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ABSTRACT

Deriving a precise kinematic model to describe a motorcycle’s
behavior after impact is a prerequisite for developing a fact-analytical
tool for motorcycle accidents. Therefore, this paper successfully de-
rives a high-degrees-of-freedom model. Twenty-four time-response
illustrations of simulation results demonstrate the dynamic behavior
of the proposed model. A surface diagram is revealed while investi-
gating the vehicle tracking. The twenty-four illustrations include
motion, velocity and acceleration with respect to longitudinal, lateral,
vertical, pitching, yawing, vehicle rolling, rider rolling, and steering
variations. The model proposed herein can be effectively used to pre-
liminarily analyze the tendency toward stability or toward rolling of a

motorcycle after a collision.

I. INTRODUCTION

A two-wheel vehicle is a conventional transpor-
tation mode in developing countries. Taiwan has
around nine million motorcycles, which is roughly
half the total population. Unfortunately, according
to official statistics, approximately two-thirds of all
accidents are related to motorcycles. Thousands of
people are injured and killed in motorcycle accidents
annually. The actual causes of such accidents are fre-
quently misunderstood owing to the lack of an accu-
rate analytical tool. From a professional perspective,
examining motorcycle accidents is still difficult
owing to high degrees of freedom of motorcycle
kinematics. Therefore, a reasonably accurate analyti-
cal tool must be developed to enhance the precision
of investigation and examination. Although some
developing software for accident reconstruction is
available in Japan and the United States (Woolley et
al., 1986), only four-wheel cars are considered. Simu-
lation or motorcycle accidents is much more compli-
cated than passenger car accidents. Nevertheless,

several institutes and professionals have offered
promising results, including Danver Research Insti-
tute (Knight, and Peterson, 1971), Sporner (1982) and
TRRL (Happian-Smith et al., 1987; 1990). Recently,
Lupker et al., (1991, 1992) utilized MADYMO soft-
ware to develop a motion analysis of motorcycle col-
lisions and even calibrated it to apply to YAMAHA
SRX-600 bikes (heavy model). However, those mo-
torcycle-rider systems for accident analysis are still
limited to some collision types. Most types of mo-
torcycles in Taiwan and developing countries are light
models, accounting for the need to modify kinematic
models.

Although developing an analytical tool for
motorcycle accidents is rather complicated owing to
high degrees of freedom of motion in motorcycles,
deriving a precise kinematic model to describe an im-
pacted motorcycle’s behavior is a relevant task.
Therefore, in this paper, we derive a nonlinear sys-
tematic motorcycle-rider kinematic model to analyze
the response of a motorcycle after an external force
acts upon it. The proposed model is a prescription
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as well as a base for accident reconstruction when
motorcycles are involved. The model proposed
herein considers eight degrees of freedom of the
motorcycle-rider system, including a vehicle’s ap-
proaching, lateral, vertical, rolling, yawing, pitching,
steering and rider’s leaning variations. The input
variables during a collision are initial velocities,
volume, position and angle of acting forces. In addi-
tion, the trajectory of each component is investigated
in a case study, in which the system variation with
twenty-four variables is represented by time-depen-
dent simulation. Simulation results demonstrate that
the proposed model can easily trace the motion of an
impacted motorcycle and obtain reasonable explana-
tions for accidents.

II. KINEMATIC EQUATION

The structure of a motorcycle is simpler than
that of a passenger car. However, motorcycles
have more degrees of freedom with respect to ma-
neuver and motion. Deriving rigorous dynamics for
motorcycles is rather difficult. Most related investi-
gations merely emphasize motion stability issues,
accounting for why they only consider linearly lateral,
rolling, yawing and steering dynamics based on
an assumption of a constant speed (Sharp, 1971;
Weir and Zellner, 1978; Katayama et al., 1988;
Yeh and Chen, 1990; Chang, 1992). Sharp (1971)
derived equations of motion for motorcycle stability
and control. Weir and Zellner (1978) utilized four
degrees of freedom to analyze capsizing, weaving
and wobbling modes of a motorcycle-rider system.
Katayama et al. (1988) applied six degrees of
freedom to describe a motorcycle-rider system. Ac-
cording to their results, the relationship of steering
torque 7, roll angle ¢ and heading error d is t=a’ ¢+
c¢’d’, where 78<a’<103 (Nm/rad), ¢’ and d’ are
constants. Yeh and Chen (1990) and Chang (1992)
analyzed the handling stability of a motorcycle
with front cambering and a trailer, respectively. In
addition, Rice (1978) investigated the relationship
between a rider’s lean angle and steering torque.
Aoki (1979) indicated that the major motorcycle con-
trol input is steering torque. Liu and Chen (1992)
investigated the nonlinear stability boundary with
Legouis er al. (1986) and Weir’s models (1972).
TNO (1994) has recently developed MADYMO
software capable of simulating motorcycle dynamics.
In MADYMO, a rider’s control torque is expressed
as

r=—ap-bp (1)

