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The analytical  and experimental findings developed in a program 

of "motorcycle dynamics" research are presented herein. The research 

has been conducted by the Highway Safety Research In s t i t u t e  of The 

University of Michigan and has been made possible by the generosity 

of the Honda Research and Development Company, Inc, 

In large measure, the work reported herein consti tutes a continua- 

t ion ( o r  extension) of the research that  was performed by Eaton [9], 

approximate1 y four years ago. No twi ths tandi ng the rapi d growth of 

i n t e r e s t  in analyzing the dynamic behavior of the single-track vehicle 

during the time period associated with Eaton's e f fo r t s  (p r io r  to , ,  
during, and subsequent t o  1973), experimentalists ( incl  udi ng Honda 

engineers) were observing tha t  theory a n d  measurement often did n o t  
agree. This s t a t e  of a f f a i r s ,  together with the conviction t h a t  system- 

a t i c  comparisons between experiment and analysis (as applied t o  ithe 

motorcycle) are both (1 )  necessary and ( 2 )  notable for  t he i r  absence 

led to the defini t i  on of the present study . 
Accordingly, i t  was proposed that  the f i r s t  s tep of a long-term 

research program consist  of a study having the following objectives: 

1 )  To determine the adequacy of a linearized analysis t o  
predict  the osci l la tory  character is t ics  of the constant- 

speed motorcycle and t o  identify the analytical and 

parameter data refinements required t o  obtain accurate 

predictions of s t a b i l i t y  and response in the small dis- 

turbance regime. 

2 )  To develop a specif icat ion and cost estimate fo r  a t i r e  

dynamometer uniquely suited t o  conducting s t a t i c  and 

dynamic measurements o n  motorcycle t i r e s .  

In describing the research methodology and in presenting the 

findings of t h i s  study, the report shows that  certain issues and ques- 

t ions remain to be resolved and t h a t  e f fo r t s  wil l  be continued to th i s  



end. Thus, the present report should be reviewed as a document t h a t  
(1) summarizes our accompl ishments, ( 2 )  assesses the i r  significance, 

and (3 )  ident i f ies  the additional research that  i s  needed. 

A brief  review of the relevant l i t e r a tu r e  concludes th i s  int.ro- 

ductory section and i s  followed by s ix  sections plus an appendix. 

F i r s t ,  we review the analytical approach t h a t  was taken, namely, the 

simplifying assumptions and the resulting constraints on the scope of 

the model. The methodology employed to obtain parameter data fo r  the 

Honda CB 750-a cycle selected for investigation in th i s  study in view 

of i t s  reported behavior--is outlined and measurement results  are ful ly  

summarized for reference purposes. Likewise, the procedures employed 

in test ing the CB 750 are reviewed, in pa r t ,  to document the d i f f i -  

cul t ies  as well as the successes. The t e s t  findings are reviewed and 

discussed in terms of the i r  agreement with theoretical predictions 

and, in addition, theory i s  used to explore the manner in which design 

and operational variables can be expected t o  modify the dynamic behavior 

of the CB 750. Conclusions and  recommendations relat ive to the form 

and capabi 1 i t i e s  of a dynamometer parti  cu1 arly suited t o  measure the 

s t a t i c  and dynamic properties of motorcycle t i r e s  are presented sub- 

ject  to the proviso that  more data be collected pr ior  to f inalizing 

the specifications for  this  device. A review of work in progress and 

work planned completes the body of the report. 

1.1 Review of the Relevant Literature 

A1 though the study of the s t ab i l i t y  of single-track vehicles has 

received the attention of several researchers in the past [1-61, i t  

i s  only recently that such studies have included a r e a l i s t i c  repre- 

sentation of the forces generated by pneumatic t i r e s .  Sharp [7] 

analyzed the straight-running s t ab i l i t y  o f  a motorcycle without r ider  

control by modeling the motorcycle as two rigid bodies hinged t,ogether 

a t  the steering axis and assuming the t i r es  ,to be represented by the 

taut-str ing model [a] with the l e n g t h  of contact between the t i r e  and 

the ground being zero. Eaton [9] made some t e s t s  on a properly- 

instrumented motorcycle running on a s t ra ight  road. A comparison of 



these results  with his theoretical calculations shows that  the 

analysis predicts more damping a t  low and mediurn speeds than t h a t  
shown by the experimental resul ts .  Eaton suggested that  th i s  dis- 

crepancy could be explained by incorporating a more complete model of 

the t i r e  mechanics. Sharp [lo] t r ied  to improve his previous analysis 

by introducing an additional degree of freedom in his equations of 

motion of a motorcycle t o  account for the structural  f l ex ib i l i t y  of 

the machine and obtained resul ts  indicating that  frame f l ex ib i l i t y  

can significantly a l t e r  the eigenvalues of the motorcycle. A quali- 
t a t ive  experimental study by Roe and Thorpe [11] seems to  lead ti3 

s imi lar  conclusions. 

As already mentioned, the t i  re models used by Eaton and Sharp are 

obtained by assuming point-contact between the t i r e  and the ground 

surface in the equations developed in [8]. While i t  has been shown 
by Phi 1 l ips  [12]  tha t  the taut-str ing representation of [8] provides 

a sat isfactory representation of the behavior of passenger-car t i r e s ,  

no such experimen ta1 veri f icat ion exis ts  for  motorcycle t i r e s  . 



2 . 0  ANALYTICAL APPROACH 

In view of  the objective t o  improve the mathematical model of 

the motorcycle (and thus t o  provide a closer agreement with experimen- 

ta l  observations) , i t appeared that two changes should be incorporated 

in the existing model-(a) a better structural representation of the 

machine, and ( b )  more representative t i r e  mechanics. As previously 

mentioned, the motorcycle has so fa r  [7, 91 been represented as a rigid 

rear frame and a rigid front frame joined a t  the steering axis, the 

rear frame being free t o  roll , yaw, and move 1 ateral ly and the front 

frame being free t o  steer with respect to the rear frame. More 

recently, this model has been augmented t o  account for the flexibii l i  ty 

of the rear and the front frames by assuming that the rear wheel can 

yaw and roll with respect t o  the rear frame and the front wheel c:an 

roll and steer with respect t o  the steering fork. Thus, the present 

model has eight degrees of freedom which simplifies to the four-degree- 

of-freedom model of Eaton by assuming the stiffnesses of the rear and 

the front frames t o  be inf ini te .  The other assumptions inherent in 

Eaton's model have been retained. 

To achieve a better representation of the mechanics of the t i r e ,  

an obvious device i s  t o  use the f in i te  contact-length model of the t i r e  

as a taut  string on an e las t ic  foundation [8] instead of the point 

contact model used by Eaton. I n  this  instance, the equations relating 

t i r e  forces t o  t i r e  deformations are no longer 1 inear differential  

equations and i t  i s  impossible to obtain eigenval ues as would be 

exhibited by a linear dynamic system. Thus, in order to retain the 

l inear characteristics of the equations of motion of a motorcycle-tire 

system, the point-contact model of the t i r e  has been retained. Improve- 
ments in the t i r e  model have been made by acknowledging that ( a )  the 

same t i r e  can have different relaxation lengths for distortions due 

t o  sideslip,  incl ination, or path curvature and (b) the quasi-static 

properties of  the t i r e  change with normal load on the t i r e ,  with this  
change being speed-dependen t due t o  aerodynamic effects .  



With the above assumptions, the equations o f  motion o f  the 
free-control motorcycle remain l inear equations (see Appendix A)  which 
can be sol ved by standard methods to yield eigenval ues and eigen- 
vectors or  can be integrated numerically t o  obtain the motorcycle 
response to specified disturbances. The eigenval ues defining the 

natural frequency and damping rat io  of the natural modes of motion of 
the CB 750 ( o n  assuming i t  t o  be a 1 inear system) and the transient 
responses o f  the CB 750 are presented and discussed in Section 5.,0, i n  

l igh t  of the assumptions that were made and the measurements of dynamic 
behavior obtained from the road t e s t s .  



3.0 LABORATORY MEASUREMENTS 

The equations of motion derived for the motorcycle cannot be 

applied to study the behavior of a speci f ic  vehicle unless measure- 

ments are made in the 1 aboratory t o  determine the values of the 

speci f ic  physical properties tha t  appear in the equations. I t  i s  

customary to c lass i fy  these properties into two major categories : 

( a )  the properties of the cycle as a complete mechanical en t i ty  and 

( b )  the properties of the t i r e s  consti tut ing the primary mechanism for 

generating the external forces act ing on the cycle. In Section 3.1, 

en t i t l ed  "Geometric, Mechanical, and Iner t i  a1 Properties of the Honda 

C B  750," considerable emphasis i s  given to describing the measurement 

methodology since th i s  methodology has n o t ,  as ye t ,  become a standard- 

ized procedure. On the other hand, Section 3.2, en t i t l ed  "Tire Pro- 

per t ies ,"  does n o t  contain a description of measurement methods since 

the tools used t o  determine the mechanical properties of pneumatic 

t i r e s  a r e  well established and  described in the l i t e r a tu r e .  

3.1 Geometric, Mechanical, and Iner t ia l  Properties of the Honda CB 750 

A complete s e t  of vehicle descriptors,  necessary t o  make use of 

the e ight  degree-of-freedom mode1 discussed in Section 2 . 0 ,  was com- 

piled using the methods t o  be described below. This measurement 

a c t i v i t y  was s l igh t ly  complicated by the absence of drawings which 

would normally be available and which would typically provide much of 

the geometric information that  i s  required. 

Since i t  had been reported that  there i s  a reduction in the 

damping of the weave mode exhibited by the C B  750 when accessories 

or luggage are  added to the rear  of the bike, measurements were made 

t o  define the CB 750 for  two loading conditions: ( a )  the stock bike 

and no extra loads, and ( b )  the same bike with a forty-pound load 

added to a luggage ca r r i e r  mounted on the rear  frame. Iner t ia l  measure- 
rnents were accordingly made for  three loading configurations , namely: 



1 . the stock CB 750 without r ider  

2 .  the CB 750 with seated r ide r  

3. the C B  750 with a r ider  and an added forty-pound load. 

During the interval  of time between the laboratory measurements 

and the actual road t es t s ,  several changes occurred influencing the 

iner t ia1  properties of the cycl e-r ider system, the most s ignif icant  

of these changes being a replacement of the r ider  or ig inal ly  selected 

t o  perform the road t e s t s .  Thus, ine r t i a l  properties which included 

the influence of the r ider  were recalculated in terms of the weight 

difference between the original and f inal  t e s t  r ide rs .  Other modifi- 

cations t o  the cycle, namely, the rep1 acenient o f  the brace restraining 

the torso and head of the r ider ,  and the addition of t e s t  instrumenta- 

t ion,  involved weight changes which proved to  be negligible when 

compared with the weights and ine r t i a s  of the rigid-body components 

to which they were attached. 

The basic quanti t i e s  measured in determining the various proper- 

t i e s  of the motorcycle a re  ( a )  lengths, ( b )  forces, ( c )  angles, and 

(d )  time . Known and estimated errors in making these fundamental 

measurements were used in an error  analysis to  evaluate the accuracy 

of the various parameter values being determined by the methods applied. 

3.1 . I  Dimensions and  Center of Gravity Locations. For the 

above defined three 1 oadi ng conditions, there a re  three dist inct .  

equilibrium positions of the f ront  and rear suspensions, requiring 

t ha t  separate measurements be made for each load condition. Acc:ordingly, 

dimensions were obtained di rect ly  from the t e s t  cycle as  loaded. The 

s t a t i c  loads on the f ron t  and rear wheels were calculated by estab- 

l ishing the longitudinal position of the center of gravity (c.g.1 a t  
each of the three load conditions and by weighing the cycle, r ide r ,  

e t c .  

