. 34
19,30

4,70
27.590
3.12
2he 50

£e0)
43,90

4,57
42.40

2,0
52,00

he 2R
51.an

10. ¢
KR K&
T Y
LR TR Y

10.00

-2.00
*hEkkk
kxkkkE
LA L 3

-1.00
LR EL T 20
LB T
*ERRKE

-0.50
-13.0¢C
—0003
-l4.12

0.0
-7.50

0.28
-R,52

0.50
~2.80
0.61
-3,42

1.C0
3.00
0,73
2.18

2.00
12.0C
1.62
11.3%

3.00
23.50
.23
23.07

44N
33,50

2,99
33,27

6400
44,00
4,87
44,17

R, 00
R4 00
hel®
54,67

10,07
IETITY
ExERE K
2T d

104

20.00

-2.00
-25,00
-l.16
-25.30

-1.00
-16.50
-0.45
~16.60

-0.50
=-12.00
-0.10
-12.00

0.0
~-2,00

0426
-7.90

0.50
-5.00
0.56
-4.30

1.00
2.00
0,92
2,30

2.00
9.50
|
10.00

3.on
23.Nn0
2.21
?3.70

4400
15,00
2.80
38,90

6,00
&T7T.N0
4,3%
43,30

2,00
56.00
&.,N%
57.70

10,00
KR KL
ITI3ITY
ok K

30,00 40,00
-2.00 -2.00
-1%.00 ~13.00
-lets -l.67
-16.A82 -10.00
-1.00 -1.00
-11.50 -R.50
-0.66 -0.82
-10.13 -5.30
-0.50 -0.50
-8.00 -4,00
~0.29 ~0.4%
~be52 -0.70
3.0 C.C
-6.00 1.00
D415 -0.15
~be42 4.40
0.50 0.50
2.0 7.00
J.38 0.15
3.68 10.50
1.00 1.00
A.00 11.00
NeTh 051
7.7 14.60
2.00 2.00
15.50 20,00
1.37 1.21
18.47 23.80
3.00 31.00
2T.50 30.00
201 1.87
20 .R7 34,00
4.00 a,0n
36450 37.00
2.71 2.03
37,428 41.20
h.00 £. 00
ERFRD] 45,00
4a24 4a37
52.77 50,460
.00 2,00
S3.09 51.00
5013 o K
55417 56.01
10.00 10,0C
55400 51.00
3.05 8.12
53,57 56.4N
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27X1.25 SCHWINN BRFEZE SPORTS TOURING (65 PST)