According to TNO’s experiment, a=15 and =60
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Fig. I A motorcycle-rider frame

(1994). However, their models consider pitch and
vertical motions to a lesser extent. Pitch and vertical
motions should be included if a kinematic model is
developed for accident analysis or safety evaluation
of roadway facility design.

1. Frame Coordinate System

In this study, the motorcycle-rider system is
divided into three portions: front body, main body
(rear body) and rider. The front body includes a front
wheel, fork, and handle-bar. The bar can be rotated
at an angle of 6. The main body includes an engine,
gear-box, body frame and rear wheel. The model
proposed herein considers the rider’s leaning ac-
tion. Fig. 1 depicts the mass centers of those three
portions. The coordinate system for modeling is
also included in this figure. Where the x-axis coin-
cides with the traveling direction of the motorcycle,
the y-axis is directive to the right (starboard), and
the z-axis crosses though the main frame’s center
and is identical to gravity. The xy-surface is tangent
to the earth. The three axes intersect at ‘O’ which
is the origin of the motion system. The vehicle
is assumed herein to be symmetrical to the xz-plane.
In addition, the right-hand rule, i.e. ‘clockwise ro-
tation is positive’, is applied in the mechanical
analysis.

2. System Description

An eight-degrees-of-freedom model is con-
structed herein, which include a vehicle’s approach-
ing, lateral, vertical, rolling, yawing, pitching, steer-
ing and rider’s leaning variation. An external force
applied to the system is also included to investigate
the motorcycle’s motion behavior during impact.

The proposed model describes the kinematic
behavior of a motorcycle-rider system when it en-
counters an external force. If the system, acted on
by a force, is controllable by the rider, the system
gradually recovers to stable conditions. Otherwise,
if it is out of control, the system finally overturns.
Several assumptions in this analysis are described as
follows:
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(i) The motorcycle is symmetrical to the xz-plane,
and the rider is symmetrical to the x'z” and the
y’z’-planes. In addition, the x-y-z coordinate
system is fixed on the motorcycle and the x’-y’-
7" coordinate system is fixed on the rider;

(ii) The motorcycle is assumed to be moving on a
flat road. This model neglects the effects of
suspension, relaxation characteristics and align-
ing torque on tires. No slipping occurrence is
considered with respect to tires;

(i1i) The characteristics of the rider’s body action are
represented by body stiffness, in terms of a natu-
ral frequency, ®;, and a damping ratio {,
(Katayama et al., 1988). The rider can apply a
torque, 7, on the steering to handle the vehicle.
The torque is a function of the rolling angle ¢
and the rolling velocity ¢ (TNO, 1994);

(iv) After a collision occurs, braking, accelerating
and mechanism damage as well as deformation,
are not considered;

(v) Owing to the small projection of the motorcycle,
air resistance is negligible. However, rolling re-
sistance should be considered. In general, roll-
ing resistance can be expressed as

F=uw (2)

where it denotes the coefficient of rolling resis-
tance and W represents the total weight includ-
ing vehicle and rider; and

(vi) The scanning time interval in later simulations
is set to be sufficiently small to hold that sing=¢,
sing;=¢,, siné=4 and sing, = ¢, etc.