Since the accuracy of the procedure used to calculate the iner-  

t i a l  properties of the cycle and  the cycle-rider system i s  greatly 



influenced by errors  in the location of the c . g . ,  great care had t o  
be taken in the determination of the various centers of gravity.  I t  

should be noted that  center of gravity locations of the rigid-bodly 

elements described e a r l i e r  were a1 1 calculated by manipulating measure- 

ments involving the ent i  re bike, measurements involving the f ront  

s teer ing system, and measurements involving the two wheels. 

Locations of the various c .g . ' s  were measured di rect ly  when 

possible . For example, the longitudinal position of the en t i r e  vehicle 

( i n  each of the three load conditions) was established by placing the 

vehicle on a  pivoted platform and moving i t  fore and a f t  unti l  the 

platform was balanced. A second method, in which an object  i s  sus- 

pended from several d i f fe ren t  points t o  obtain ver t ica l  l ines  of in ter-  

section defining the c . g . ,  was adopted for  locating the c .g .  of the 

f ront  s teer ing system. 

Since the r ider  could n o t  be expected t o  maintain a constant 

posture when the motorcycle was pitched or rol led a t  large angles, 

an indirect  method was used t o  find the ver t ica l  location of the c.g.  

of the cycle-rider system. Figure 3.1 shows how a known weight was 

attached t o  an arm positioned in the middle of the swing. By meilsuring 

the angle of the new equilibrium position that  i s  established,  the 

distance from the pivot axis o f  the swing to the c.g. of the bike and 

swing together can be determined from the following relat ionship,  v iz . ,  

where 

F = applied force (dead weight) 

W = weight of swing and rider-cycle system 

e = measured angle of equilibrium (which i s  zero 
when F=O) 

L = distance in the y direction from the pivot axis  of the 
swing t o  the applied force,  F 

r = distance in the z direction from the pivot axis of the 
swing t o  the applied force.  



Figure 3.1 Swing in use to  measure vertical center-of-gravi ty location 
of b i k e  with r ider .  



Since the position of the c .g .  of the swing i s  known, the location of 

the c.g.  of the rider-cycle system can be found. An er ror  analysis 

indicates tha t  this  method can locate  the'^.^. within 0 .2  inches. 

3.1.2. Masses and Iner t i a s .  Weights were measured separately 

fo r  the en t i r e  bike, the front  steering system, each wheel, and  the 

r ide r ,  and then combined t o  give the masses of the four rigid-body 

elements identif ied in Section 2 .0 .  Similarly, moments of i ne r t i a  were 

established for (a )  the total  cycle (subject to the three loading 

conditions defined e a r l i e r ) ,  ( b )  the front  system, ,and ( c )  both wheels. 

These ine r t i a s  were then modified as required t o  find parameter values 

related t o  the system of axes used in  the analyt ic  model . 

The ro l l  ine r t i a  of the cycle was also determined with the 

set-up shown in Figure 3.1, with cables being lengthened, however, to  

reduce the sens i t iv i ty  to measurement er rors .  By timing the period of 

the f ree  osci l la t ions  of the system, the ro l l  ine r t i a  of the c:ycle and 

swing together can be calculated from the re1 ationship: 

where 

W T  = combined weight of cycle and swing 

C~ = distance from the pivot axis of the swing t o  the 
c.g.  of the cycle-swing system 

T = period of osc i l l a t ion  

g = gravitational constant. 

The ro l l  ine r t i a  of the cycle can then be found from the following 

relat ionship,  viz.  

where 



IS  = r o l l  i n e r t i a  o f  swing 

WB = we ight  o f  b i k e  

A C ~  = d i s tance  between the c .g. o f  t h e  c y c l e  and the 
c .  g. o f  t h e  cyc l  e-swi ng sys tem 

WS = we igh t  o f  swing 

bCS = d i s tance  between the c  .g. o f  t h e  swing and the 
c.g. o f  t h e  cyc le-swing system 

An e r r o r  a n a l y s i s  shows t h a t  the  e r r o r  i n  the  es t ima te  o f  the r o l l i n g  

moment o f  i n e r t i a  o f  the c y c l e  i s  l i k e l y  t o  be about 5%. 

F igure  3.2 shows the arrangement used t o  measure t h e  yaw moment 

o f  i n e r t i a .  The swing i s  suspended f rom t h e  c e i l i n g  by f o u r  cables 

and p e r m i t t e d  t o  o s c i l l a t e  about  a  v e r t i c a l  a x i s  which i n t e r s e c t s  t h e  

c .g .  o f  t he  cyc le-swing system. An a n a l y s i s  shows t h a t  the  r o t a ~ t i o n a l  

i n e r t i a  o f  a  mass cons t ra ined  i n  t h i s  manner i s  g i ven  by the  

f o l  l ow ing  equat ion:  

where 

R = d i s t a n c e  i n  the  h o r i z o n t a l  p lane  between the c.g. 
o f  t he  suspended mass and the  suppor t  cab les  

L = cab le  l e n g t h  

W T  = we igh t  o f  t h e  suspended mass (e.g., t he  swing-cycle 
sys tern) 

t = p e r i o d  o f  o s c i l l a t i o n  produced by t h e  cycle-swing 
sys tern 

W s  = we ight  o f  swing a lone  

T = p e r i o d  o f  o s c i l l a t i o n  produced by the  swing alone.  S 

S i m i  1  a r  arrangements were devised t o  measure o t h e r  i n e r t i a s ,  

such as t h e  s p i n  i n e r t i a s  o f  the  wheels, the  r o l l  i n e r t i a s  o f  the  

wheels, and the yaw i n e r t i a  o f  t h e  f r o n t  f o r k .  I n  a1 1  cases, the 



Figure 3.2.  Set-up required for measurement of total yaw intert ia .  



inherent e r ro r  of the measurement procedure i s  estimated to be less  

than four percent. 

The principal axes of ine r t i a  of the rigid-body element 

representing the rear frame (including the r ide r )  do n o t  correspond 

to the axis system for  which the equations of motion are  derived 

(see Figure A.l) . The product of ine r t i a  between the ro l l  and yaw 

axes i s  therefore non-zero, thereby requiring t ha t  a product of ine r t i a  

be determined. The t e s t  set-up employed i s  shown in Figure 3.3. By 

inclining the swing a t  an angle, e ,  the product of ine r t i a  can be 

found by writing the para1 le l  axis  theorem in the form 

I '  - I, s in2e - I, cos2e - x - 
Ixz  2 cos e s in  e 

where I; i s  the ro l l  ine r t i a  measured when the bike i s  inclined. The 

e r ro r  in determining the orientat ion of the principal axis i s  estimated 

t o  be about +5". 

3 .I .3 Frame Compl iance. The structural  compl iances assumed 

to  ex i s t  between the f ront  and  r ea r  wheels and the front  and rear 

frames were measured with the aid of the apparatus shown in Figure 3.4. 

The motorcycle frame seen in the figure i s  a Honda CB 750 from which 

the engine and handlebars were removed. A r igid s t ructure ,  fixed to 

ground, replaced the engine, while a metal rod, constrained from 

rotat ing about the s t e e r  axis, replaced the handlebars. Each wheel 

was, in turn, located on a f loat ing oi l  bearing, the vertical position 

of which was controlled by a hydraulic cylinder. A second cylinder 

was positioned to apply a l a te ra l  force a t  the contact patch of the 

t i r e .  Measurements were made of ver t ica l  load, la tera l  force, 1 ateral  

displacement of the wheel a t  the axle, and  the angular displacerrtent of 

the wheel rim, both in ro l l  and yaw. Figures 3.5 and  3.6 show repre- 

senta t ive  resu l t s  as obtained for  the f ront  wheel, while Figures 3.7 

and 3.8 display similar information obtained for  the rea r .  The 
rotat ional  displ acement data y ie ld  the spring and damping character is t ics  



Figure 3.3. Set-up required for  product of i n e r t i a  ca lcula t io~n.  



F i g u r e  3.4. Labora to ry  se t -up used t o  e s t a b l i s h  m o t o r c y c l e  
f ramp comp 1 i an ce . 



AXLE DEFLECTION Sj (IN) 

RIM DEFLECTION f$ (  DEGREE^) 

F i g u r e  3.5.  R o t a t i o n a l  s t i f f n e s s  o f  
f r o n t  s t e e r i n g  system. 

RIM DEFLECTION  DEGREE^) 

F i g u r e  3.6. Bending s t i f f n e s s  o f  
f r o n t  s t e e r i n g  sys tem. 





o f  t h e  s t r u c t u r e ,  whi l e  the  ax le-d isp lacement  data  pe rm i t s  one t o  

l o c a t e  an " i d e a l i z e d "  a x i s  about  wh ich  bending occurs .  

3.1.4 Measured Values of  t he  Geometric, Mechanical , and 

I n e r t i a l  P r o p e r t i e s  o f  t h e  Honda CB 750,. A11 o f  the  measured parameter 

values , a f t e r  b e i n g  m o d i f i e d  t o  accommodate the  mathemat ical  modc!1, 

a r e  l i s t e d  i n  Tables 3.1, 3.2, and 3.3. The symbols a r e  a l l  d e f i n e d  

i n  Tab le  A.1. 

3.2 T i r e  P r o p e r t i e s  

The mechanical p r o p e r t i e s  o f  t i r e s  needed f o r  a  l i n e a r i z e d  

mathemat ical  model o f  a  motorcyc le  c o n s i s t  o f  (1 )  n i n e  q u a s i - s t a t i c  

f o r c e  and moment s t i f f n e s s e s  and ( 2 )  t h e  r o l l  d i s t a n c e  r e q u i r e d  t o  

ach ieve a  steady f o r c e  and/or moment o u t p u t  f o l l o w i n g  a  s tep change 

i n  one o f  t h r e e  k inemat i c  v a r i a b l e s .  S p e c i f i c a l l y ,  i t  i s  necessary 

t o  e s t a b l i s h  t h e  f o l l o w i n g  s t i f f n e s s e s :  

(1 )  Corner ing  s t i f f n e s s ,  aFy/aa - 1  b/deg ( K g f l r a d )  

( 2 )  I n c l i n a t i o n  s t i f f n e s s ,  aF l a y  - lb /deg ( K g f l r a d )  Y  

( 3 )  Curvature s t i f f n e s s ,  aF / a l / p  - l b /deg  (Kg f / rad )  
Y  

( 4 )  A l i g n i n g  s t i f f n e s s ,  aMZ/aa - f t - l b / d e g  (m-Kgf/rad] 

( 5 )  aMZ/ay - f t - 1  b ldeg (m-Kgf/rad) 

( 6 )  aM,/al/p - ft- 1  b/deg (m-Kgf/rad) 

( 7 )  aMx/aa - f t - 1  b/deg (m-Kgf i rad)  

(8 )  aMx/ ay - ft- 1  b/deg (m-Kgf/rad) 

Fu r the r ,  i t  i s  necessary t o  e s t a b l i s h  t h e  r e l a x a t i o n  l e n g t h  a s s o c i a t e d  

w i t h  a  s t e p  change i n  (1)  s l i p  angle,  a, ( 2 )  i n c l i n a t i o n  angle,  y, 

and ( 3 )  p a t h  cu rva tu re ,  l l p .  



Table 3.1.  Mechanical Parameter Values o f  t h e  Honda CB 750 
( I n c l u d i n g  R e s t r a i n i n g  Brace and a F u l l  Tank o f  Gas).  

