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1 .0 INTRODUCTION 

This document constitutes the final report on a research 

study ent i t led  "Motorcycle Braking Performance" which has been 

conducted under Contract Number DOT-HS-5-01264 from the U .  S .  

Department of Transportation (National Highway Traffic Safety 

Administration). 

The purpose of th is  study has been t o  conduct and evaluate 

the exis t i  ng motorcycle brake systems standard, FMVSS 122, and 

t o  develop a revised method which resolves shortcomings in that  

standard. In formul ating HSRI ' s  approach toward th i s  project ,  a 

certain premise was adopted--llarnely, that  FMVSS 122 was funda- 

mentally inadequate in areas relating t o  the objective characteri- 

zation of motorcycle braking performance. In addition t o  
observations that  the standard was conceptually wanting, i t a1 so 

appeared that certain procedural requirements of 122 imposed a 

substantial level o f  hazard t o  the t e s t  r ider .  Accordingly, the 

project was designed from the outset t o  permit a large portion 

of the overall e f fo r t  t o  be devoted toward developing a revised 

t e s t  methodology. 

The braking performance of four motorcycles, per the pro- 

cedure of FMVSS 1 2 2 ,  was measured, f i r s t l y  as a means of evaluating 

the standard i t s e l f ,  and, secondly, t o  provide a s e t  of t e s t  data 

for  use in making judgments concerning t e s t  condition specifications 

I t  should be noted that  conceptual inadequacies of the type 

observed in th i s  standard do  n o t  actually require experimental t r i a l  

for  the i r  demonstration. Nevertheless, i t  was f e l t  that  certain 
portions of the industrial and governmental c m u n i  t i e s  would 

more readily receive the recommendations resulting from th i s  pro- 

jec t  i f  they were cast in the l ight  of relevant t e s t  experience. 

The primary considerati on requiring special treatment of  the 
two-wheeled motorcycle, of course, i s  i t s  independent actuation 



of f ront  and rear brake systems. By t h i s  fea ture ,  the typical 

motorcycle d i f fe r s  fundamentally from, say,  the motor car in the 

demands i t  places on a braking performance t e s t .  Accordingly, 

i t  was f e l t  tha t  the basic requirement for  an objective measure 

of motorcycle l imit  braking capabil i ty was that  a  means fo r  

d is t r ibut ing braking e f fo r t  be specif ied.  Thus, in the new t e s t  

concept t o  be presented, an objective format for  brake actuation 

i s  the primary feature .  

While the major resu l t  of th i s  study i s  the recommendation 

of a new format fo r  a motorcycle brake system standard, a  cer ta in  

qual i f i ca t ion  of th i s  recommendati on and of the project  e f fo r t  

leading t o  i t  i s  in order. This project has been structured t o  

apply the principals of c lass ica l  vehicle mechanics t o  the design 

of a measurement methodology. By the containment o f  scope within 

the boundaries of such an engineering disc ipl ine ,  the result ing 

t e s t  technique yields measurements of a form comparable t o  those 

produced in other federally-promulgated braking rules ,  b u t  does 

n o t  serve t o  characterize braking quality from a human factors 

point of view. Insofar as motorcycle braking involves r ider  con- 

t ro l  tasks which may be substant ia l ly  more demanding than i s  the 

case for  cars and trucks, we might hypothesize tha t  the match 

between operator sk i l l  and vehicle properties i s  o f  greater  

relevance t o  safety in the case of the motorcycle. Accordingly, 

while the following report documents a t e s t  method which appears 

t o  o f fe r  a substantial  improvement over the exist ing brake 

standard, i t  should be recognized t h a t  the result ing measurements 

very l ikely  do not provide a comprehensive assessment of the 

safety qual i  ty of a motorcycle' s  bra ki ng performance. 

The technical discussion in t h i s  report i s  contained within 

three major sections,  v iz . :  

Section 2 - Application of the exist ing MUSS 1 2 2  t e s t  

program to  four motorcycles 



Section 3 - Development of  a unified t e s t  method 

involving a to ta l ly  new technique fo r  

motorcycle braki ng performance 

measurement. 