3. Motorcycle-Rider System Dynamics

Based on the position vectors of the centers of
mass of the front body, main body and rider corre-
sponding to the earth, the relative translation motions
with respect to velocity and acceleration can be
derived. According to the x- and y- as well as z-com-
ponents of the motion of acceleration, the forces of
inertia related to longitudinal, lateral and vertical di-
rections are represented as

SF=(M;+M,+m)X - (M;+ M, +m )Yy
~(Myj + M+ mih )@y — (mih )y
— (Mgk—m\ )y’ — (M,e cose)d”
— (Mgj+Mh+m b )+ (My + M, +m)Z¢

~ (Mgk—mlp)¢* (3)

SF)= Mg+ M, +m)Y +(Mj+Mh+mhg)
+(m hp)g, + (M gk —m L)+ (Mfe)S
+(Mp+ M, +m)Xy—(Mgj+ M,k
+mh )Y — (My+ M, +m)Z§— (m,)Z¢,
+ (Mpk —m L) op — (myl)d, ¢ )

SF)=(Ms+ M, +m)Z+ Mg+ M, +m)Y¢

+ (Myj+Mh+m k)9 + (Mg —m, L) iy

+(m )Y ¢, + (mllR)¢12 + (2m 1 )9,

— (L) W+ (M e sing)§° — (M, + M,

+m )X+ (Myj+ M b +mh )¢’

—(Mfk_mllR)(D )
However, the motion in the direction z has a constraint
due to the level of the ground.

While considering the rotational motion of the
vehicle and the rider, the angular momenta corre-
sponding to the front body, including the steering and
front wheel, the rear body, including the rear wheel,
and the rider’s body are calculated. By taking the
time derivatives of the angular momenta and making
a summation of them, the rolling moment, pitching
moment and yawing moment with respect to the x-
axis, y-axis and z-axis are

IM = (Mj + M +mhp)¥ + (My5* + MA*

+mhg + 1 sin’e+ 1cos?e+ L, + iy )6
+ (i + iy )Gy + (Myjk+ (L, — 1 )sine cose
Ly —m Wl W+ {Mpj+ M+ myh g

+ig/R e+ (i, + AR, )X+ (Mej + 1 18ing) S

ry
+myh )2 — (mh R)Z¢1 - (mlthR)¢l 0]
+ (Myjk—m hglp =1, +1cos€ sing

—~Ijcosesing) @ — (M 7> + M + m b,

j 2
+ If)’ + I",Y - Irz + lmly — iz~ IfsCOS ol

— I sin’e)py (6)
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M = — (M —m\lg)Z — (M gk~ m, )Y §
+ (ML) Y @, + (myh gl )97 + (2m h gl ),
+ Mgk —m I)Xp + M(j* - k) + Mh*
tmy(hp? = 1)+ Lo =1L + iy — iy
+ (I = 1 )(sin*e ~ cos28) 19y + (m by —m [
e = i )G W+ MG+ K% + M R?
+my W+ ) + 1+ 1y + 1,100+ (M
+ M+ myh )Y Y= (Myj + M+ mih )2
+ [Mye(jcose — ksing)]§” + (I ;,sine) Sy
— (1 4c088)00 + [Mpjk—mihplp -1,
+ (I~ 1 )cose sinel i/ — [Mjk —m b gl
L+ (L~ I )cose sine] §” — [Myj + M h
+mihg+ig/Re+ (i, + IARIX (7)
IM; = Mk —m L)Y + [Myjk + (I — I ;)sing cose
~ I~ myhglgl§— (myh glg) Gy + (MK
+1gcos?e + I gsin’e+ I, + mylg + i, 19
+ (M el ;,cose) - [i g IR o+ (i, +A)R 1X &
+ (Mk —m )X~ (i, IR sine) XS
~ (I ;Sine)EQ — [Msjk — myh gl + (U
— Ip)sing cose - 1,1y + [Msz +m,l%
~Igsin’e—Icos?e+ Lo+ 1y =L~ iy,
+ i, 100 + (I~ i, + L1 )0, 0
— (M ~m\1)Z¢ + (m |1 )29, (8)
and the steering torque with respect to the x;-axis is
XM= (Me)Y + (Mej +15ine)§
+(Myek + I scose)y— (i, /Rfcoss)X )
+ [Mye(i g, IR )singl X v~ (M e)) i
— (M;)Z + (Mske)pp+ (Mpe? +1,)6
9

Fig. 2 The represented external forces acting on the vehicle

Rider rolling moment with respect to the x’-axis is
SM = (mih )Y + (myh + 1,08 + (m g
+ i) @y — (i gl Y+ myh g Xy
~(mh )Zp~ (mih )2, — (m kgl )o@
= (1 gl )y 0 = (m I + iy b YO
+[@(m h% + iy )lsing, + 2 @, (m kg
+ ,,)]sing, (10)

According to Eq. (10), the last two terms are gener-
ated with the stiffness of rider action which is referred
to in Katayama’s model (1988). The tire forces are

Yf == C)rsl(Y/X) - Cysllf(l}//X) + Cyvln(glx)
+ Cy @+ (Cyy cos€ + C 5ing)d (11)
Y, == Cyo(¥/X) + C oyl (WX) + C 00 (12)

which are referred to in Weir and Zellner (1978) and
Chang (1992). However, Egs. (11) and (12) are, in
the case of Katayama’s model (1988), neglecting Y,
Y, due to their small influence.