INCLINATION ANGLF

MEASURED SLIP ANGLE
MEASURED LATERAL FORCE
CORRECTED SLIP ANGLFE
CORRECTED LATERAL FORCE

MEASURFN SL TP ANGLE
MFASUREN LATERAL FORCF
CORRECTEN SLIP ANGLE
CORRFCTFEND LATFRAL FNORCF

MEASURED SLIP ANGLE
MEASURED LATFRAL FORCE
CORRECTED SLIP ANGLF
CORRECTFED LATFRAL FORCE

MEASURED SLIP ANGLF
MEASURFD LATERAL FOPCE
CNORRECTED SLIP ANGLE
CNRRECTED LATERAL FORCF

MFASURFN SLIP ANGLE
MEASURED LATFRAL FNRCE
CPRRECTED SLIP ANGLF
CORRECTED LATERAL FORCE

MEASURED SLIP ANGLF
MEASURFND LATFRAL FORCF
CORRECTFD SLIP ANGLE
CNRRECTFN LATERAL FQORCF

MFASURFN SLIP ANGLF
MEASUREDN LATFRAL FNRCE
CARRECTFN SLTP ANGLF
CORRFCTFND LATFRA{ FORCE

MEASUREN SLTIP ANALF
MEASUREND LATERAL FORCE
CNRARECTFN SLIP ANGLF
CORRECTED LLATFRAL FNRCF

MEASURED SLIP ANGLF
MEASYUPED LATERAL FORCF
CORRFCTEN SLIP ANGLF
CORRFECTEN LATFRAYL FNRCF

MEASUREN SLIP ANGLE
MEASURED LATFRAL FNRCF
CORRECTEN SLIP ANGLF
CORRECTED LATFRAL FNRCF

MFASURED SLIP ANALE
MFASURED LATERAL FORCF
CORRECTEN SLIP ANGLF
CNRRECTFN LATFRAL FNRCE

MEASYURED SLIP ANGLE
MEASURFD LATERAL FORCF
CNRRECTED SLIP ANGLE
CORRECTEN LATERAL FORCFE

SLIP ANGLF DFFSFT = 1,10

NORMAL FORCE =105.5

0.0

-2.00
*xkk kR
kkEE Rk
khEk Rk

-1.00
ekkky
EEERKR
TREE KK

-0.50
-17.00
0.15
-19.60

0.0
=-13.50

0.53
~16.0N0

0.50
-7.n00
0.81
~9.40

1.00
1.50
1.03
-0.90

2.00
9.00
1.77
6490

3.00
23.50
2.78
21.50

4,00
31. 00
3.92
?29.13n

Y
5050
4, 34
49,20

Re DN
AT, 50
5.73
hhehND

10.00
* Xk Xk
EEER K
Rk Kk

10.00

-2.00
T
I
axkE Kk

-1.00
EERRE
RaRkE
AEEE K

~-0.50
-15.00
0.09
-17.35

0.0
-11.00

O.44
-13.2%

0,50
-3.00

0.67
-5.15

1.00
3.0C
0.77
0,958

2.00
13.00
1“3
11.15

3,00
27.00
2.16
25.3%

4.00
38.00
2.79
36.55

6.00
56,00

4,17
54,06

B.C0
72.0N
Seb?
T1.3%

16.n0
HRKEKE

XXX KKK
ook ok

105

20.00

=2.00
-26.,00
-1.08
-27.70

-1.00
-18.50
-0.33
-20.00

-0.50
-13.00
-0.02
-14.40

0.0
-10.00

0.38
-11.30

0.50
-1.00
0.57
-2.20

1.00
4,00
0.90
2.90

2.00
16.00
1.50
15.10

3.00
29,00
2.05
?8.30

4,00
41.50
2.63
41,09

6.00
£2.00
3,94
61e70

2,00
76.00
5.46
746.30

10.00
Aok Ak A

EEEEKK
KERERE

30.00 40.00
-2.00 -2.00
-19,00 -11.00
-1.37 -1l.71
-12,05 -8,70
-1.00 -1.00
-12.00 -4.00
=-0.41 -0.95
-11.85 ~1.50
~0.50 -0.50
=6.50 0.0
~=0.29 -0,.59
-6.25 2.5/0
0.0 C.0
~6400 7.50
0.19 -0,34
=5.h5 10.20
0.50 0.50
3.00 14,00
N.39 -0.06
3.45 1A.30
1.00 1.00
131.00 12.00
0.55 N.27
13.55 21.a0
?2.00 2.00
24,50 27,00
l.15% 1.00
25425 30,10
31.00 1,09
315,10 37.00
1.R0O 1.59
35,9¢% 42,430
4,00 4,00
47.00 49,00
2,60 2425
48,15 £2.59
AL,0N Ae DD
A% .00 2,09
3,78 3,91
457.55 65470
3,00 2,00
72,00 77.090
5.30 5.29
N,a5 21,30
10.00 19.09
21.00 70,00
Te22 Tel@
33.35% A4,70
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2TX1425 SCHWINN PUFF HIGH PRESSURF RNAN RACER (75 PST)