Geometry ( i n )  - e = 3.5 e l  = 6 . 0  

e2 = 14 .5  ef  = 1 3 . 8  h  = 37.9 hs = 7 .4  
0 

Masses (1  b * s e c 2 / i  n )  

M = 1.10 Ms = + I 3  Mf = .081 M, = . I04 

Loadings ( l b s )  - wf = 250 wr = 294 

I n e r t i a s  ( I b - s e c 2 / i n )  I x t  = 640 IZt = 770 

ISX = 12.5  I,, = 3.45 I* = .232 e 

S p r i n g  Rates ( i n *  l b / r a d )  

K+, = 2 . 0 ~ 1 0  5 Ksf  = 2 . 4 ~ 1 0  5  Kilr = 1 . 1 ~ 1 0  6 K 6 f  = 1 . 0 ~ 1 0  5  



Table 3 .2 .  Mechanical Parameter Values f o r  the Honda 
C B  750, Including Seated Rider 

Geonietry (1r11 e  = 3.7 

e 2  = 13 .3  ef  = 9.8 ho  = 37.4 

Masses (1 b . s ec2 / i n )  

M = 1.46 M, = . I 3  M f  = .081 

Loadings ( 1  b s )  W f  = 300 

I n e r t i a s  (1 b * s e c 2 / i n )  Ix t  = 660 

I x z t  = -300 Is, = 1 2 . 5  i S L  = 3.45 

I f X ( I f z )  = 3.65 I ( I  ) = 4.0 I fy  = 6 .0  rx rz 

Spring Rates ( i n -  l b / r ad )  - 

K m r  = 2 . 0 ~ 1 0  5  K e f  = 2 . 4 ~ 1 0  5 K$r = 1  . lx lO 6 



Table  3.3. Mechatiical Parameter Values f o r  the Hotlda CB 750, 
I t ~ c l  udi t l g  Seated Rider and Auxi 1 i a r y  Rear Loadi llg. 

Geometry, ( i n )  e = 3 , 7  

2 
= 11.2  

ef  
= 9.8 h o  = 37.4 

Masses ( 1  b * s e c 2 / i  n )  

M = 1.57 Ms = . 13  Mf  = .081 

Loadings ( 1  b s )  w = 294 f 

I n e r t i a s  ( I  b * s e c 2 / i n )  Ix t  = 660 

I x z t  = -290 ISX = 12 .5  I s z  = 3.45 

Spri n y  Rates ( i n *  l b / r a d )  

K = 2 . 0 ~ 1 0  5 Kgf = 2 . 4 ~ 1 0  5 K+r  = 1 . 1 ~ 1 0  6 K g f  = 1 .Ox10 5 
4 r  



In practice, conventional t i r e  dynamometers do no t  permit a 

measurement of st iffness and re1 axation lengths associated with path 

curvature. Accordingly, i f  one wishes t o  include the effects of path 

curvature on t i r e  distortion, he generally resorts to crude theories 

of t i r e  mechanics t o  estimate the path-curvature stiffness of the 

pneumatic t i r e .  For purposes of the present study, HSRI used three 

separate sources of data t o  establish the t i r e  properties needed for 

a linear analysis. These three sources are, respectively, the motor- 
cycle t i r e  measurements made by Calspan under the auspices of JAFN, 

the measurements made by HSRI on a flat-bed t e s t  machine, and the 

measurements made a t  the Lanchester Polytechnic in Coventry, England. 

The Calspan measurements apply to  t i res  manufactured by a 
different company t h a n  that which produced the t i res  used on the CB 

750. Nevertheless, i t  seemed advisable t o  compare the measurements 

made a t  HSRI with the quasi - s ta t i  c measurements performed a t  Cal span. 

Measurements of cornering and incl ination stiffness obtained a t  I-ISRI 

are consistently higher than the comparable measurements made a t  Cal- 

span. A 1  t h o u g h  the l a t t e r  measurements were made a t  two speeds and 

suggest an influence of speed on t i r e  st iffness properties, i t  i s  

believed very strongly t h a t  these results derived from a variety of 

confounding and insufficiently controlled variables and are not to  be 

taken seriously. 

The measurements of the same t i  re a t  Lanchester and HSRI seem to 

be acceptably close in most cases, b u t  the examination o f  the moment 

data shows that the resolution and the accuracy of the present t i re -  

testing machines leaves much t o  be desired. These results are shown 
in Figures 3.9 through 3.20. 

I t  will be noted that the data measured a t  Lanchester were a l l  a t  
a single value of normal load on the t i  re. As will be observed from 

the HSRI measurements, the quasi - s ta t i  c properties of motorcycle t i r e s  

change significantly with normal l o a d .  Further, the normal loads 

acting on motorcycle t i res  in a constant-speed maneuver are in f luenced 

by ( 1 )  the s t a t i c  load distribution and ( 2 )  the aerodynamic drag and 
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F i g u r e  3.15. V a r i a t i o n  o f  a F  Y /aa ( T i r e  3.25 x 1 9 ) .  
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F i g u r e  3.16.  V a r i a t i o n  o f  aF Y /;-, ( T i r e  3.25 x 19 )  
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Figiire 3.19. Variatioii o f  a f i  /ay(Tirc 3.25 x 12 )  
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Figure 3.20. V a r i a t i o n  of a M  / a %  ( T i r e  3.25 x 1 9 ) .  
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1 i f t  of the r i  der-cycle system. Aerodynamic measurements performed 

a t  JAR1 indicate t h a t  the speed-dependent change in normal load on the 

f ront  and rea r  t i r e s  of the Hor~da CB 750 a re  as shown in Figure 3.21. 

Figures 3.22-3.25 are vector diagrams of the resul t s  deriving 
from the dynamic t e s t s  performed a,t Lanchester. Vector 1 corresponds 

to the response due to s teer ing  o s c i l l a t i o n ,  Vector 2 i s  the response 
from l a t e r a l  motion and Vector 3 i:s due to combined l a t e ra l  motton and 
s teer ing  o s c i l l a t i o n .  According to the t au t - s t r ing  model of the t.i r e ,  
these vector polygons should close in t h a t  the sum of Vector 2 andl 3 
should equal Vector 1 ,  a r e s u l t  t h a t  was obtained by Ph i l l ips  ['12] to 
a reasonable degree of accuracy i n  his  measurements on passenger car  
t i r e s .  The apparent discrepancy in the present data can, in p a r t ,  be 
attrri buted to the i nabi 1 i ty of exis t ing  t i r e - t e s t i n g  machines to 
measure, in an accurate manner, the comparatively small forces and 
moments generated by motorcycle t i r e s .  

As fu r the r  evidence of the problem of measurement accuracy, the 
Lanchester measurements of  force (moment) gain and phase lag as a 
function of reduced frequency are shown in Figures 3.26 to  3.29. These 
f igures contain data obtained in separate s e r i e s  of experiments con- 
ducted in accordance wi th ins t ruc t ions  issued individually by Honda 

and by HSRI. I t  i s  seen t h a t  there i s  some data s c a t t e r  and t h a t  t e s t s  
performed a t  two d i f fe ren t  speeds have yielded di f f e ren t  r e su l t s .  

In summary, i t  can be sa id  t h ~ a t  the data tha t  a re  presently 
available t o  define the mechanical propert ies  of motorcycle t i r e s  are  
i n s u f f i c i e n t  and inconC1usi ve. Existing t i  re - tes t ing  machines are u n -  
able to measure motorcycle t i r e  forces and moments accurately,  e i t h e r  
quasi -s t a t i c a l l y  o r  dynamical ly .  The question remains as ,to whether 
these forces and moments are  functions of speed as well as of reduced 
frequency and whether i t  i s  necessary to design and build a t i r e  dyna- 
mometer t h a t  would enable measurements a t  h i g h  speeds and high frequen- 
c i e s .  These points are fu r the r  addressed in Sections 5 and 6 .  



Re1 a t i  ve A i  r Speed (i n/sec) 

Figure 3.21. Load t ransfer  due t o  aerodynamic forces.  



Figure 3.22. Lateral force response v e c t o r  o f  
ti re #3. 



F igure  3.23. A l i g n i n g  moment response vector o f  t i re  13. 



Figure 3.24. Lateral force respor.se vector o f  t i re $9. 



Figure 3.25. Aligning moment respoilse vector of t i r e  19 
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Figure 3.26. Phase 1 ag vs . reduced frequency 
( F  due t13 pure steering o sc i l l a t i on )  Y 
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4.0 ROAD TESTS 

The road t e s t s  conducted with the CB 750 in th i s  study provided 
a modest share of f rus t ra t ing experiences. Notwithstanding the un- 
anticipated events, runs were completed and data were collected con- 

s t i  tut ing par t ia l  completion of the t e s t  plan defined i n  Section 4.7, 

which section also outlines the procedures followed i n  conducting the 

t e s t  program. Section 4.2 descri bes the instrumentation set-up alnd 

Section 4.3  documents the methods tha t  were employed in reducing the 

data . 

4.1 Planning and Procedure 

A ser ies  of road t e s t s  was planned to observe the behavior of the 

free-control motorcycle during actual s t ra ight- l ine  runs and t o  gather 

d a t a  which could be used t o  validate the mathematical model briefly 

described in Section 2 .0 .  F i r s t ,  some prel iminary runs were conducted 

on the Honda CB 750, with the r ider s i t t i n g  r igidly with his hands 

removed from the handlebars. These runs indicated t h a t  the motorcycle 

response was 1 i kely to be o f  smal l magnitude and t ha t  i t  would be di f f i  - 
cu l t  t o  ext ract  eigenvalues from such resul ts .  Accordingly, the t e s t  

plan called for the motorcycle to be excited by a pre-determined (and 

recorded) force, with the resulting transient  response to be checked 

against the corresponding theoretical r esu l t .  

An examination of the t e s t  'Findings obtained by Eaton (on a, smaller 

motorcycle) showed tha t  the weave mode i s  more d i f f i c u l t  to exci te  than 

the wobble mode. With some evidence t o  indicate t h a t  the rnotorc:ycle 

can be made t o  weave by giving i t an impulsive sidewise thrus t ,  s teps 

were taken to excite the weave mrsde by fixing a c lus ter  of small, so l id-  

fuel rockets attached t o  the rear frame of the CB 750. The location and 

the number of these rockets were determined so as to create a maximum 

excitat ion of the weave mode. This plan, however, was abandoned a f t e r  early 

t e s t  runs indicated tha t  the disturbance provided by the rockets fa i l ed  
to exci te;,a measurable weave response and produced an excessive change in 

headi ng  . 





Accordingly, the sole excitat ion employed consisted of the r ide r  h i t t ing  

the handlebars to  create a steering torque which was recorded. 

Since the r ider  i s  assumed to be a r ig id  body i n  modeling the 

cycle, i t  was necessary that  movement of the r ide r  be prevented by 

means of a brace which would be f i t t e d  to the frame of the motorcycle. 

The styrofoam brace which was designed and f i t t e d  to the motorcyc'le fo r  

th i s  purpose i s  shown in Figure 4.1. A11 things considered, i t  appeared 

t ha t  th i s  brace served i t s  purpose very well. 

The fol lowing procedure was followed i n  conducting the road 

t e s t s :  

1 )  The cycle was brought to the correct speed, trimmed a s  
we1 1 as possible, and the r ider  positioned hin~sel f against 

the brace. 

2 )  The tape recorders were actuated. 

3)  The 10  Hz reference signal was switched on. 

4) The r ider  removed his hands from the handlebars, then 

h i t  the handlebars and l e t  the motorcycle run uncon- 

t ro l l ed  as long as possible. 

5)  When the r ide r  f e l t  enough data had been recorded, o r  
that  the cycle was becomi ng  uncontrol 1 able, he regai ned 

control of the motorcyclt: and terminated the run. 

6 )  The reference signal was turned o f f .  