Assume that a force F,, at an angle (6,, 0,, 6,)
merely hits the motorcycle at (rgy, 7oy, #¢) Of the x-y-
z coordinate system. In addition, F, has components
Fex, Feyand F, where, F,=F:sin6,, F.=Fos8, and
F.,=F.os6,. If acting on the rear body, the force pro-
duces moments, F.,r.,~Fc,7., for rolling motion,
Foxre—F . for pitching motion and F yr ,—F 7., for
yawing motion. If the force is acting upon the front
body, aside from the effects for rolling, pitching and
yawing motion described above, there is a moment
eF'., produced for the steering motion. Fig. 2 illus-
trates the represented external forces that are a
longitudinal force, lateral force, rolling moment,
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yawing moment, steering moment, and the rolling mo-
ment with respect to the rider.

Based on the gravity, collision force, traction
force, and steering torque applied by the rider, we
have the longitudinal force:

XF{=-F,+F +F, (13)
lateral force,

YF;=Y;+Y,+F, (14)
vertical force,

ZF{=M;+M,+m)g+F, +Z;+Z, (15)
rolling moment,

2M; = (Mgj+ Mh+mh g)gsing + m,h pgsing,

~(MZy—Meg)sind + Fr.,— F,

olee  (16)
pitching moment,
YM;=F,r. —F.r,~1Z;+1Z,— Mgk+mglg
(17
yawing moment,
M =F 1, ~Fr,—tcose+1,Y,~1Y, (18)
steering moment,
Mg=—(nZ;— Meg)sing — (1Z ; — M eg)sing sind
+7-nY,+eF,, (19)

However, if the collision is on the rear body, the re-
maining term in the above equation vanishes. In
addition, the rolling moment with respect to the rider
is

M = m hpsing + m hpgsing, — Tsing (20)
4. System Dynamic Equation

By applying Egs. (1)~(20), the equilibrium be-
tween the internal inertia and external forces is satis-
fied as follows:

(i) Longitudinal equilibrium: ZF; = ZF,?
(M + M, +m)X = (M;+ M, +m)Y yr— (Myj
+ M+ mih )i — (mih )y Y- (Mg —my L) i/
— (Mye cose)§” — (Myj + M+ mih )
+(My+ M+ m)Zo— (Mk —mylp)¢°

=-F.+F, +F, (21)

(ii) Lateral equilibrium: 2F,=XF;
(My+ M, + m)V+ (M + M+ mih g+ (m b ),
+ (Mg —m L)+ (Me)S+ (M + M, + m)X iy
—(Myj+ M+ mh )y~ (My+ M, +m)Z¢
—(mDZp, + Mk —mylR) @ — (m 1) ¢
+(Cpyy + Co)VIX + (Cpyly = Col WX
— (Cy XK= (C,ycose + Cyysine)S— (Cp+ Cpe)@
=F, (22)
(iii) Vertical equilibrium: ZFz' =EF;
(M +M, +m )7~ (M~ mlg) i+ (Mp+ M+ m )Y
(Myj + M+ mih )@ + Mk — my L)y + (m )Y
+ (B )G+ (2myh ) b= (m L) by Y+ (Mye sing)§”
— (M + M+ m)X @+ (Mgj+ M+ myh )
=(My+M,+m)g+F, +Z;+Z, (23)
(iv) Rolling equilibrium: ZM} = ZM,'?
(Myj+ M+ mh )Y + (Mgj* + Mh* + m b
+ 1 Sin%€ + 13C082E + I+ iy )P + (1 1 + iy )Py
+ {Mjk + (I — 1 p)sing cos€ — 1, —myh pl g} r
+{Mgj+Mh+mhg+ig/Re+ (@, +iD/RIXY
+ (Mej + 1 ;5in€) S + (i 3/R,c0s€)X 5 + (I ;,c03€) 9§
— (Myj +Mh+m ik ) Z - (mih ) Z¢— (m kgl ), @
+(M jk — m b glg— I, +1 (COSE Sing — 1 ,cOSE Sing) P
— (M 2+ MR +m W+ L+ Ly =T+ gy —
— I ;cos’e~ Iﬁsinzs)('ptjl— {((Myj+ M +mhp)g)d
—(mhgg)¢) + (NZp - M_f88)5
=F 7o~ Foyre, (24)