Section 4 - Recommendation for  a new federal braking 

standard for motorcycles in which the 

framework for applying the uni f ie$ method 

t o  a new standard i s  developed an& discussed. 

The technical discussion i s  supported by a s e t  of a~pendices  

presenting: motorcycle t e s t  data (Appendices A and B )  ; the 

detailed design of t e s t  apparatus supporting the unified t e s t  

method (Appendix C )  ; informati on supporting projects ons of future 

brak ing  sys tems (Appendix D) ; certain analyses supporting the 

unified t e s t  method (Appendix E )  ; and, f ina l ly ,  d a t a  describing 

the tract ion behavior of motorcycle t i r e s  as suppor%s considera- 

tions of motorcycle braking in a turn (Appendix F ) .  



BLANK 



2.0 CONDUCT O F  THE FMVSS 1 2 2  TEST PROGRAF1 

The FMVSS 122 t e s t s  were conducted a t  the Bendix Autonlotive 

Proving Grounds ( B A P G )  near New Car l i s l e ,  Indiana, on a sample 

of four t e s t  motorcycles. The tes t ing  was supervised and con- 

ducted by the BAPG s t a f f ,  u t i l i z ing  the services o f  a  professional 

r ide r .  In an attempt to  ident i fy  qual i ta t ive  i n f l u ~ n c e s  of r ide r  

ski1 1 on minimum stopping distance performance, a sfhort se r i e s  

of r ide r  ski 11 sens i  t i  vi ty t e s t s  were a1 so conductej employing 

two additional r iders  representing d i f fer ing  l eve l s  of riding 

experience. 

2.1 Selection of the Test Motorcycle Sample 

As a s t a r t ing  point in the se lec t ion  process, ia survey was 

conducted on over 95'; of the motorcycle market t o  ob ta in  infor-  

mation a n d  specif icat ions re la t ing  to  such general i tems as 

motorcycle s i z e ,  usage, brake system, t i r e s ,  and mwket repre- 

sentat iveness.  Each of these items was considered 5n the 

select ion of a  four-vehicle sample. 

The f ina l  select ion process was influenced by Zhe following 

three principal variables:  ( 1 )  approximate s i ze  ( ind ica ted  by 

engine displacement a n d  vehicle weight),  ( 2 )  brake sys tem con- 

f igurat ion (drum front  and r e a r ,  d isc  front-drum r e a r ,  disc f ron t  

and  r e a r ) ,  and  ( 3 )  usage ( s t r e e t ,  t r a i l ,  s t r e e t  ancf t r a i l ) .  

Although the select ion process did account fo r  the additional 

fac tors  such as market representativeness, stoppimg distance 

performance, and t i r e  cha rac te r i s t i c s ,  these l a t t e r  i tems served 

as secondary vari ables. 

Table 1 shows the selected sample ranging i n  s i z e  from the 

smallest bike, a  Suzuki 125cc, to  the l a rges t ,  a Harley-Davidson 

1200cc machine. Specifications re1 a t  ing t o  s ize ,  brake systems, 

and t i r e s  a re  shown for  each bike. 



Table 1. Specification f o r  Test Vehicle Sample 

H a r l e v  Davidson  

V e h i c l e  Weight  w i t h  F u l l  
Gas T a n k ,  l b s .  1 580 

h 'heelbase,  i n c h e s  1 6 2 . 7  

Engine D i s p l . ,  cc 1 1200  

Engine Type 1 4 s t r o k e ,  2 c y l i n d e r s  

Honda CB 400F 

405  

5 3 . 3  

4 0 8  

4 s t r o k e ,  4  c y l i n d e r s  

Brake Sys tem C o n f i g .  