Test runs were made a t  fixed speeds in increments of 10 mph with three 

runs being made a t  each speed. A1 t h o u g h  i t  was i n i t i a l l y  planned t o  
conduct the following t e s t s ,  viz,  , 

a )  motorcycle with new t i r e s ,  no load on the rear  1 uggage 
ca r r i e r ,  

b )  motorcycle with worn t i r e s ,  no load on the rear  luggage 
ca r r i e r ,  



c )  motorcycle w i t h  worn t i r e s  and a load of 40 I b  on 

the rear  luggage ca r r i e r  

measurements a re  available only fo r  conditions ( a )  and ( c )  (as  defined 

above) since instrumentation fa i lures  occurred during the runs corres- 

ponding to condition ( b ) .  The variables recorded during each t e s t  

were: 

a )  forward vel oci ty , 

b) s teer ing torque ( inpu t ) ,  

c )  ro l l  velocity of the rear frame, 

el) yaw velocity of the rear  frame, 

e )  s teer ing angle of the f ron t  frame, 

f )  l a te ra l  acceleration a t  a speci f ic  point on the 

rear  frame. 

A11 of the t e s t  ac t iv i ty  took place a t  the Transportation Research 

Center ( T R C )  in East Liberty, Ohio, with the 7.5-mile f a c i l i t y  proving 

to be very convenient for  conducti ng t e s t s  a t  hi gh speeds. 

4 .2  Instrumentation of the Test Motorcvcle 

The instrumented motorcycle i s  shown in Figure 4.1. In th i s  

program, forward speed was measured by means of an inductive pick-up 

uni t  which i s  triggered by notches cut into the rotor of the front  d i sc  

brake. Steering torque and s teer ing angle a re  measured by a load ce l l  

and a rotary potentiometer, respectively, both provided by Honda and 

mounted as shown. The rol l  and yaw rates of the rear frame were measured 

by means of a two-axis rate-gyro, mounted on the same bracket as the 

styrofoam brace used t o  " r ig idize"  the r ide r .  To measure l a te ra l  

accelerat ion,  an accelerometer was attached to the rear  frame, with a 

compliant bracket or m o u n t  so as  t o  help i so la te  the accelerometer from 

the h i g h  frequency vibrations produced by the engine. A m o u n t  location 



was selected (see Fig. 4 . 1 )  so as t o  minimize the components of ro l l  

and yaw acceleration seen by the accelerometer. The chassis containing 

the various power supplies, amp1 i f i e r s  , and related c i rcui t ry  res t s  

on the padded foam seat  and i s  thus protected ( t o  some extent)  against 

excessive vibrations. 

Signals from the various transducers were recorded as frequency- 

modulated pulses on two small, four-channel cassette recorders wh-ich 

were attached t o  the r ide r  by a be1 t. She frequency response of the 

tape recorders was in the range of 0 to  50 Hz, a band pass f e l t  to be 

suf f i c ien t ly  wide for  the purposes of these t e s t s .  

These tape recorders were controlled by two switches mounted on 

the gas tank of the motorcycle, as shown in Figure 4.1. One of these 

switches provides power to the recorders while the other generates a 

10 Hz reference signal which i s  recorded on one channel of both tape 

recorders. This 10-Hz reference s,ignal i s  used mainly to synchronize 

the separate records produced by the two tape recorders. 

Reduction of Test Data 

In addition to  matching measured responses with calcul ated responses, 

the data reduction task endeavored t o  determine the frequencies and 

damping ra t ios  of the osci l la tory  modes of motion fo r  comparison with 

calculated values. Examination of the raw data records quickly indi- 

cated that  such an undertaking would be very d i f f i c u l t  and consequently 

an attempt was made to use analog f i l t e r s  t o  ext ract  the desired 

information. 

The use of band pass f i  1 t e r s  to determine the frequencies and 

damping ra t ios  of weave and wobble modes i s  i l l u s t r a t ed  in Figure 4.2 .  

This figure shows transient  response records obtained a t  100 mph and 

the convenience offered by the f i l  te rs  fo r  extracting modal infol-mation 

i s  apparent. The points marked were used to obtain the frequency and  

damping ra t io  for  each of twelve records a t  each speed ( three runs a t  

each speed and four variables measured in each run). 



The frequency was found  by dividing the number of cycles between 

peaks by the time interval separating them, while the damping ratio was 

calculated from the following relationship: 

s = cos [ t a n - '  (l/Tf a n  A l / A 2 ) ]  

where 

T = time between peaks 

f  = frequency of signal 

Al = amp1 i tude of f i  r s t  peak 

A2 = amplitude of second peak 

The frequency estimation i s  n o t  affected by any transient behavior 

of the f i l t e r s ,  b u t  the  damping ratios can be affected. Such an example 

i s  shown in Figure 4 .3  where an original signal and i t s  f i l tered response 

are b o t h  shown and i t  i s  observed that the amplitude of the f i l tered 

response lags behind that of the signal for the f i r s t  few cycles, 

Similarly, i f  the signal i s  abruptly turned off, the f i l tered \response 

s t i l ' i  exists for a few cycles. 

One way of finding the distortion caused by this use of f i l t e r s  i s  

to add u p  the different fi l tered responses and  compa,,a the resulting 

sum with the original signal, As can be seen from Figure 4.3, this  

procedure can lead t o  significant; distortion. A t e s t  result obtained 

a t  20 mph i s  shown in Figure 4.4 and here, the weave mode i s  of 

sufficiently large magnitude so that one can separate the modes visually 

and obtain fairly good estimates o f  frequencies and damping ratios.  
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Figure 4.3. Transient characteristics of  band pass f i  1 ters . 
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5 .0  FINDINGS 

The findings obtained to date are reported below under three 

separate subheadings . During the period in which preparations were 

made fo r  conducting the road t e s t s ,  the eight-  and four-degree-of- 

freedom models of the motorcycle were used to study the manner in which 

design and operational variables influenced the frequency and damping 

of the osci l la tory  modes of motiorl of the free-control motorcycle 

(Section 5.1). The experimental findings are reported separately fo r  

the t e s t s  using new (reasonably uniform) t i r e s  and worn t i r e s  (exhibiting 

s ignif icant  nonuni formi t i e s  in la tera l  force per rev01 u t i o n  of thie t i r e )  

in l i g h t  of the substantial ly d i f ferent  behavior that  was observed for  

these two t e s t  cases. These findings are reported in Sections 5.2 and 

5.3, respectively. Some overall observations as  to the reasons {;hat 

account (possibly) for  the remaining discrepancies between theory and 

experiment are made in Section 5.4. 

Analytical Resul t s  

The ei  ght-degree-of-freedom model, together with the parameters 

measured fo r  the CB 750 (as tabulated in Section 3.0), were used t o  

calculate eigenvalues and eigenvectors fo r  the Honda CB 750. These 

cal cul ations showed t ha t  the three s i  gni f i  cant modes of motion are 

( a )  the wobble mode, characterized by high frequency osci l la t ions  of 

the f ront  frame about the steering axis,  ( b )  the weave mode, a low- 

frequency directional motton of tihe motorcycle, and ( c )  the "capsize" 

mode, which i s  non-oscillatory and found to be always stable in  the 

case of the CB 750. 

A root-locus plot  of the weave and the wobble modes i s  shown in 

Figure 5.1.  This figure also presents the resul ts  yielded by a four- 

degree-of-freedom model. As can be seen, the weave mode i s  unstable a t  
very low and very high speeds, b u t  the wobble mode i s  found t o  hie 

s table  over the range of speeds which were assumed in  the calculations. 





The e i  gh t-degree-of-freedom model also exhi bi t s  four very hi gh-fre- 

quency (i . e . ,  several times the wobble frequency), highly-damped 

modes which are associated with the structural  vibrations of the frame 

of the cycle. Since these modes did n o t  appear to directly a f fec t  

the s t a b i l i t y  of the motorcycle, they are n o t  shown in th i s  figure and 

the figures t o  follow. Indirectly,  however, the inclusion of f1e:xi- 

b i l i t y  in the f ront  a n d  rear  frame of the cycle a l t e r s  the eigenvalues 

of  the wobble mode substanti a1 ly--reducing the frequencies, increasing 

the damping a t  high speeds, and reducing i t  a t  low speeds. The weave 

mode i s ,  however, re1 atively unaffected. 

Figure 5.2 shows the influence of placing a 40-lb load on the 

rear  luggage ca r r i e r .  As i s  t o  be expected, this  assumed additional 

load decreases the frequencies (and the damping) of the weave a n d  wobble 

~ s c i l l a t i o n s .  

The findings obtained from calculations performed t o  examine the 

sens i t iv i ty  of modal eigenvalues t o  changes in design parameters are 

presented in Fi  gures 5.3 through !j "8. (The eight-degree-of-freedom 
model was used and aerodynamic load transfer  has been neglected. )I 

Figure 5 .3  shows t h a t  any change in the rake angle of the CB 750 i s  

l ikely  t o  lower the damping ra t ios  and make the machine less  s table .  A 

reduction in the i ne r t i a  of the front  frame a b o u t  the steering axis 

increases the wobble frequency and the weave damping, b u t  has no appre- 

ciable e f fec t  on the weave frequency or the wobble damping (Fig. 5 . 4 ) .  

Figure 5 .5  shows that  increasing the total  moment of ine r t i a  of the 

motorcycle about the z-axis ( I  ) reduces the damping in the wobble ' T 
mode a t  a1 1 speeds, whereas the damping of the weave mode increases 

a t  high speeds and decreases a t  low speeds. An in teres t ing resu l t  i s  

the influence of a reduction in the mass of the rear  wheel (by using 

a lower-densi ty material , for  example) which tends t o  improve the weave 

dampf ng a t  hi gh speeds. (See Fig . 5.6.  ) 
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Figures 5 . 7  and 5.8 show the effect  of changing the quasi-static 

properties of the t i r e .  S t i f f e r  t i r e s  make the motorcycle more stable, 

with the properties of the front t i r e  being predominant in changing 

the wobble mode and  the properties o f  the rear t i r e  predominant i n  

changing the weave mode. Eigenvalue calculations have also been made 

for the CB 750 with worn t i r e s ,  whose properties were measured and have 

been presented in Section 3 , I .  The results are presented in Figure 5.9 

and show t h a t  the high-speed s tab i l i ty  of the CB 750 wi l l ,  in theory, 

improve when these worn t i r e s  are instal led on the cycle. 

5.2 Road Test Findings Obtained with New Tires 

As described and discussed in Section 4 ,  road tests  were performed 

on a Wonda CB 750 with the objective of measuring the transient rlesponse 

caused by known inputs or disturbances . Representative results,  namely, 

transient responses t o  an impulse of steering torque, are shown in 

Figures 5.10 to 5.15 for the CB 750 with new t i r e s  and  the rear luggage 

carr ier  unloaded. As can be seen from these recordings, the CB 750 i s  

stable in a l l  modes for speeds between 20 and 110 mph.  I t  should be 

noted that an impulsive steering torque t o  the handlebars generates 

noticeable weave oscil lations only a t  very low (less than 40 mph) or 

very high speeds (more than 80 m p h )  . The weave osci 1 lation appears t o  
be stable, however, a t  both low and high speeds, with the oscillation 

dying very quickly a t  the  lower speeds b u t  exhibiting a tendency to  

sustain i t s e l f  a t  very high speeds. 

The experimentally-observed roll-  and yaw-veloci ty responses of 

the CB 750 are compared, in Figures 5.16 and 5.17, t o  those obtained 

analytically from b o t h  the four- and  eight-degree-of-freedom models. 