(v) Pitching equilibrium: XM, = XM,
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— (Mk — myLp)Z — (Mgk — m )Y + (i)Y ,
+(mh RZR)¢12 + (zmlllRlR)¢¢1 + (Mfk - mllR)X(P
+ M =K + MR + my (W — 1) + 1 — 1,
F iy = b+ U — If,)(sinzs— cos2e)] g
+ (mhT = Myl + st = )0, W+ MG + )
+ MB* +my (R + 1) + Lo+ Ly g 10
+(Mpj+Mh+mh )Y v—(Mgj+ Mh+mh)Zép
+ [Me(j cose— k sing))6”+(I ;sine) 5 — (I ;,c0s£) 59
+ Mk~ myh gl — Ly, + (I, — I pcose sinel i
— [Myjk—myhgly =Ly, + (I — I cose singl ¢
—[Mpj+Mh+mhg+ig/R,+ (i, + MR X
=Fyrg—Foro—LZ+ 1,2, — M gk+mglg
(25)
(vi) Yawing equilibrium: 2M} = XM
Mk —m )Y +[Mgjk+ (I — 1 p)sine cose—1I,,,
—~myh glg)— (myh gl) b, + [Mgk” + I cos”e
+ I gsin’e + 1, +myl5 + i, 10+ (Myek + 1 cose)d
~lig IRy + (iyy + IAVRIX G+ Mk — m L)X iy
~ (i IR SINOX 5~ (L ;SinE)5¢ — [Myjk — m gl
+ (s~ Ip)sing cose— 1.}y + (M +my I}
— I sin’e— 10087+ 1 g+ Iy — L — iy + iy 100
+ My = Ly + Gy ) @~ Mk = 1, 1) 2
+ (M LR)Z 9y + (1;C g = 1,C, ) VIX + (3C

ysl ysl

+ I;C WX — (NC ) 81X — {14(C, c088
+Cy18i08)} 8= (1;C 1~ ,C o+ a cosE)g — (b cose) p
=F ro~Fr (26)

ex’ ey

(vii) Steering equilibrium: 2M.=2M¢

(Me)Y + (Myej + 1 sing) + (M ek + I cose) ir
—(ip/Rc0sEX ¢ + [Mye + (i /R p)sing] X iy

~ (Me))py— (Me)Z§ + (M ke) @+ (Mye® +1 )5
+(nZ;—Meg + NC,.; + )¢+ bp— (NC,NYIX
—(NClpyX + (nZny1)5/X +{n(C,gcose

+ C\ 8in€) + (NZ s — Mseg)sing} 0

=eF, (27)

<y

The right-hand term vanishes if the collision acts upon

the rear body.

(viii) Rider rolling equilibrium: >M=YM¢
(mlhR)Y + (B + Gy I+ (T + 1 )y
= (myh ) Yrem h XY — (myh )21~ (my b glp) 9o
— (mhglR) ¢y — (mxhie iy = L1 ) QW
+ (@ 1y + iy ) = P gg)y + [28 0, (m B,
+i1 )], = (m,h g + a sing)d— (b sing)
=0 (28)

III. SOLVING ALGORITHM

In the previous section, eight equations, Eqs.
(21)-(28), represent the system dynamic equation of
an impacted motorcycle. The system is obviously
nonlinear and quite elaborate. A time-scanning simu-
lation is used to investigate such an elaborate system’s
trajectory for measurement or assessment. Without
a loss of generality, in a tiny time interval, this study
linearizes the equation and uses a discrete form to
simulate the system.