T o t a l  L i n i n g  A r e a - F r o n t  

T o t a l  R o t o r  Swept 
A r e a -  F r o n t  

T o t a l  L i n i n g  A r e a - R e a r  
cn 

T o t a l  Rotor  Swept 
A r e a - R e a r  

R a t i o  o f  T o t a l  (F .&R.)  
L i n i n g  Area t o  ( V e h i c l e  
w e i g h t  + 1 5 0 - l b  r i d e r )  

Xatio o f  T o t a l  R o t o r  Swept 
Area  t p  ( V e h i c l e  w e i g h t  
+ 1 5 0 - l b  r i d e r )  

H y d r a u l i  c  D i s c  
F r o n t  & R e a r  

l l y d r a u l i c  D i s c - F r o n t  
PZech . 1)rurn-Rear 

F r o n t  T i r e  S i z e  

Rear T i r e  S i z e  

F r o n t  R e s e r v e ,  NR1 

Rear  R e s e r v e ,  
~ 2  

T i r e  T r e a d  Type 

MM90x19 ( i n f l .  1 8  p s i )  

5 . 1 0 ~ 1 6  ( i n f l .  24 p s i )  

. 7 3  

3 .26  

S t r e e t  T r e a d  

3 . 0 0 ~ 1 8  ( i n f l .  26 p s i )  

3 . 5 0 ~ 1 8  ( i n f l .  2 8  p s i )  

1 . U 6  

3 . 0 9  

S t r e e t  T r e a d  

Kawasaki F9C 

2 s t r o k e ,  1 c y l i n d e r  

Mech. Drum F r o n t  
t; Rear  

21 - 2  i n '  

3 . 0 0 ~ 2 1  ( i n f l .  24 p s i  

4 . 0 0 ~ 1 8  ( i n f l .  31  p s i  

" U n i v e r s a l  T r i a l s "  
T r c a d  

S u z u k i  TS-125 
T e n t a t i v e  S e l e c t i o n )  

2 s t r o k e ,  1 c y l i n d e r  

?fech. Drum F r o n t  
& Rear  

2 . 7 5 ~ 1 9  ( i n f l .  20 p s i )  

3 . 2 5 ~ 1 8  ( i n f l .  2 8  p s i )  

" U n i v e r s a l  T r e a d  T r i a l s "  



As p a r t  o f  t h e  t o t a l  survey  o f  a l l  m o t o r c y c l e s ,  t h e r e  arose 

t h e  q u e s t i o n  o f  whether th ree-whee led m o t o r c y c l e s  s h o u l d  be surveyed.  

I n  o r d e r  t o  examine t h e  a d v i s a b i l i t y  o f  i n c l u d i n g ,  as p a r t  o f  t h e  

t e s t  sample, a  th ree-whee led m o t o r c y c l e ,  a  sepa ra te  survey  o f  

t hese  v e h i c l e s  was conducted.  The survey  o f  th ree-whee led mo to r -  

c y c l e s  (summarized i n  Tab le  2 )  was s i m i l a r  i n  n a t u r e  t o  t h e  su rvey  

o f  two-wheeled mo to rcyc les  and p r o v i d e d  two i m p o r t a n t  f a c t s :  

1 )  t h e r e  i s  n o t h i n g  i n h e r e n t  t o  t h e  b r a k i n g  systems 

o f  th ree-whee led m o t o r c y c l  es wh ich  s e t s  them a p a r t  

f r om two-wheeled m o t o r c y c l e s  as rega rds  s t r a i g h t -  

1  i n e  b r a  k i n g  dynamics , and 

2 )  a1 1  v a r i e t i e s  o f  th ree-whee l  ed m o t o r c y c l e s  ( s t r e e t  

and o f f - t h e - r o a d )  c o n s t i t u t e  l e s s  t h a n  1% o f  t h e  

t o t a l  volume o f  m o t o r c y c l e  s a l e s .  

A c c o r d i n g l y ,  i t  was determined t h a t  t h e  goa ls  o f  t h e  s tudy  

would be more a p p r o p r i a t e l y  se rved  by r e s t r i c t i n g  t h e  v e h i c l e  

sample t o  two-wheel ed mo to rcyc l  es . 