NORMAL FNRCF = 36,4

INCLINATION ANGLE 0.0 6400 15.00 25.00 35.00
MEASURED SLIP ANGLE -2.00 -?2.00 -2.00 -2.00 =-?2.00
MEASURED LATERAL FNRCE ~14.50 -16.00 -13.00 ~16.00 -1R,00
CORRECTED SLIP ANGLE . —la47 ~l.44 -1.58 -1.53 -1.50
CORRECTED LATERAL FORCE -16.00 -16.72 -12.55 -14.25 -14.95
MEASURED SLIP ANGLF -1.00 -1.00 -1.00 -1.00 -1.00
"MEASURED LATERAL FORCE -10.50 -11.00 -9.00 -11.90 -13.00
CORRECTFED SLIP ANGLF -0.61 -0.62 ~0.72 -0.70 -0.68
CORRECTED LATERAL FNRCE -11.80 -11.52 -8.35 -9.05 -9.75
MEASURED SLIP ANGLF -0.50 -0.50 -0.50 =0.50 =0.50
MEASURED LATERAL FORCE -8.00 -T7.00 -R,00 -3.00 -9.00
CORRECTED SLIP ANGLE -0. 19 -0.25 -0.26 -0.30 -0.31
CORRECTFD LATERAL FORCE, -9.20 =T.42 -7.25 -5.95 =5.65
MEASURED SLIP ANGLE 0.0 0.0 0.0 0.0 0.0

MEASURED LATERAL FORCE -4.00 -4.50 =4.00 -4,00 ~6.00
CORRECTED SLIP ANGLE 0.17 0. 16 0.10 0.06 0.08
CORRECTED LATERAL FORCF T -5.10 -4.82 -3.15 -1.%35 =2.55
MEASURFD SLIP ANGLE 0.50 0.50 0.50 0.50 0.50
MEASURED LATERAL FORCE -1.50 =2.00 0.0 -1.50 1.00
CORRECTED SLIP ANGLE 0.58 0.57 0.47 0.48 D135
CNRRECTED LATERAL FORCE ~2.50 =222 0.95 0.75 4.55
MEASURED SLIP ANGLE 1.00 1.00 1.00 1.00 1.00
MEASURED LATERAL FORCE 1.10 2.00 3.00 1.00 4.00
CORRECTED SLIP ANGLE 1.00 0.4 0.87 0.89 0. 75
CORRECTED LATERAL FORCE 0.10 1.88 4.05 3.35 7.65
MEASURED SLIP ANGLE 2.00 2.00 2.00 2.00 2.00
MEASURED LATERAL FORCF 9.00 8.00 7.00 8.00 12.00
CORRECTED SLIP ANGLE 1.72 1.73 1.73 1.65 l1.47
CORRECTED LATERAL FNRCE 8.30 3. 0R 8.25 10.55 15.85
MEASURED SLIP ANGLF 3.00 3.00 3.00 3.00 3.00
MEASURED LATERAL FORCE 14.00 14.00 14.00 12.00 20.00
CORRECTED SLIP ANGLE 2.55 2.52 2.49 2.51 2.20
CORRECTED LATERAL FNRCE 13.50 14.28 15.45 14.75 24.05
MEASURED SLIP ANGLE 4.00 4.00 4.00 4.00 4.00
MEASURED LATERAL FORCE 20. 00 19.00 18.00 15.00 2?2.00
CORRECTED SLIP ANGLE 3. 34 3.35 3.35 3,40 3.13
CORRECTED LATFRAL FORCF 19.70 19,48 19.65 17.95 264,25
MEASURED SLIP ANGLE 6.00 6.00 6.00 6.00 6,00
MEASURED LATERAL FORCE 29,00 23.00 24,00 19.00 23,00
CORRECTED SLIP ANGLE 5.03 5420 5.13 526 5.08
CORRECTED LATERAL FORCE 29,10 23.88 26.05 22.35 27.65
SLIP ANGLE OFFSET = 0,98
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27X1.25 SCHWINN PUFF HIGH PRESSURE RNAN RACER (75 PSI)