To obtain the analytical results,  the input steering torque was a.ssumed 

to be a triangular pulse, reaching i t s  peak a t  the same instant as the 

measured value of torque, and having a magnitude such that the theoretical 

response a t  the end of the input torque was the same as the experimentally- 

observed response. An examination of Fi gures 5.16 and 5 .I 7 shov~; that 

there i s quali t a t i  ve agreement between the experimental measurements and  

calculations based on the eight-degree-of-freedom model. The agreement 
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Figure 5.10. Results o f  road tes t .  ' 
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Figure 5.1 1, Results o f  road  test .  
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e a t .  Accel .  ( g )  Yaw Vel . (deg/sec) Roll Vel . (deg/sec) Stccr  Anglc (dog)  Torqcc ( in-!?! 

- 
C- -- - c__-- -- 

=-r--* 
a<-- 
-&- -"s- -e I 
4- 

- - = % I  - -e 
-4-f 

M y -  1 * 
fn d. 
m :&:' 
0 0 -. -+ --.II 1 

-S! 
I I e - N * 

-'z=i~- 



Speed = 100 mph 

(New Ti  res) 

(No Rear Load) 

F i g u r e  5.14. Results o f  road t e s t .  
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Figure 5 .15 .  Resul ts o f  road test .  



ROLL VELOCITY AT 40 MPH 

3 0 .  ROLL VELOCTTY AT 40 MPH 
8 D , O , F .  MODEL 

I MEASORED ROLL VEULITY AT 40 MPH ( 
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Figure 5.17.  Comparison of theoretical and experimental resul t s .  
(new t i r e s ,  no rear load) 



between theory and measurement i s  considerably improved a t  60 mph 

(Fig. 5.18) and 80 mph (Fig.  5.19) where comparisons of measurement 

with calculations based on four- and ei ght-degree-of-freedom mode'ls show 

a good match, both qua1 i ta t ively  and  quanti tat ively . 
As discussed in  Section 4.0, an attempt was made to evaluate the 

frequencies and damping ra t ios  of the weave and  wobble modes, respectively,  

from the experimental data by using f i l t e r s  to ex t rac t  the weave and  

the wobble modes from the to ta l  response of the rider-cycle system. 

Results obtained using th i s  procedure are shown in  Figures 5.20, 5.21, 

and 5.22 with the computed values of frequency and damping r a t i o  also 

being included i n  these f igures.  

I t  should be noted that  the use of f i l t e r s  to examine t rans ients  of 

h i g h  frequencies and high damping ra t ios  has inherent d i f f i cu l t i e s ,  which 

d i f f i cu l t i e s  are further compounded i f  the t rans ient  being analyzed con- 

ta ins  a response to cyclic forcing of unknown frequency content. In 

our case, i t  appears tha t  the wobble frequencies estimated by using 

f i l t e r s  t o  remove the lower a n d  higher frequency content of the experi- 

mental record a re  reasonable for  speeds up  to 80 mph.  Beyond th i s  speed, 

the magnitude of the wobble oscil lat ions i s  extremely small. Similarly, 

the experimental resul ts  show noticeable weaving a t  high speeds (beyond 

about 80 mph) and thus the estimation of weave damping and frequencies 

Prom t e s t  resul ts  will be good a t  these high speeds. I t  can be observed 

tha t  the four-degree-of-freedom model predicts wobble frequencies which 

are  very close to the observed frequencies, wi t h  the eight-degree-of- 

freedom model appearing t o  give be t t e r  resul ts  f o r  speeds beyond 50 rnph. 

Similar observations can be made about the damping ra t ios  determined f o r  

the weave and wobble modes, b u t ,  as pointed o u t  e a r l i e r ,  the determina- 

t ion of damping ra t ios  i s  highly suspect since the f i l t e r e d  responses 

are affected by the damping present in the f i l t e r  i t s e l f .  

In summary, i t  can be s ta ted  tha t  the e i  ght-degree-of-freedom 

representation of the CB 750 compares with measured responses qui te  

we1 l fo r  speeds between 40 and 80 mph. A t  lower speeds, i t  predicts  
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Figure 5.21. Weave damping o f  b i k e  w i t h  new t i r e s  as a f u n c t i o n  
o f  v e l o c i t y .  





damping levels that  are higher than w h a t  could be measured in the t es t s .  

A t  speeds above 90 mph,  the model indicates that  the weave mode should 

be unstable b u t  the road t es t s  indicate the weave mode t o  be stable,  

a1 bei t l i ghtly damped. 

5.3 Road Test Findings Obtained with Worn Tires 

As discussed i n  Section 4 .0 ,  t e s t s  were performed with two worn 

t i r e s  on the CB 750, the objective being t o  see the difference t h a t  
worn t i r e s  would make in the s t ab i l i t y  of a straight-running motorcycle. 

These t i r es  were removed from another motorcycle and thus were naturally 

worn, as opposed t o  being a r t i f i c i a l l y  worn. 

Since the t e s t  procedure used in these t es t s  was the same as the 

t es t s  performed with new t i r e s ,  i t  was expected that  the amplitude of 

roll-velocity ( o r  any other s t a t e  variable) would e i the r  die down t o  
zero ( fo r  a s table system) or begin t o  grow ( fo r  an unstable system). 

Test data showed otherwise, in that  a t  t e s t  speeds of 50 mph and below 

sustained osci l l  ations of noticeable magnitude occurred. F i  gure 5.23 

shows the manner in which the amplitude of th is  sustained oscil lat ion 

varied with t e s t  speed. 

To explain these apparently "forced" oscil lat ions,  one has to look 

for  sources of force and moment input t o  the motorcycle and one obvious 

source could be the lateral  force and moment nonuniformity of the worn 

t i  res. Accordingly, the measurements of the mechanical properties of 

the worn t i r e s  were re-examined t o  determine whether and t o  what degree 

these t i r es  were nonuniform in lateral  force output. Figure 5.24 i s  

a p lot  of the variation in lateral  force occurring during one revolution 

of the worn t i r e .  I t  i s  clear  that  the worn t i r e s  are significantly more 

nonuniform than the new t i res  . 
To determine the frequencies which would be excited by the non- 

uniform t i r e s ,  a harmonic analysis of the side force variation per one 

revolution was performed for both t i r e s  and the results are shown i n  

Figures 5.25 and 5 .26 .  In these figures, the harmonic of order n indicates 
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a frequency of Vn/2nR Hz where V e forward speed of motorcycle (in-sec) 

and R : rol 1 ing radius of the t i  r e  ( i n ) .  

In Figure 5.27, we have plotted the frequency of the f i r s t  har- 

monic in l a te ra l  force variation as a function of forward velocity 

along w i t h  the weave and wobble frequencies that  are yielded by the 

four-degree-of-freedom model of the Honda CB 750. I t  i s  seen that. the 

f i r s t  harmonic of t i  re nonuni formi ty matches the wobble frequency of 

the CP, 750 a t  a speed of about 30 mph. I t  i s  believed that  th is  finding 

helps to explain the "resonance" in the sustained rol l  velocity observed 

a t  t ha t  speed (see Fig. 5.23). In the future,  i t  i s  proposed thal: the 

theoretical  response be cal cul ated with the t i  re  nonuni formi t i e s  being 

taken into account t o  determine whether cyclic forcing, deriving from 

nonuni form t i  res,  can ful ly  explain the findings presented in Figure 5.23. 

During the t e s t s  performed with worn t i r e s ,  i t  was also observed t ha t  

the rear-luggage ca r r i e r  mounted on the CB 750 vibrated la tera l  ly due t o  
the mounting being f lexible  and i t  i s  possible that  th i s  phenomenon had 

a bearing on the response of the CB 750 to a periodic forcing function. 

5 .4  Overall Observations with Respect to the Adequacy of a 
Linearized Model 

This project  was confined t o  modeling the motorcycle as a l inear  

system in order t o  obtain eigenvalues which show the s t ab i l i t y  of the 

system. As was indicated ea r l i e r ,  two mathematical models, one ideal i -  

zing the motorcycle as a four-degree-of-freedom system (namely, as two 
r ig id  bodies) and the other accounting fo r  the structural  flexi bi l  i t i e s  

o f  the motorcycle frame, were developed. In these models, the non- 
s tat ionary aspects of t i r e  behavior are accounted fo r  by taut-str ing 

(running-band) theory with contact length assumed to be zero. I t  

appears t h a t  these idealizat ions will produce resul ts  which compare 

reasonably we1 1 with experimental observations in some cases, and quite 

we1 1 in other cases. However, model improvements are s t i l l  needed t o  
fu l ly  explain the damping levels  that  are observed in the so-called 

weave and wobble osci 11 ations of the motorcycle. 
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One obvious aspect which should be improved i s  the representation 

of the motorcycle t i r e .  For example, in a motorcycle undergoing high 

frequency wobble osci 11 at i  ons, the front  t i  re experiences 1 arge path 

curvat;ures . However, the forces generated by a t i r e  moving in a clurved 

path cannot be measured on present t i r e  dynamometers. In addition, 

exis t ing dynamometers have been scaled to measure the properties of 

passenger-car and truck t i r e s  such that  i t  i s  not possible t o  obtain 

accurate data on motorcycle t i r e s  with the influence of inf la t ion 

pressure, normal load, a n d  ro l l  i ng  speed accurately defined. Changes 

in quasi -s ta t ic  s t i f fnesses  with speed, for  example, could s ignif icant ly  

change the calculated behavior of a given motorcycle. 

As shown by Pacejka [14] for passenger-car t i r e s ,  the mass and  

i ne r t i a  of t i r e s  can a l t e r  t he i r  response under dynamic conditions. 

No such measurements ex i s t  for  motorcycle t i r e s  nor are there any f a c i l i -  

t i e s  t h a t  have been designed for  making such measurements on motorcycle 

t i r e s .  

As was indicated above, the ins ta l la t ion of worn t i r e s  on the 

CB 750 causes sustained osci l la t ions  a t  several speeds which HSRI t r ied  

t o  explain by accounting for the nonuniiormity in the t i  re. To measure 

th is  nonuniformi ty,  the t i r e  i s  mounted on a t e s t  rim which i s  then 

mounted on a t i r e  dynamonleter. This procedure i s  open to questions such 

as whether the measured nonuniformities are solely from the t i r e  , ~ n d  

whether the same nonuniformities would be observed i f  the t i r e  were 

mounted on the actual rim. The only sat isfactory way of answering this 

question would be by mounting each t i r e  together w i t h  i t s  rim on the 

dynamometer, b u t  a t  present i t  i s  not possible to carry o u t  such a 

measurement with the avail able t e s t  devices. 



6 .0  A MOTORCYCLE TIRE DYNAMOMETER: REQUIREMENTS 
A N D  A PRELIMINARY DESIGN 

On applying the laws of Newton t o  the motorcycle, the analyst 

quickly discovers tha t  motorcycle t i r e s  operate i n  a region of s l i p  

and iinclination that  i s  ent i re ly  d i f ferent  from that  encountered by 

the t i r e s  on passenger cars. I t  follows that  the t i r e  force and moment 

data needed to examine the dynamic behavior of the s i  ngle-track vehicle 
are d i f ferent  data than suffice t o  predict the dynamic behavior of the 

motor car. Even i f  the assumption i s  made that  linearized equat.ions 

of motion are suff ic ient  t o  describe and explain the dynamic phenomena 

exhibited by a constant-speed motorcycle, such that  nine quasi-stat ic  

s t i f fnesses  (aFylao, a F  l a y ,  a F  / a l /p ,  aMx/an, aMx/au,  aMx/al/p, 
Y Y 

aMZ/aa, aM,/au,  aMZ/al/d and nine re1 axation lengths describe the 

pneumatic t i r e ,  the analyst will soon discover that  he needs t i r e  pro- 

per t ies  that  are not readily available. I f  such data have been measured, 

i t  i s  l ikely  that  the accuracy s f  measurement i s  not very high. 