2 .2  I n s t r u m e n t a t i o n  

A s p e c i a l  i n s t r u m e n t a t i o n  package was p repa red  by BAPG f o r  

t h e  measurement o f  t h e  f o l l o w i n g  v a r i a b l e s :  v e l o c i t y  ( i n c l u d i n g  

t h e  s t o r e d  d i s p l a y  o f  t h e  i n i t i a l  v e l o c i t y  o c c u r r i n g  c o i n c i d e n t  

w i t h  t h e  brake a p p l i c a t i o n s  a t  t h e  s t a r t  o f  a  s t o p p i n g  t e s t ) ;  

s t o p p i n g  d i s t a n c e  ( o b t a i n e d  th rough  t h e  use o f  a  c h a l  k-gun d e v i c e ) ;  

f r o n t  and r e a r  b rake  1  i n i n g  tempera tures  ( u s i n g  p l  ug- type thermo- 

coup les  and a  c a l i b r a t e d  d i g i t a l  d i s p l a y  r e a d o u t )  ; hand-1 e v e r  

f o r c e  and peda l  f o rce  ( t ransduced  by way o f  s t ra in -gauged  hand 

l e v e r s  o r  packaged pedal  f o r c e  c e l l s ,  o r ,  i n  t h e  case o f  h y d r a u l i c  

f r o n t  brakes,  a  c a l i b r a t e d  p ressu re  t r a n s d u c e r )  ; l o n g i t u d i n a l  

a c c e l e r a t i o n  ( u s i n g  a  U-tube monometer d i s p l a y ) .  





In addition t o  these d i rec t  measurement c apab i l i t i e s ,  

electronic c i r cu i t s  were bu i l t  for  the purpose of storing the 

value of i n i t i a l  velocity which obtained a t  the time of brake 

applicat ion,  the peak values of hand lever and foot  pedal forces 

obtained during the braking in te rva l ,  and to ta l  time of the s top.  

2.3 FMVSS 122 Test Procedure 

The FMVSS 122 t e s t  procedure bears a strong resemblance t o  

i t s  counterpart fo r  passenger c a r s ,  FMVSS 105. The procedure i s  

characterized by the following elements : 

-*re- burni s h effectiveness 

--burnish procedure 

--second. effectiveness 

-final effectiveness 

- -wet  brake recovery 

Table 3 i s  a summary of the t e s t s  performed in t h i s  study. 

Tests No. 1-14 (as  l i s t ed  in the t ab le )  const i tu te  the formal 

sequence of FMVSS 1 2 2  t e s t s ,  while Test No. 15 pertains t o  the 

aforementioned r ider  ski1 1 sens i t iv i ty  t e s t s .  The section numbers 

of the formal 122 t e s t  procedure appear in Column 2 of the t ab le ,  

followed by the descript ive t i t l e  of each par t icular  t e s t ,  the 

number of stops required, the i n i t i a l  velocity of each s top,  and 

the specified braking level .  All t e s t s  required by the 1 2 2  

procedure, except for  the burnish sequence, were conducted by a 
professional r ider .  

The r ide r  s k i l l  s en s i t i v i t y  t e s t s  (Number 15 in the t e s t  

schedule) were conducted a t  the end of the FMVSS 1 2 2  t e s t s ,  

u t i l i z ing  two additional r i de r s ,  selected on the basis of t he i r  





r e s p e c t i v e  amounts o f  r i d i n g  expe r ience .  Minimurn s t o p p i n q  d i s t a n c e  

d a t a  o b t a i n e d  w i t h  t hese  two r i d e r s ,  t o g e t h e r  w i t h  t h e  f i n a l  

e f f e c t i v e n e s s  s t o p p i n g  d i s t a n c e s  o b t a i n e d  i n  t h e  122 t e s t s  by t h e  

p r o f e s s i o n a l  r i d e r ,  c o n s t i t u t e d  t h e  b a s i s  f o r  assess ing  t h e  

i n f l u e n c e  o f  r i d e r  s k i l l  on t h e  outcome o f  t h e  t e s t .  

2.4 FMVSS 122 Tes t  R e s u l t s  

I n  t h e  f o l  l o w i n g  s u b s e c t i o n ,  gene ra l  i z e d  conc l  us ions  a r e  drawn 

f r o m  t h e  d a t a  o b t a i n e d  i n  t h e  f o r m a l  sequence o f  FMVSS 122 t e s t s .  