NORMAL FORCE = 73,4

INCLINATION ANGLE 0.0 6,00 15.00 25.00 35,00
MFASURED SLIP ANGLE -2.00 -2.00 =-2.00 =2.00 =2.00
MEASURFN LATERAL FORCE -21.00 =20.50 -18.00 -21.00 ~-18.00
CORRECTED SLIP ANGLE ~-1.23 -1.26 -1.37 -1.31 -1l.47
CORRECTED LATERAL FORCE -23.20 ~22.28 -18,91 -?20.561 ~15.96
MEASURED SLIP ANGLE . -1.00 -1.00 -1.00 -1.00 -1.00
MEASURED LATERAL FORCE -16.00 -16.00 -11.00 -13.00 -11.00
CORRECTED SLIP ANGLE -0.40 -0.41 -0.61 -0.59 -0.71
CORRECTED LATERAL FORCE -18.00 -17.58 =-11.71 -12.41 -,74
MEASURFD SLIP ANGLE ~-0.50 -0.50 -0.50C -0.50 -0.50
MEASURED LATERAL FORCE -12.00 -10.50 -8.00 -9.00 =4.00
CORRECTYED SLIP ANGLE ~0.04 ~0.10 ~-0.21 -0.22 -0.44
CORRECTED LATERAL FORCE -13.90 -11.98 ~-8.61 -9.31 -l.66
MEASURED SLIP ANGLE 0.0 0.0 0.0 0.0 0.0

MEASURED LATERAL FNORCE ° -8.00 =5.,50 -3.50 -3.50 -2.00
CORRECTED SLIP ANGLE 0.33 0.23 0.13 0.09 -0.01
CORRECTED LATERAL FORCE -9,A80 -6.8%¢ -4,01 =2.71 Oab4
MEASURED SLIP ANGLE © 0450 0.50 0.50 0.50 0.50
MEASURED LATERAL FORCF -2.00 0.0 1.50 1.00 7.00
CNORRECTED SLIP ANGLF 0.62 0454 0.46 O.44 0.18
CORRECTED LATERAL FORCE -3.70 ~l.2R 1.09 1.89 9,54
MEASURED SLIP ANGLE 1.00 1.00 l1.0¢C 1.00 1.CO
MEASURED LATERAL FQORCE 2.00 6400 7.00 5450 12.00
CORRECTED SLIP ANGLF 0,99 0.84 0.78 N.73 0.51
CORRECTED LATFRAL FORCE 0.40 4eR2 6,69 6.49 14.A4
MEASURFD SLIP ANGLE 2.00 2.00 2.00 2.00 2.C0
MEASURED LATERAL FORCE 10,00 13.00 14.00 15.00 22.00
CNRRECTED SLIP ANGLE 1. 71 1.60 1.54 lL.46 1.17
CORRECTEN LATFRAL FORCE 8.60 12.02 13,90 16.19 24.R4
MEASURED SLIP ANGLE 3.00 3.00 3.00 3.00 3.00
MEASURED LATERAL FORCE 22.00 21.00 22.00 25.50 34.00
CORRECTED SLIP ANGLE 2.31 2.33 2.26 2.10 1.77
CDORRECTED LATERAL FNRCE 20.80 20,22 22.09 26.89 37.04
MEASURED SLIP ANGLE 4.00 4.00 4.00 4,00 4,00
MEASURED LATERAL FORCE 30.00 29.50 29,00 30.00 41.50
CORRECTED SLIP ANGLF 3.03 3.04 3.02 2.95 2.51
CORRECTED LATERAL FORCE 29.00 28.92 29.29 31.59 44,74
MEASURED SLIP ANGLE 6.00 6.00 6.00 6.00 6.00
MFASURED LATERAL FQORCE 44,00 41.00 41.00 39.00 47.00
CORRECTED SLIP ANGLE 4.55% G.64 4,61 4.63 4.31
CORRECTED LATERAL FORCE 43.40 40.R2 41.69 40499 50. 64

SLIP ANGLE OFFSET = 0,95
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27X1.25 SCHWINN PUFF HIGH PRESSURE RCAD RACE® (75 PST)