This s i tuat ion can be contrasted with the needs of the motor car 

dynarnicist who, as a rule,  does n o t  need data on (1)  overturning 

moments, M x ,  and ( 2 )  the forces and moments caused by the carcass 

distort ions result ing from the curved p a t h  of a t i r e .  Whereas i t  i s  

most reasonable to neglect (as second-order quant i t ies)  the forces and 

moments resulting from the curved path of a passenger-car t i r e  -in com- 

parison to the forces and moments deriving from la te ra l  s l i p  and inclina- 

t ion ,  i t  i s  n o t  reasonable to ignore the large path curvature experienced 

by the front  wheel of a cycle, i f  and when th is  front  wheel exhibits 

the rapid osci 1 lations referred to as "wobble" [ 9 , 131. Further, the 
frequency of wobble, as typically exhibited by a motorcycle, i s  su f f i -  
ciently high that  the motorcycle t i r e  cannot be assumed to be a 
quasi -s  t a t i  c force- and moment-produci ng mechanism as i s  frequently 

done in the case of the motor car. 

The s i  tuation described above, together with the recogni tion that  

the t i r e  dynamometers available today are not sized and gauged to yield 



accurate measurements of the mechanical properties of motorcycle 

t i r e s ,  has led t o  the previously voiced conclusion t h a t  new and 

speci f ica l  ly-designed dynamometers are needed. A question thus arises 

as to what are the specific features that  should be possessed by a 

dynamometer that  will measure the mechanical properties of motorcycle 

t i r e s  and how should these features be achieved? In the paragraphs 

that  follow, we address the problems associa-i.s.d w i t h  deciding how much 

t e s t  capability and complexity should be sought and provided in a 

" f i r s t  generation" motorcycle t i  re dynamometer. We then address one 

design approach and machine configuration which re f lec t  a conservative 

approach t o  the problem of obtaining sufficiently broad and accurate 

motorcycle t i r e  data. A t  the same time, we recognize that  further 

discussions on this  issue may lead t o  the development of a s e t  o f  

performance requirements which might lead t o  a wholly di f ferent  design. 

6.1 Projected Test Needs Versus Complexity and Cost 

From the very beginning of the research reported herein, i t  was 

understood (both on the par t  of Honda and HSRI) that  the design and 

construction of a t i r e  dynamometer specif ical ly suited to measuring 

the s t a t i c  and dynamic properties of motorcycle t i r e s  was a high 

pr ior i ty  matter. There were, however, differences i n  HSRI and tlonda 

viewpoints relat ive to ( 1  ) the ab i l i ty  t o  project needed t e s t  capa- 

b i l i t i e s  prior  t o  completion of the ongoing research and ( 2 )  the 

importance of exercising res t ra int  on matters relat ing t o  design 

complexity, machine cost,  ease of maintenance, and ease of operation. 

As seen by HSRI, the major question i n  defining and configuring 

a motorcycle t i  re dynamometer centers around the issue of whether the 

machine must be able t o  t e s t  t i r e s  a t  high roll ing speeds and a t  values 

of la tera l  s l i p ,  inclination and curvature that  change rapidly with 

time. The issue has several facets .  As the previous section of th is  

report has shown, the adequacy of ( 1 )  1 inear analysis and ( 2 )  t i  re 

descriptors which enforce 1 i neari ty t o  explain the small disturbance 

behavior of the motorcycle i s  s t i l l  not ful ly clear .  idhereas evidence 



ex is t s  t o  show t h a t  high speeds can have some influence on the quasi - 
s t a t i c  s t i f fnesses  of the t i r e  and that  reduced frequency i s  not the 

sole  independent variable determining the nonstationary behavior of 

t i r e s  a t  high speeds [14 1, we do n o t  know whether these effects  a re  

very important and whether, i f  accounted f o r ,  agreement between theory 

and  measurement would continue to improve. The problems of making 

precise and accurate measurements of the free osci l la t ion behavior of 

the cycle remain to be resolved. Further, i t  i s  not c lear  that  one 

can separate out the free osci l la t ion behavior of the rider-cycle 

system from i t s  to ta l  behavior in a free-control mode which includes 

some cyclic forcing from the nonuniformities of real t i r e s .  Given 

the agreement and lack of agreement between theory and experiment tha t  

ex i s t s  a t  present, i t  i s  impossible to  say, a t  th i s  point in time, 

whether the current s t a t e  of a f f a i r s  could be improved by 

1) more accurate quasi -s ta t ic  s t i f fnesses  which would 
presumably depend upon speed and normal load 

2 )  more accurate representation of the t i r e  as a n o n -  
s ta t ionary force and moment mechanism 

3 )  more complete and accurate accounting of the infl  u -  
ence of cyclic forcing from the t i r e s  

4 )  more complete and accurate account? ng of a1 1 of the 
masses and compliances t h a t  ex i s t  in a real world rider- 

cycle system. 

This prospectus, plus i t s  strong research orientat ion,  led HSRI 

to conclude t ha t  a conservative posture should be adopted-namely , to  

specify and design ( in  a preliminary manner) a dynamometer tha t  would 

provide the ultimate i n  t i r e  data on the grounds t h a t  the result ing 

measurements could be a crucial factor i n  resolving the remaining 

discrepancies between theory and measurement. Admittedly, the selec- 

tion of a roadway simulation unit presenting a f l a t  surface to a t e s t  

t i r e ,  in contrast  to a curved surface (as i s  produced by the tradit ional  

drum) would consti tute a decision compatible with the conservative 

posture defined above. 



As defined above, a conservative posture i s  one that  s t resses  

the attainment of a fu l l  t e s t  capability in the absence of evidence 

tha t  a simpler device will suff ice .  Clearly, i t  i s  also a posture 

that  does not re f l ec t  a serious concern fo r  machine complexity, machine 

cost,  machine maintenance, and ease of operation on the grounds that  

these l a t t e r  i tems are  the price t o  be paid i f  one i s  to obtain non- 

compromised measurements. The weighting of these l a t t e r  factors were, 

of course, influenced ( in  pa r t )  by the assumptions which HSRI made with 

respect to the final disposition of the device, and in t h i s  regard i t  

must be acknowledged t h a t  HSRI does not have a c lea r  understanding of 

the short- and long-term use of the projected dynamometer, as envisioned 

by Honda. 

In summary, HSRI i s  convinced that  the quasi -s ta t ic  t e s t  capability 

of motorcycle t i r e  dynamometers should include path curvature as 

one of the kinematic variables of in te res t .  Since this  par t icular  

t e s t  capability i s  eas ier  t o  implement i n  a dynamic t e s t  mode, a quasi- 

s t a t i c  measurement of path-curvature ef fects  could be s e t  aside on 

the grounds t h a t  i t  can be accomplished by extrapolating t o  zero 

frequency the results  obtained a t  f i n i t e  reduced frequencies. The 

question as t o  whether the dynamometer should o r  must f a c i l i t a t e  

measurements a t  high speed i s  considered to be unanswerable until  

further research i s  conipleted and/or arrangements can be made for 

tes t ing motorcycle t i  res under high speed and high frequency conditions. 

A Preliminary Conceptual Design fo r  a Motorcycle Tire Dynarr~ometer 

The preceding discussion indicates tha t  there are major quelstions 

as to the appropriate specifications for a motorcycle t i r e  dynamometer. 

The design which HSRI has pursued to date i s  conservative i n  thc. sense 

that  the performance requirements are very complete. That i s ,  th i s  
machine provides control of virtual ly a l l  kinematic and dynamic variables 

of possible in te res t .  We recognize t h a t  th i s  completeness i s  attained 

through compromises i n  cost and complexity, and t ha t ,  therefore,, the 
appropriateness of th is  approach remains in question. 



The performance specif icat ions and the general concept of the 

envisioned t i  re  dynamometer were presented e a r l i e r  in the December 

1976 "Progress Report" and in a verbal presentation t o  Honda person- 

nel .  As indicated a t  those times, the specifications resulted i n  the 

design concept pictured in Figures 6.1 and 6.2.  To briefly review 

the specif icat ions which led to this  approach, i t  i s  desired that, the 

dynamometer be able t o  measure the relationships defined by the 

following expressions: 

where 

a i s  s ides l ip  angle 

y i s  camber angle 

FZ  i s  vert ical  load 

I l p  i s  path curvature ( p  i s  turn radius) 

V i s  velocity 

These measurements are t o  be made over the fu l l  range of r e a l i s t i c  

speeds and dynamic measurements are t o  be made a t  r e a l i s t i c  temporal 

frequencies. Tt should be noted that  the machine as presently con- 

ceived i s  n o t  capable of measuring t i r e  force and moment responses caused 

by longitudinal s l i p  o r  by combined longitudinal and la tera l  s l ip  condi- 

t ions ,  i  . e . ,  the t e s t  device does n o t  include the ab i l i ty  t o  develop 

braking forces,  

As implied by Equations (6 .1 ) ,  (6 .2) ,  and ( 6 . 3 ) ,  the machin~e i s  t o  

be capable of determining the s t a t i c  and dynamic o u t p u t  of the t i r e  

in response t o  the operating variables, a ,  y ,  FZ, and l / p .  The basic 
dynamic mode i s  envisioned as sinusoidal osci l la t ions  of any o r  a l l  
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Figure 6.2. D i g j  t a l  computer  c o n t r o l  and d a t a  col lec t ion  systen.  



of these variables.  However, the device will  be suff ic ient ly  f lexible 

to include capability for  other modes of dynamic tes t ing  such as  

constant ra te  of change of the operating parameters. Table 6.1 dis- 

plays the design goal specif icat ions for  each of these variables. 

As indicated in Figure 6.1, the result ing design concept employs 

a high-speed, metal-belt roadway and a very l i g h t  head assembly fo r  

mounting the t i r e .  The roadway i s  s imilar  to ,  but smaller than, the 

roadway used in the Calspan Corporation's TIRF machine. The test; 

head consists of l i t t l e  more than  the wheel spindle,  load c e l l ,  and 

t i r e  and rim. This head i s  held in position by s ix  hydraulic servo- 

cylinders which are controlled by a d ig i ta l  computer. The cylintler, 

which i s  oriented ver t ica l ly  in Figure 6 , I ,  i s  primarily respons-i ble 

for  establishing vert ical  load on the t i r e .  The f ive horizontal 

cylinders establish the desired position and velocity of the wheel 

spindle. (That i s ,  they determine the s t ee r  angle, camber angle, 

and velocity of the t i r e . )  Thus, the s ix  degrees of freedom of the 

t i r e  head are control led by the displacement of the hydraulic cylinders. 

HSRI recognizes t h a t  the t i r e  head assembly i s  a most unconven- 

tional approach to t i r e  dynamometer design. This approach i s  a resul t  

of the demanding dynamic specifications on which the design i s  based. 

In order t o  a t t a in  good frequency response characteris t ics  in the 10 Hz 
regime, a very 1 ight  head assembly i s  required. Traditional t i  re 

dynamometer designs possess rather  massive head assemblies, making them 

completely unacceptable for  the envisioned machine. 

The roadway unit employed in th is  design would n o t  be designed 

and bu i l t  by HSRI. Rather, i t  would be a purchased un i t ,  namel,y, the 

"Simulated Road Unit" (SRU) manufactured by the Akron Standard Company 

under 1 icense from the Calspan Corporation. HSRI would propose t o  
design a n d  construct only the power a n d  velocity control system fo r  the 

SRU. 

Since the roadway unit i s  to be a purchased i tem, and since the 

rernai ning mechanical s tructure i s  clearly qui te  simple, the la rges t  

challenge in developing the design concept and cost  estimates involved 
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the electro-hydraul i c  servo systern which controls the t i r e  head 
and the digi ta l  computer system which provides servo command inputs 

and handles the data collection and reduction process. 