The d a t a  s u p p o r t i v e  o f  t h i s  d i s c u s s i o n  i s  c o n t a i n e d  i n  Appendix A.1. 

Conc lus ions  wh ich  a re  d e r i v e d  f r o m  t h e s e  t e s t  r e s u l t s  shou ld  be 

seen as t e n t a t i v e  i n s o f a r  as t h e  v e h i c l e  sample c o n t a i n e d  o n l y  

f o u r  m o t o r c y c l e s .  

2.4.1 Ease o f  Compliance. The most  v i s i b l e  r e s u l t  o f  a l l  

t h e  122 t e s t s  was t h e  s u b s t a n t i a l  m a r g i n  o f  compl iance i n d i c a t e d  

i n  most  per formance c a t e g o r i e s  w i t h  each b i k e  when o p e r a t e d  by t h e  

p r o f e s s i o n a l  r i d e r .  I n  s tops  f rom 60 mph, f o r  example, t y p i c a l  

s t o p p i n g  d i s t a n c e  performances f e l l  i n  t h e  range o f  150-170 f e e t ,  

compared t o  1 2 2 ' s  p r e -  and p o s t - b u r n i s h  e f f e c t i v e n e s s  requ i remen ts  

o f  216 and 185 f e e t ,  r e s p e c t i v e l y .  

The o n l y  s i g n i f i c a n t  c h a l l e n g e  t o  t h e  p r o f e s s i o n a l  r i d e r ' s  

s k i  11 s, as p resen ted  by t h e  122 s t o p p i n g  d i s t a n c e  requ i remen ts ,  

o c c u r r e d  i n  c e r t a i n  o f  t h e  30-mph s t o p s .  Reasons f o r  t h e  g r e a t e r  

c h a l l e n g e  a t  30 mph t h a n  a t  h i g h e r  speeds a r e  t h a t  ( a )  t h e  t i m e  

i n t e r v a l  needed t o  ach ieve  a  s teady d e c e l e r a t i o n  c o n d i t i o n  r e p r e -  

sen ts  a  g r e a t e r  percentage o f  t h e  t o t a l  s t o p p i n g  t i m e  and thus  

r e q u i r e s  a h i g h e r  s u s t a i n e d  a c c e l e r a t i o n  a t  l o w e r  speeds (hence,  

any h e s i t a n c e  i n  t h e  r i d e r ' s  b rake  a p p l i c a t i o n  t r a n s i e n t  i s  more 

c r i t i c a l  i n  t h e  l o w e r  speed s t o p s )  and ( b )  t h e  30-mph s t o p p i n g  

d i s t a n c e  requ i remen t  o f  FMVSS 122 imp1 i e s  a  nominal  d e c e l e r a t i o n  

l e v e l  wh ich  i s  7 %  g r e a t e r  t h a n  t h a t  r e q u i r e d  a t  60 mph. 



While i t  i s  noted t h a t  the professional r ider  fa i led  the 

second effectiveness t e s t s  a t  30 mph on b o t h  the Honda and 

Kawasaki motorcycles, b o t h  the pre-burnish and final  effective- 

ness t e s t s  were passed eas i ly  on b o t h  these bikes. As shown i n  

Figures 1 a n d  2 ,  data from the s ix  "repeat" runs on both of these 

motorcycles indicate that  the 122  requirement was missed by only 

a few fee t  in a t  l eas t  one stop on each machine. The data further 

reveal the extent of repeatabil i ty in the stopping distance resu l t  

as i t  derives, in par t ,  from the repeatabil i ty of the r i d e r ' s  

actuator force inputs. 