By incorporating Eqgs. (21)-(28), briefly in sym-
bols the system equation can be expressed in the fol-
lowing matrix form:

AX(D) = f(X(0), X®), 1) (29)
where

X(H)=[Y ¢ w 6 ¢, X Z ¢]", the vector of system
variables;

A=layl, i=1, 2, .., 8, j=1, 2, ..., 8, the coeffi-
cient matrix of vector X(z).

where ¢ denotes the time coordinate. In a tiny time
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interval T, the linearity of Eq. (29) is taken, thereby
implying

AX=BX+CX+D (30)

where A, B, C and D are coefficient matrices in terms
of state original X and X (denoted as X, and X,) in an
interval. Within an interval T, these coefficients are
obviously assumed to be constants; however, they
vary when the state changes. However, Eq. (30) can
not be solved directly because the coefficient matri-
ces may be singular under certain given conditions
of Eqgs. (21)-(28). A partitioning method is involved
in the solution process. In such a case, let’s parti-
tion X into two sub-vectors:

xi=[Y oyl
x,=[X Z ¢]"

Putting Eqs. (22), (24), (26)-(28) in a group yields
AX =B +Cx + fi(kyd) 31

Ay, By, Cy are coefficient matrices in terms of state
initial X, and X,. f{(#,;d|) is a function of %, with a
constant term d in a state. The other group formed
with Egs. (21), (23) and (25) yields

A, X, = By, + (X3 dy) (32)

In addition, A,, B, are also coefficient matrices in
terms of state initial X, and X,. f(%;d,) is a func-
tion of x; with a constant term d; in a state.

The solution process initially involves solving
Eq. (31) in an interval given fj(%,;d,) at an initial
condition X%, =%, . Let

Y1=X

Y2 =y1=% (33)
which implies

Y1=Y;

Vo=Ji =k = A7 By, + A7 'Cry + A7 fi(Ra,3d )

(34)

The state space expression of Eq. (31) is expressed
as
i
A2

0 1
A7'C, A7'B,

Ji
Y2

.
Al filky,s dy)
(35)

where 0 and 1 denote a zero matrix and identity

matrix, respectively. 0" denotes a zero column vec-
tor with five elements. Referring back to the sym-
bols in Eq. (33), the solution of Eq. (35) is

X 0 1 X10
. | =exp( R
xl} P A7lc, A7'B, xlo}
-1
- -? -11 -1 0. . (36)

where ¢ is in the interval T. In the same manner, the
solution of Eq. (32) is

%y =exp(A] 'Bof) - %, — (A7 'By) A7 ()5 dy)
(37)

By taking a tiny 7, the state transfer functions with
step expression for Eqgs. (36) and (37) are, respec-
tively, approximate to:

X+ D|_ o 0 1 x,(n)
. =+ -l _1 .
x1(7’l+1) Al Cl Al Bl xl(n)
-1
o RPN I RSO (38)
A7'C, A|'B AT fiREy(n);dy) )

Xy(n+ 1) =[I, + (A5 'B)T] - x,(n) — B; ' (%, (n); d,)
(39)

where I and I, denote the identity matrix with ten
square elements and three square elements,
respectively. According to Eqgs. (31) and (32), the
acceleration can be calculated and, also, the new po-
sition at state (n+1) found if the original position
(X.Y, Z) at state n is known. Eqgs. (38) and (39) re-
veal the transfer from the beginning of a state to the
end of the state. Because all coefficients vary when
the state changes, new A, By, C}, and A,, B, as well
as dq, d, at state (n+1) are determined by the state-
ended results of Eqgs. (38) and (39) at state n. Thus,
given initial values at state 0, each variation of the
system can then be simulated by Eqs. (38) and (39)
iteratively from time to time.

The partitioning method does not ensure the re-
sult in an initiated condition with all zeros. The
Runge-Kutta method can be an option to resolve this
situation (Forsythe er al., 1997).

However, in the iteration of simulation,
steering angle §, steering torque 7 and roll angle ¢
have their limits due to the vehicle’s structural frame.
In this study, we make the following defaults:
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Fig. 3 Moving vector returning to the original coordinate system

(i) Steering angle has an upper limit absolute value
of 45°. When the steering reaches the limit, the
steering rate is set to zero. Simultaneously, the
steering torque is also at zero level,

(ii) Steering torque 7 is a function of rolling angle ¢
and rolling velocity ¢. When the rolling angle
reaches 30°, the driver loses his/her handling ca-
pability for the vehicle, i.e. the steering torque
is at zero state; and

(iii)When the roll angle reaches 90°, the vehicle is
defined as in an overturned state. At this mo-
ment, the iterative program is terminated. This
expresses that the sliding situation is outside our
simulation.