INCLINATION ANGLE

MEASURFD SLIP ANGLE
MEASURFD LATERAL FORCF
CORRFCTED SLIP ANGLE
CORRECTED LATERAL FNRCE

MEASURED SLIP ANGLE
MEASURED LATERAL FNRCE
CORRECTED SLIP ANGLE
CORRECTED LATERAL FORCE

MFASURED SLIP ANGLF
MEASURED LATERAL FORCE
CORRECTEN SLIP ANGLE
CDRRECTYED LATERAL FNRCE

MFASURED SLIP ANGLE
MEASUREN LATERAL FORCE
CORRECTED SLIP ANGLE
CORRECTED LATERAL FNRCE

MEASURED SLIP ANGLE
MEASURED LATERAL FORCE
CORRECTED SLIP ANGLE
CORRECTED LATERAL FQORCE

MEASURED SLIP ANGLE
MEASURED LATERAL FORCE
CORRECTED SLIP ANGLE
CORRECTED LATFRAL FORCE

MEASURED SL IP ANGLF
MEASURED LATERAL FORCE
CORRECTED SLIP ANGLE
CORRFCTED LATERAL FORCF

MEASURED SLIP ANGLF
MEASURED LATERAL FORCE
CORRECTED St 1P ANGLF
CORRECTED LATERAL FNRCE

MEASURED SLIP ANGLE
MEASURED LATERAL FORCE
CNRRECTED SLIP ANGLE
CORRECTEN LATERAL FORCE

MEASURED SLIP ANGLF
MEASURED LATERAL FQORCF
CORRECTED SLIP ANGLE
CORRECTED LATERAL FORCE

SLIP ANGLE OFFSFT = 0.94

NORMAL FNRCE =105,5

0.0

-2.00
—25.00
-1.07
-27.90

-1.00
-19.09
-0.28
-21.70

-0.50
-14.50
0.07
~-17.10

0.0
-9.00
0.138
-11.50

. 0.50
-3.00
0.68
-5.40

1.00
3.00
0.9%3
0.70

2.00
13.00
l.64
10.°0

3.00
28.00
2.13
26.10

4.00
38.00
2. 79
36.130

65.00
48.50
4443
47.20

6400

-2.00
-22.50

-1.16
-25.13

-1.02
-16.00
-0.3"%
~18.£3

-0.50
-11,00
~0.08
-13,53

0.0
-7.00

0.31
-0,43

0.50
-4.00
0.71
-6.33

1.00
6.5C
0.86
4427

2.00
15.50
1.55
13,47

3.00
26.00
2.19
24,17

4400
31.00
3.02
29.37

fe 00
52.00
4,21
50.77
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15,00

-2.00
-21.00
-1.22
-23,26

-1.00
-12.50
-0.51
-14.56

-0.50
-9.00
-0.13
-10.96

0.0
-3.00

0.16
-4.36

0.50
3.00
0.46
1.24

1.00
10.50
0.71
8.84

2.00
17.00
l.48
15.54

3.00
28,00
2.11
26.74

4.00
37.00
2.80
35.94

6,00
54.00
4,22
53.34

25,00 35,00
-2.00 -2.00
-23.00 -15,00
~1.20 ~1.53
-23,96 -13.94
-1.00 -1.00
~13.00 -5.00
-0.54 -0.87
-13.76 -3,76
-0450 -0.50
-B8450 3.00
-0.1" -0.h4
-9.16 4,34
0.0 0.0
-1.00 hs00
0.05 -0.25
-1.56 744
0.50 0,59
5400 12.00
0.32 0.05
5e54 13,54
1.00 1.00
2,00 22.00
0.71 0.21
.64 23,64
2.00 2.00
20.50 30.00
1.32 0,94
20.34 3l.R4
3,00 3,00
32.50 45,00
1.92 l1.43
32,54 47,04
4.00 4,00
43,00 53,00
2.56 2.1%6
43,24 55.24
6.00 Yols)
56,00 69,00
4.11 3.61
56464 Tle64

YA-3063-K-1