In the case of the Honda (Fig.  I ) ,  the non-compliance in 

second effectiveness t e s t s  appears t o  be explained by the fac t  that  

the r ider  applied considerably less  front  braking ( a s  indicated by 

front  actuator forces) during the second effectiveness attempts 

t h a n  during the pre-burnish and final  effectiveness t e s t s .  The 

reason for  the lower performance, shown in Figure 2 ,  during the 

Kawasaki second effectiveness t e s t s  i s  n o t  as c lear ,  however, 

since the lower brake actuator force levels were indicated during 

the pre-burnish a n d  final effectiveness t e s t s .  A general loss of 

brake effectiveness with the Kawasaki does not appear t o  explain 

the non-compliant second effectiveness stops from 30 mph since the 

higher speed and single-wheel second effectiveness t e s t s  a l l  

approximated the pre- burni sh and f inal  effectiveness resul ts  . The 

most l ikely explanation i s  simply t ha t  of variable r ide r  perfor- 

mance-apparently as regards the delay in brake actuation prior  to  

achieving the necessary deceleration condition. 

2.4.2 Hazards of High Speed Stops. The 122 procedure, as 

indicated earl i e r ,  requires t h a t  the second and f inal  effective- 

ness t e s t s  be conducted a t  elevated speeds, including a maximum 

speed jus t  below that  at tainable in a one mile distance from a 

standing s t a r t .  A1  though a1 1 high-speed t e s t s  conducted in t h i s  

study yielded stopping distances which complied w i t h  the standard, 

the element of hazard to the t e s t  r ide r  was quite apparent. I n  







tes t ing of the Harley-Davidson vehicle from an i n i t i a l  speed of 

105 mph, the professional r i de r  did cause a front-wheel lockup 

upon f i r s t  application of the brakes. Fortunately, he quickly 

recovered control , a1 though th i s  condition would normally have 

resulted in a s p i l l  with r iders  of l e s s e r  s k i l l .  

A considerable amount of informal testimony from industry 

sources indicates that  the above-cited experience i s  n o t  uncommon 

a n d  occasi onal ly resu l t s  in a serious i njury-producing accident. 

Accordingly, i t  would seem t h a t  the unique nature of the two- 
wheeled motorcycle, especial ly as regards the hazards imposed by 

wheel lockup a t  high speeds, c a l l s  f o r  a review of the need fo r  

performance requirements a t  such highway-i 11 egal speeds. 

2.4.3 Influence of Burnish and "Fadeu-Type Work Inputs. A 

major observation of the 122 t e s t ing  was a general insens i t iv i ty  

of brake torque effectiveness t o  the work history provided by the 

burnish procedure a n d  t o  the thermal loading incurred during the 

fade and recovery t e s t s .  Inspection of brake 1 inings following 

burnishing, fo r  example, indicated only a l i g h t  degree of "seat ins"  

of the wearing surfaces.  More s ign i f i can t ly ,  though, comparison 

of most s i  ngle-wheel pre- and post-burni sh effectiveness data shows 

more variat ion among the t e s t  repeats than between the  pre- and 

post-burnish averages of these repeats. A1 though i t  i s  d i f f i c u l t  

from the data t o  determine whatever small changes in  effectiveness 

as may have accompanied burnishing, i t  i s  c l e a r  tha t  s ign i f i can t  

changes did not occur. 

With regard t o  the fade/recovery t e s t s ,  no brake demonstrated 

a s ign i f i can t  s ens i t i v i t y  t o  the imposed thermal loading. Even 

though temperatures exceeded 300°F on some brakes, the actuator 

force 1 evels remained re1 a t ively  unchanged from baseline t o  the 

subsequent recovery t e s t s .  



2.4.4 Response t o  t h e  Wet Brake Recovery - Procedure.  The 

immers ion- type w e t t i n g  procedure  o f  FMVSS 122 was found t o  s e v e r e l y  

reduce t h e  t o r q u e  e f f e c t i v e n e s s  o f  drum-type b rakes .  The 

s e n s i t i v i t y  o f  t o rque  e f f e c t i v e n e s s  t o  t h e  w a t e r  immersion p r o -  

cedure  i s  assessed th rough  compar ison o f  r e q u i r e d  a c t u a t o r  f o r c e s  

b e f o r e  and a f t e r  t h e  wa te r  immersion.  A l l  drum b rakes ,  as measured 

by t h e  r e c o v e r y  t e s t  sequence, s u f f e r e d  a  r e s i d u a l  l o s s  o f  e f f e c -  

t i v e n e s s  f o l  l o w i  ng t h e  wa te r  immersion.  The degree o f  r e s i d u a l  

e f f e c t i v e n e s s  change was s i g n i f i c a n t  f o r  each brake,  b u t  p a r t i  - 
c u l a r l y  so i n  t h e  case o f  t h e  Suzuki  f r o n t  b rake ,  as shown i n  