According to the simulation mentioned earlier,
twenty-four time-response illustrations are depicted
for demonstrating the dynamic behaviors of the pro-
posed model, which include motion, velocity and ac-
celeration with respect to longitudinal, lateral,
vertical, pitching, yawing, vehicle rolling, rider
rolling, and steering variations. In addition, a sur-
face diagram xy is revealed for investigating vehicle
tracking. However, the vehicle track output, after an
impact, in each mimic interval described above,
should be clarified and returned to the original con-
tinuous status. By assuming that the slipping effect
at the original point ‘O’ is neglected, the coordinate
transformation justifies the illustration of Fig. 3. Ac-
cording to this figure, we have

At any state,

X(n +1) X(n) + X(,n + I)COSI//(H) - Y(,n + I)Sinv/(n) (41)
Similarly,

Yo =Y+ X(,n £ Sin W,y + Y(,n + 1)COSY,,y (42)

IV. AN ILLUSTRATIVE EXAMPLE

As is generally known, if the influence from an
external impact force is within the driver’s control

Table 1 A motorcycle model and rider’s param-
eter values

Symbols Values Symbols Values
Cysi 3,481 N/rad Ipy 3.9 kgm?
Cuo 4,436 Nirad Iy 0.84 kgm?2
Cel 275 N/rad I, 3.70 kgm?
Cye2 73 N/rad I, 11.86 kgm?

e 0.048 m Iy 30.0 kgm?
h 0.536 m I, 25.77 kgm?
hg 1.05 m fix 4.5 kgm?
j 0.562 m Imly 4.2 kgm?
k 0.668 m Imiz 2.62 kgm?
I 0.803 m ify 0.44 kgm?
I 0.550 m iry 0.6 kegm?
I 0.111 m m 65 kg
R 0.299 m M,  3087kg
R, 0.312 m M, 166.6 kg
n 0.086 m £ 0.4712 rad
) 0.0 kgm? A 0.0

g 9.81 m/sec? 0y 3.0 Hz
- - ¢ 0.3

range, the driver can use steering torque to maneuver
his/her vehicle to avert overturning. If the impact is
out of that range, the vehicle finally overturns. A
different driver with a certain motorcycle yields a dif-
ferent critical impact force. The above dynamic
model is more clearly examined by selecting a popu-
lar motorcycle brand in Taiwan for evaluation. Table
1 lists such a motorcycle’s parameters and the values,
which are applied in the following simulation and
analysis. In addition, according to the calibration by
Wang (1997), the steering torque function of

Tone == 75¢ - 60¢ (43)

is accepted as representing the median driver’s capa-
bility in Taiwan.

A demonstrative case is presented as follows.
Assume that a motorcycle with the characteristics in
Table 1 is driven by a rider with the capability of Eq.
(43). When the speed is around 30 kph, a force of
1,500 N (Newtons, approximate 150 kg) with a level
angle -30° hits the motorcycle at the position
(0T —0.05] - 0.536k) and lasts for only 0.2 seconds
(200 ms). In this case, by applying Eq. (29) with the
solving algorithm described in the previous section,
twenty-four time-response trajectory plots, (including
longitudinal, lateral, vertical, pitching, yawing, ve-
hicle rolling, rider rolling, steering motion, each with
respect to displacement, velocity and acceleration,)
and a surface diagram of vehicle tracking are
simulated. Figs. 4~12 depict portions of the simu-
lated illustrations.
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Fig. 6 Time response plots of the presented case: Vertical Moving

According to these figures, the collision occurs
at 1.0 second after the beginning of our simulation.
At the moment of impact, the vehicle suddenly de-
celerates (Fig. 4) and produces an enormous lateral
acceleration (Fig. 5); however, it still moves forward
but slightly turns to the right (Fig. 5, y-value is
positive) and (Fig. 12). Thereafter, the vehicle’s ve-
locity becomes unstable due to the evoking and re-
leasing of energy from an external impact. The ve-
hicle then falls down at 5.0 sec. When falling, its
approaching speed is about 19 kph (Fig. 4) and lat-
eral velocity is approximate 0.65 m/s to the right (Fig.
5). This finding suggests that the vehicle slides after
falling. According to Fig. 6, the vehicle obviously
heaves and sinks. Fig. 7 reveals that, at first, the ve-
hicle slightly rolls to the right but due to steering
right; the vehicle finally falls to the left. Fig. 11