The design demands that  the computer f a c i l i t y  make a number of 

calculations on 1 ine. Specifical ly,  the calculations which are re- 

quired t o  determine the proper lengths of the five horizontal cylinders 

of Figure 6.1, require as i n p u t  not only the desired position and 

velocity of the t i r e ,  b u t  also the instantaneous length of the vert ical  

cy1 i nder. In order to  meet the dynami c performance requirements , 
these calculations must be made many times each second. (Estimates 

were based on 400 calculation cycles per second.) This "on-line" 

calcul ation requirement i s  the most severe demand placed on the computer, 

and becomes an important factor in determining the required computer 

hardware. 

In order t o  determine speci f ic  calculation requirements, the 

general i zed trans formati on equations between t i  re position expressed 

in tradi tional t i  re mectiani cs coordinates, and cyl i nder lengths were 

developed. These trans formations are based on the coordinate systems 

shown in Figure 6.3 .  I n  t h i s ' f igure ,  coordinate system (x,y,z)  i s  

fixed in space. The x,y plane i s  on the road surface and the x axis 

i s  a1 igned with the longitudinal direction of the roadway. System 

( x ' , y ' , z l )  i s  fixed to the t i r e  contact patch. The origin (Point A )  
i s  a t  the center of t i  re contact, the x '  ,y '  plane i s  on the road sur- 

face and the x '  axis i s  aligned with the wheel plane. Steer angle ( 6 )  

i s  the angle between the x and x '  axes. The (x" ,yH,z")  system i s  in 

the wheel plane such t ha t  the origin of the system (Point 6) i s  a t  the 

wheel center, the x "  axis i s  paral lel  to the road surface, and the y" 
1 C 

axis i s  perpendicular t o  the wheel plane. The t i r e  camber angle (y) i s  

the angle between the z '  and z "  axes. Finally, the (x"  ' ,y" ' ,;r" I )  

system i s  fixed in the wheel head hardware ( i  .e . ,  in the spindle). 

The difference between t h i s  system a n d  the (x",y",z")  system i s  that  

the x ' "  axis i s  not constrained to be paral lel  to  the road, b u t  rather 

will rotate with the spindle hardware as indicated by the angle E. (The 
angle E represents an e r ro r  in spindle position whenever i t  i s  non-zero.) 



Fi gure 6 .3 .  Trans formati on axis system. 

The cylinders of the support niechanisrn can be represented as 
adjustable length links (a,through k g )  attached between points fixed 

t o  ground, that i s ,  fixed in the (x,y,z)  system, and  points fixed t o  
the spindle, that i s ,  fixed in the (x"  l , y i "  ,z" I )  system. For 

examining the geometry, the t i r e  may be thought of as a link of ad jus t -  
able length ( R )  fixed between the origin of the ( x '  ,y' , z l )  system and 

the (x"  ,y" , z " )  sys tem. 



The two fu l l  se t s  of generalized transformation equations have been 

developed. The f i r s t  sei; would be used to determine the f ive  hor~izontal 

cylinder lengths (1, through a s )  and R given the vert ical  cylinder length 
y ) plus the desired condi- ( a 6 )  and  the desired t i r e  positions ( a ,  y, xg, 

tion of E=O. The second s e t  of equations i s  used t o  determine the wheel 
position ( a ,  y ,  x g ,  y B ) ,  the spindle angle e r ro r  ( E )  and the t i r e  

radius ( R )  , given the s i x  cylinder lengths. These transformation 

equations were programmed on a d igi ta l  computer and several t r i a l  

solutions calculated in  order to  establish the i r  val id i ty .  

With these equation se t s  in hand, plus an outl ine of other per- 

formance requirements of the computer system, HSRI employed a consultant 

(Professor Vol z of the University' s Electr ical  and Computer Engineering 

School ) to determine the necessary computer hardware and software 

costs. These are reflected in the cost  estimate material presented 

l a t e r .  

The requirements of the electro-hydraulic servo system were also 

investigated. Cylinders were s i  zed according to "worst case" condi- 

tions of force and displace ra te .  Requirements placed on servo valves 

and other elements of the hydraulic system in terms of pressure,, flow 

r a t e ,  and frequency response, were then determined and apprcpriate 

hardware elements Mere -identified. 

The instrumentation system was another area of major conceipn i n  

developing the design concept and cost estimates. The heart of the 

instrumentation system i s  a mu1 ti-component load cel l  which transduces 

t i  re forces and moments. This 1 oad cel l  would be par t  of the t i r e  

head assembly. HSRI has purchased a number of mu1 ti-component c e l l s  

in the past and has developed a great deal of confidence in a par t icular  

suppl i e r ,  This company, Precision Force Measurements, Inc.,  has 

supplied us with special ly designed load ce l l s  fo r  our mobile truck 

and passenger-car t i  re  dynamometers. Cost estimates f o r  the 'load cel l  
for  th i s  design were reached through conversations with th i s  supplier  

based on specifications provided by HSRI with respect to packaging 

constraints ,  accuracy requirements, and  expected loadings. 



Many other speci f ic  areas were considered in developing the cost 

estimates for th i s  design. These include roadway modification and 

the roadway velocity control system, wheel position instrumentation 

and various power supply and mechanical system problems. All of these 

areas are reflected in the cost estimate presented on the following 

pages. 

Cost estimates have been developed by task. The thirteen 

separate tasks of the design and construction of the dynamometer are 

l i s t ed  i n  Table 6.2.  Costs for  each of the tasks are presented ,in 

Table 6.3 and a breakdown of costs for  "Supplies and Services" appears 

in Table 6.4. Note that  Task 1 through 6 constitute an In i t i a l  

Engineering Phase. The end of th i s  i n i t i a l  phase marks a convenient 

point fo r  review before final design and construction activi ty begins. 

In summarizing, we would res ta te  that  HSRI recognizes that the 

design concept presented i s  most unusual , b u t  we believe tha t  i t  i s  

an appropriate, feasible,  and workable design for  attaining the stated 

performance objectives. On the other hand, we recognize that  these 

performance objectives remain in question. I n  the event tha t  HSRI 

and Honda determine t h a t  another, less demanding, s e t  of requirements 

are  more appropriate, i t  i s  l ikely t h a t  a very di f ferent ,  more dradi- 

tional design approach would resu l t .  



Table 6 . 2 .  List o f  Tasks f o r  t h e  Motorcycle 
T i  r e  Dynamometer Program. 

Model Development 

System Analysis and Design 

SRU Analysis and Modification Def in i t ion  

Forces Measurement System Anal y s i s  

D i g i t a l  Compul a t i o n  Analysis Update 

I n t e r i m  Reporting 

S t r u c t u r a l  and Power System 

Roadway Sys tern 

T i r e  Control  Servo System 

Inst rumentat ion System 

D i  g i  t a l  Computer Control and Data Hand1 i ng System 

12 .  Debugging and Pi 1 o t  Tes t ing  

13. Documen t a  ti on 



x 77% Overhead 82 ;850 

Table 6.3. Man Power A l l o c a t i o n  (Months) and Cost Estimates 

*See Table 6.4 

Sa la ry  
,Costs 

$23,530 

2,270 

11,115 

3,665 

P r i n c i p a l  Invest .  

Assoc. Res. Sc i .  -- 
Sr. Res. Assoc. 

Eng. -- 

Res. Assoc. I 1  

To ta l  D i r e c t  Cost  190,450 

Res. Assoc. I 1  

Res. Assoc. I 

Engineer I 1  

Foreman 

Tech. Nech. 

Tech. Elec. 

Secretary 

1,300 

158,450 

To ta l  

12.75 

1.0 

5.5 

2.5 

$100 

T o t a l  Sa la ry  93,560 

x 15% B e n e f i t s  -- 14,040 
107.600 

Task 1 

1.0 

.5 

$54,900 

Design and Cons t ruc t ion  Phase 

14.0 19,800 

$100 $24,900 

Task 32 

1.0 

.5 

1 .O 

Task 6 

-75 

~ 

.25 

-25 

1 .O 

P r e l i m i n a r y  

Task 2 

i .O 

.25 

.25 

Phase 

Task 4 

.5 

.25 

2.0 

5.5 

2.0 

10.75 
6.5 

1.25 

$10,600 $700 $50 

Task 13 

2.0 

1 .O 

- 

Task 7 

1.25 

1.0 . 

Engineer inq 

Task 3 

.5 

Task 5 

.25 

.25 

1,850 

8,740 

2,700 

13,000 

6,300 

1,190 

$550 

I n d i r e c t  Cost 
Comp b t e  r 
Serv ices 

Suppl i es & 
Serv ices* 

1.0 

.5 

.5 

1.0 

Task 9 

1 .O 

-25 

.25 
.. 

-25 

Task 8 

1.0 

-- 

3.0 

1.25 

7.0 

1 .O 

$8400 

$750 

1.0 

1 .O 

.5 

.25 

.25 

1.5 

$58,700 

12.0 

.5 

1 .O 

Tdsk $ 0  

- 5  

- 

.75 - - 

.25 

1.5 

. .5 

Task l f  

2.0 

1 .O 

- 5  

.5 -- 
-25 

1.0 

1.5 

1 .O 

.25 
.- 

1.5 



Table 6 . 4 .  Supplies and Services Breakdown 

Task 5 

Consul t i  ng  Fees (Total ) 

Task 6 

Printing Costs (Total ) 

Task 7 

Major structural element materials 
Miscell aneous mechanical elements 
Hydraul i c  power supply 
Miscellaneous hydraulic plumbing materials 
Electrical power control and wiring 

Total 

Task 8 

Simulated Road Unit 
Drive motor 
Hydros t a t i  c transmission 
Servo con tro 1 sys ten1 transmission 
Miscel laneous hydraul i cs 
Structural materi a1 s 
Mi scell  aneous hardware 

Task 9 

Servo valves 
Electronics 
Cyl i nders 
Accumul ators 
Mi scel l  aneous hydraulics 
Mi scellaneous hardware 

Total 

Task 10 

Position transducers 
Load cell  
Accel erometers 
Tachame ter 
Electronics 

To t  a1 



Table 6 .4 .  (Cont.) 

Task 1 1 

Control processing u n i t  
Tape drive 
Disk 
'Terminal 110 
A/D conversion 
B/ A con ve rs  i on 
I/O buffers 
Real-time clock 

Task 12 

Miscellaneous (Total)  

Task 13 

Printing Costs (Total)  



7.0 CONTINUING A N D  FUTURE STUDIES 

As a continuation of the analytical and experimental s tudies 

reported herein, e f fo r t s  are being made to improve several aspects of 

the motorcycle simulation as developed t o  date. This work (which wil l  

be submitted as a doctoral thesis  to The University of Michigan) i s  

directed primarily towards incorporating a more complete description 

of the mechanical behavior of the t i r e  into the equations of motion of 

a motorcycle. 

The f i r s t  step has been tha t  of modeling the t i r e  by the f i n i t e  

con tact-length, runni ng-band theory developed i n  Reference 8. Several 

problems have been encountered. Specifical ly,  running-band theory 

provides expressions for  variations of side force and aligning mornent 

with distance rolled by the t i r e ,  b u t  i t  does not do so for  the over- 

turning moment. To get around th j s  problem, t i r e  data obtained from 

various sources were examined and i t  was observed tha t  the variation 

of the overturning moment i s  s imilar  to t h a t  of the s ide  force a n d  i f  

the appropriate constants are determined experimentally, the same equa- 

tions can be used fo r  both the side force and the overturning moment 

generated by the t i r e s .  