F i g u r e  3, r e s u l t i n g  i n  f a i l u r e  f o r  t h i s  b i k e  t o  comply w i t h  t h e  

r a t h e r  generous range o f  acceptance a l l o w e d  by t h e  122 s tandard .  

The apparen t  e x p l a n a t i o n  f o r  t h e  i n d i c a t e d  l o s s  i n  b rake  g a i n  i s  

t h a t  t h e  immersion c o n d i t i o n  p r o v i d e s  a  h y d r o s t a t i c  p r e s s u r e  

mechanism f o r  f o r c i n g  w a t e r  p a s t  t h e  drum b rake  assembly 's  d u s t  

s e a l .  Upon removal o f  t h e  v e h i c l e  f rom t h e  immersion tank ,  a  p r o -  

l onged  d ra inage  p e r i o d  i s  needed. Given t h i s  o b s e r v a t i o n ,  i t  m i g h t  

be argued t h a t  t h e  p o s i t i v e  p ressu re  c o n d i t i o n  i s  u n r e a l i s t i c  f o r  

h ighway- type r i d i n g  and thus  c o n s t i t u t e s  an a r t i f i c i a l  assessment 

o f  wet -weather  b r a  k i  ng qua1 i t y  . 

D i s c  brakes were a l s o  found t o  be a f f e c t e d  by  t h e  w a t e r  

i m e r s i o n  t e s t ,  b u t  l e s s  so i n  degree and o n l y  t e m p o r a r i l y .  Loss 

o f  e f f e c t i v e n e s s  was no ted  f o r  each o f  t h e  d i s c - b r a k e d  m o t o r c y c l e s  

d u r i n g  t h e  f i r s t  one o r  two o f  t h e  r e c o v e r y  s tops .  However, 

f o l l o w i n g  these  i n i t i a l  s tops ,  t h e  per formance o f  each o f  t hese  

v e h i c l e s  r e t u r n e d  t o  an e f f e c t i v e n e s s  1  eve1 c o n s i s t e n t  w i t h  t h e  

pre- immers ion base1 i n e  r e s u l t s .  

2.4.5 M i s c e l l  aneous Observa t i ons .  The f o l l o w i n g  o b s e r v a t i o n s  

a r e  regarded as secondary i n  impor tance b u t  n e v e r t h e l e s s  n o t e -  

wor thy  w i t h  r e g a r d  t o  FMVSS 1 2 2 - r e l a t e d  concerns.  

1 )  The 5 5 - l b  1  i m i  t on f r o n t  a c t u a t o r  f o r c e  was approached 

o r  exceeded on a1 1 t e s t  m o t o r c y c l  es . Contemporary 

m o t o r c y c l e s  thus  seem t o  r e q u i r e  v i r t u a l l y  a l l  o f  t h a t  

a l l owance  t o  s a t i s f y  t h e  s t o p p i n g  d i s t a n c e  requ i rements .  



t - - -  " '  . . .  , -  . . . .  
. . . . . . . . . . .  

- -- 
. . .  i 

. v, 
C, j 
a 
a , . 1 
cl 1 

.A*. -.- ! - - - . . I - .  . . . . . . .  . . . . .  
----. .. -. . .  ........... .... .... . . .  

J 
--- - -. -. ..... - . - ......... - . ..... ....... . . 