indicates that the rider leans to the same side.
Fortunately, the leaning is only approximate 10 de-
grees when the vehicle falls down. This finding sug-
gests that the rider’s head does not directly hit the
ground. From the cluttered steering phenomena in
acceleration in Fig. 10, the rider is unable to handle
the steering after impact. As for yawing behavior
(Fig. 9), the vehicle first turns right for a little while,
but then turns toward the left. The vehicle wobbles
and weaves severely. In the final second, the yaw
angle reaches approximately -200 degrees, a reverse
turn (Figs. 9 and 12). Closely examining Fig. 8
reveals that the vehicle turns upside down. This
coincides with the phenomenon in Fig. 9. According
to Fig. 12, the vehicle finally falls 23.5 meters ahead
of the impact point and 9 meters away from original
centerline.
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Fig. 10 Time response plots of the presented case: Steering Variation
V. CONCLUSION for motorcycle collisions is lacking. However, de-
veloping such a tool is particularly relevant for many
Investigating a motorcycle accident is extremely developing countries, particularly, in the Asia-Pacific
difficult due to high degrees of freedom of motion in areas. In such a tool, accurately modeling a math-

motorcycles. A reasonably accurate analytical tool ematical description is of primary concern. This study
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Fig.12 Surface moving of the after-impact vehicle

successfully devises an eight-degrees-of-freedom mo-

torcycle-rider and two-wheeled vehicle dynamic
model for after-impact studies. Twenty-four time-
response illustrations are presented for the motion
behaviors, including longitudinal, lateral, vertical,
pitching, yawing, vehicle rolling, rider rolling, steer-
ing motion and their velocities, as well as a surface
diagram of vehicle tracking. Simulation results indi-
cate that the motion of an impacted motorcycle can
be easily traced to obtain an explanation for the
collision. Referring to the presented example, the
model proposed herein can be well utilized to pre-
liminarily analyze the behavioral tendency of a mo-
torcycle after a collision.

Vehicle collision analysis can obviously be di-
vided into three phases: pre-collision, colliding and
after collision. The proposed model is only useful
for a collision incident, and no secondary impact is
involved. Therefore, the model proposed herein is
insufficient for the complete investigation of motor-
cycle accidents. Further study should extend the
model to describe a complete event and, then be
widely applied towards investigating and analyzing
accidents.

NOMENCLATURE

Cye1, Cyep  Camber stiffness of the front wheels and

ny 1> CysZ

4

e
Q.

~

bmoo

Lo Tfys Uz
Inlxs Imiz

Iy

R; R,

rear wheels

Cornering stiffness of the front wheels
and rear wheels

Distance between the front body center
of mass and steering axis (x;-axis)
Driving force

Resistance force

Gravity acceleration

Angular momentum

Distance from the rear body (main frame)
mass center to x-axis

Distance from the mass center of the en-
tire body to x-axis

Distance from the driver mass center to
Xx-axis

Moments of inertia of the front fork with
respect to xs-axis and xz-axis

Moments of inertia of the main frame with
respect to x-axis and z-axis

Product of inertia of the main frame
Polar moment of inertia of the engine fly-
wheel

Moments of inertia of the front wheel with
respect to x-axis, y-axis and z-axis
Rolling and yawing moments of inertia
of the rider

Moment of inertia of the rear wheel with
respect to y-axis

Distance from the front fork center of
mass to x-axis

Distance from front fork center of mass
to z-axis

Distance from the front wheel to z-axis
Distance from the rear wheel to z-axis
Distance from the rider center of mass to
z-axis

Masses of the front and main frames
Mass of the rider

Radii of the front wheel and rear wheel
Vehicle weight in kilograms
Longitudinal displacement of the motor-
cycle

Lateral displacement of the motorcycle
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Vertical displacement of the motorcycle
Y, Lateral forces acting on the front and rear

tires, respectively

Load acting on the front wheel

Load acting on the rear wheel

Caster angle

Friction coefficient

Trail

Gear ratio between the rear wheel and the

engine flywheel

Steering torque applied by the rider

Rider body controlling torque

Roll angle of the vehicle

Leaning angle of the rider body

Yaw angle of vehicle

Pitch angle of the vehicle

Steering angle

Natural frequency representing rigidity of

the rider body

Damping ratio of the rider body
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