Solution of the equations of motion of the motorcycle w i t h  the 

t i r e s  represented as described above proved to be another d i f f i c u l t  

problem to solve, the d i f f i cu l ty  in th i s  case ar is ing from the f ac t  that  

the equations of motion are now integro-di f ferent i  a1 equations, involv- 

i ng  convolution integrals  . Solution of these equations by f i n i t e -  

difference techniques i s  an extremely costly and 1 aborious process. 

An a l ternat ive  approach, namely, the use of Laplace transforms to con- 

ver t  the i ntegro- di fferenti  a1 equations of motion to algebraic equations, 

followed by a numerical inversion of the resulting solution to  obtain 

the system response in the time-domain, seems to be much more elegant 

and promi sing. B u t ,  the numerical inversion of integral  transforms i s  

not a we7 1-developed process and considerable e f f o r t  had t o  be spent 



in developing an algorithm and a computer program suitable for  the 

problem a t  hand. These programs are now working and have been checked 

for the four-degree-of-freedom model and are being used to obtain the 

response of the motorcycle to specified inputs. Efforts are a l so  being 

made to extend th i s  solution procedure t o  the eight-degree-of-freedom 

model. I t  i s  expected tha t  the resul ts  thus obtained, when compared 

with those reported herein, wil l  show the extent  to which the f i n i t e -  

contact length of the t i r e  influences i t s  dynamic behavior su f f i c ien t ly  

to  modify the response of the cycle. 

A second s tep  in increasing the accuracy of t i r e  force and moment 

prediction consists of modeling the f i n i t e  mass of the t i r e .  In th is  

manner, we propose to account for  t i r e  dynamics e f fec t s  [12], depen- 

dent upon temporal frequencies . I t  appears tha t  there are several 

facets  of th i s  problem which have to be addressed and resolved before 

t h i s  work can begin. 

A1 though i t  i s  be1 ieved that  the ei  ght-degree-of-freedom nndel of 

the motorcycle (developed to date)  i s  adequate for  purposes of studying 

the l a te ra l  s t a b i l i t y  of a constant-speed, uncontrolled motorcycle, 

there are questions which remain to be examined whose answers could 

explain various other aspects of motorcycle behavior. For example?, as 

was discussed e a r l i e r ,  worn t i r e s  are found to a1 t e r  the dynamic behavior 

and response of a motorcycle, presumably because of t he i r  nonuniform 

mechanical properties. I t  appears that  the influence of a compliant 

luggage ca r r i e r  i n  modifying the free and forced osci l la t ions  of the 

motorcycle should a lso  be investigated, especi a1 ly in view of comments 

from several motorcycle r iders t o  the e f fec t  t h a t  a motorcycle with 

heavily-loaded luggage ca r r i e r  tends to be less  s table  than the same 

machine without any extra load. 

These e f fo r t s  wi 11 , hopeful ly , provi de a be t t e r  understanding of 

the dynamics of the uncontrolled motorcycle, which understanding i s  

considered to be basic t o  the task of predicting the behavior of  the 

closed-loop, rider-motorcycle system. More importantly, i t  i s  be1 ieved 

tha t  s tudies of the influence of design variables, service factors,  and 



t i  re selection on e i ther  the open- or closed-loop behavior of a cycle 

should n o t  be ini t ia ted until one i s  certain that a l l  f irst-order 

effects have been isolated and accounted for. In th is  regard, i t  i s  

f e l t  that the response data collected to  date will serve as a weans 

of deciding fihen a l l  f irst-order effects are being properly taken into 

account . 
An assessment of the long-term research program i n  motorcycle 

dynamics outlined ear l ie r  by this Insti tute,  in  l i gh t  of the findings 

a n d  experience achieved to date, suggests that the continuing studlies 

(see above) should be completed prior to in i t ia t ing  research which would 

examine the behavior of the s i  ngle-track vehicle during accelerating/ 

decelerating conditions. I t  also appears that i t  would be prudent: t o  
delay studies of the closed-loop behavior (as originally proposed) until 

such time that i t  becomes possible t o  assess the findings generated in 

the project currently being performed for the U.S. National Highway 

Traffic Safety Admini stration. Clearly, the most pressing matter remains 

as the  development of a t i r e  force and moment dynamometer which will 

accurately measure the mechanical properties of motorcycle t i r e s .  
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APPENDIX A 

D E R I V A T I O N  OF EQUATIONS OF MOTION FOR THE MOTORCYCLE 



SYMBOL -- - DEFINI'TTON .- ---- 

Cycxf' Cyyf '  'ypf' Cxaf' 

'xYf' ' x p f '  C Z c x i '  Czy.fy 
C C C ' zpf3  yar '  y v r 3  ypr' Ti r e  s t i f f  nesses , defined where 

C C C C they occur xar'  xyr3 xpr' z a r3  
C 'zyr ' zpr 

e ,  ho, h S ,  H, h i ,  hc ,  

a f ,  e r ,  a s ,  L:, k c ,  L, Linear dimensions (see Figs. A.1, A.2, A.3) 

Front and rear t i r e  l a te ra l  forces 
due t o  sides1 i p  

Front and rear t i r e  l a te ra l  forces 
due t o  inclination 

F Y f Q 9  FYrP 
Front and rear t i r e  l a te ra l  forces 
due to  path curvature 

9 Accel era t i  on due t o  gravity 

I x t 9  I z t 9  Ixzt Moments and product of ine r t i a  of 
en t i r e  vehicle, including r i d e r ,  with 
respect t o  X Y Z  axes 

- - - 
I  ISX9 I s z y  SXZ 

Moments a n d  product of ine r t i a  o f  
f ron t  system with respect t o  X f Y f Z f  
axes 

Moments of ine r t i a  of f ront  wheel 
about i t s  two principal axes 

Moments of i ne r t i a  of rear  wheel a b o u t  
i t s  two principal axes 

Polar moments of ine r t i a  o f  f ron t  wheel, 
rear wheel , and engine, respectively 
Rolling s t i f fness  of rear frame about X axis 
as associated equivalent viscous damping, 
respectively 

Rolling s t i f fness  of front  frame about X" axis 
a n d  associate equivalent viscous damping, 
respectively, 

Yaw s t i f fness  of rear frame about Z axis  and 
the associated equivalent viscous damping, 
respectively. 

Yaw s t i f fness  of front  frame about Z" axis  and 
the associated equivalent viscous damping, 
respectively. 

Mass of rear  frame, including engine and r ide r  

Masses of front  wheel and of rea r  wheel, 
respectively. 

ms Mass of f ront  frame, excluding wheel 



SYMBOL - DEFINITION - 

Nxfu* M x r a  
Front and rear t i r e  overturning moments 
due t o  s idesl ip ,  respectively 

Front and rear t i r e  overturning moments 
due t o  inclination 

PZ , 1LT Front and rear t i r e  overturning rr~oments xfF xrp due t o  path curvature 

Front, and rear t i  re self  -a1 i gni ng moments 
due to sides1 ip ,  respectively 

Front and rear t i r e  self-aligning moments 
due t o  inclination 

Front and rear t i r e  sel f-a1 igning moments 
due to path curvature 

Front and rear wheel roll i ng  radii , 
respectively 

External moment about the steering axis 
applied t o  the front frame assemt~ly 

External roll moment applied t o  the rear 
frame asse~ibly 

f 
Front t i r e  vertical load 

U V W  
0 '  0 '  0 Velocityof point 0 (Fig. A.1) w i t h  

respect to X Y Z  axes 

Right-handed axis system fixed in vehicle 
rear frame.with origin a t  point 13, (See 
Figure A.1) 

Right-handed axis system fixed in vehicle 
front frame with origin a t  front frame 
center of mass (see Figure A . 1 )  

Constant such that Te au = angular momentum 
of engine about i ts s$i n axis 

Front and rear t i r e  s l i p  angles, 
respectively 

Steer angle of front frame 

Steer angle of front wheel with respect 
to the front frame 

Angular velocity of rear wheel about 
Y R  axis 
Angular velocity of front wheel a b o u t  
Y F  axis 
103 



SYPliBOL - DEFINITION -- 

Front and rear wheel i ncl inati  on angles , 
respectively 

6 Roll angle of rear frame 

Roll angles of front and rear wheels, 
respectively 

d~ Yaw (heading) angle of rear frame 

Yaw angle of rear wheel with respect 
t o  the rear frame 

0 Steering head angle f Fig. A.l) 

Front and rear t i r e  relaxation lengths, 
respectively, in sides1 ipping 

Front-and rear t i r e  relaxation lengths, 
respectively, in inclination 

Front a n d  rear t i r e  relaxation lengths, 
respectively, in path curvature 

B Cosine of a 

Y Sine of a 

A d o t  above a quantity denotes i t s  differentiation w i t h  respect to  t .  



Derivation of Equations 

The motorcycle i s  modeled as a system consisting of four lumped 

masses---(i) the rear frame which includes the rider and the engine 

and i s  capable of rolling (which i s  a rotation abou t  the X-axis in 

Fig. A,]) ,  yawing ( a  rotation about the Z axis in Fig. A * ] ) ,  and 

sideslipping ( a  la teral  displacement), (ii) the rear wheel which can 

roll  ( i . e . ,  rotate about X R  axis in Fig. A.2)  and yaw (which i s  a 
rotation about the ZR axis) with respect t o  the rear frame, ( i i i )  the 

front frame (excluding the front wheel) which can steer ( i . e . ,  rotate 

about the I" axis in Fig. A.3) with respect t o  the rear frame, a n d  

( i v )  the front wheel which can roll ( i  . e . ,  rotate a b o u t  the X F  axis 

in Fig. A .  3 )  and s teer  (a rotation a b o u t  the ZF axis) with respect to  

the front frame. The vehicle i s  assumed to travel a t  a constant, 

forward speed on a f l a t ,  level road surface. The aerodynamic drag 

forces are taken into account while calculating the total loads on 
the front a n d  the rear wheels, b u t  other aerodynamic effects are 

neglected. 

She following right-handed coordinate systems are defined- 

X*Yozo - space-fixed coordinate system (see Fia. A .  2 ) .  

X Y Z  - fixed in the rear frame, with origin a t  0 ,  a n d  

moving with the rear frame (see Figs. A.l and A . 2 ) .  

X"Y" " - fixed in t h e  front frame with origin a t  0, a n d  

moving with the front frame (see Fig. A . 3 ) .  

X F Y F Z F  - fixed in the front wheel with origin a t  the center 

of the wheel and  moving with the wheel (Figs. A.3) 

X R Y R Z R  - fixed in the rear wheel with origin a t  the center of 

the wheel a n d  rotating with the wheel (Fig. A . 2 )  

The equations of motion, derived by evaluating the kinetic and the 

potential energies and then using Lagrange's equations, are final1,y 

, q~ , and a ' coordinates. obtained in terms of y, +, +, 6, mr, + F  



a, 
L 
3 
0, 

'I- 
LL 







Jt  11 {- m, h, - ~ ~ l ~ - r n , i P h ,  -34 ) -m,/@h~-?1,)3 t {-m,h,-t J r y / ~ ,  

-1.1,-1 + r , ~ ~ - m ,  (ph ' - ; j t l ) -m i  ( P ~ , - Y ~ . ) s -  i f y / ~ C ~ * i o + +  

0 F I "  

/R, ) a"07ir - I,,, Y + IxT + -f- { p  jFl-mF ( Y C C - P ~ ~ .  
. C . b 

C ~ C -  ef-h:){ 6 F- t { I,.* + m l h ,  p f {  q7 t m, h, Y, y; t 



(A .  3) 





T i r e  Forces 

The equation o f  t h e  tire.'forces can  be written as follows. 

(i) Front  T i  re - 

( i i )  Rear Tire -- 