. . . .  ... . .  -.-- .. - -- -- . , I . .  
I 

I 
T - "  2 . . - 1  - -- - _1 

- - - - - - I  
& 

. - . . . . .  . . . . .  - - - .+ . -- . . . 1) ..-.- k 
1 - L - ;-- - I .-,- I:.. a6ued a,uejda,,y q u o ~ j  . - -- -1- - . - - -. - - . , . . 
4 . / t ' ' . - - -  + - .- . . - -  

. . . . .  .... L ... , .---.-.. ;... . . ----.. / ------ 1. . - - :  .. 1 . - .-*-?-.; - a 
L L - c f  - - . I  

. . .  . -1 
. .. .... .- - . . - - 

. . . . .  + ---- I 
- . .+ . . , 

. .  -.A- I .......... i ---, 
. 1 ....... _ ,  

. .... -+ - -.- - - a6ued a3ue3damy Jeaa  ., . 

-.L .....- -I--. . - - - -- - . 1 

- -- .- I ...... ...... . . . . . .  , 

----- 
-up 

. . . . .  

' s q l  ' a  o j  ~ o j e n j q  13 

. . . . . . . . . .  . . . . . . . . .  1 
. . . . . .  L ... -..- 
~ " ' , . . . . . .  , . 

-- 
, . . .  - - .  
I . . . .  . - 4  ----. . 

. . .  . . . .  -! 
. . . . . . . . . . . . .  

# - 1 
3 .  . . . . . . . . .  , . .-- - 

. 
..... . . . . . . . . . . . . . . .  - 

. -- 
. . . . . . . . . . . . . .  

--. 
. . . . . . .  ... I : 

. . . . . .  i . .  

I 

- . . - - -  
---. -- !.rzr:'-.. --- .-- .  

*. / .. . . .  - I 

_ . . . . . . . . - .  
I .-.* . .  ' -. ........ 

. . . . . . . . . .  1 . . . . .  
... .I.-. 

. . - . I . - .  . . .  
. .- .. , - ----- 

, . . . . . .  
. . . . . .  4 . - -  

. . . . . . . . .  

...... -. , - 
: 

. . . . . . . .  - .  
, . . . . . . .  . . . . . .  
I 

, . . . . . .  
......+.. 

. 1 . . . . . . . .  
. . . . . . .  i -.--.. 

I ..... , . . . . . . . . . . . .  
. . . . . . . . . .  .i. . 

I , . . . . . . . .  . . . .  
. . . . . . . . . . . . . . . . . . . . . . . . .  

.--.. . .  I . .  I.. . . . . . .  i 
..- -. , . .. . .  ... .... 1 . . .  + ..... I - . : .  . i . .  . -  

..-- 
. . . .  I . - .  



2 )  The 90-lb actuator f o o t  pedal force 1 imit was never 

exceeded or even approached during any of the fu l l  

system t e s t s .  Indeed, the highest ~iieasured value of 

foot pedal force was 58 1 bs. Our observation i s ,  

however, that  the 90-lb l imi t  i t s e l f  may be questionable 

as an ergonomic m i n i m u ~ o t  because the typical r ider 

may be incapable of achieving i t ,  b u t  ra ther  because 

of the gross motion of the r i d e r ' s  torso needed to  

generate such a  force l eve l .  I t  would appear t ha t  

such motions are  probably in conf l i c t  with the already 

complex control tasks involved in l imi t  braking of 

motorcycles. 

3)  Aside from a  few cases,  actuator forces applied by the 

professional r ide r  displayed a  high degree of repeat- 

ab i l i t y  during the f inal  effectiveness t e s t s .  

4 )  The average levels  of front-brake actuator force for  

the 60-mph stops were 10-15% below the levels  applied 

a t  30 m p h .  A possible explanation could l i e  in the 

r i d e r ' s  natural aversion t o  overbraki ng the f ront  wheel 

a t  elevated speeds. 

5 )  The stopping distances obtained during t e s t  repeats on 
each bike varied l ess  than 1 5 %  from the i r  respective 

averages. 

2 . 5  Rider Skil l  Sensi t iv i ty  Test Results 

The d a t a  from the r ide r  s k i l l  s en s i t i v i t y  t e s t s  i s  contained 

in Appendix A . 2 .  These t e s t s  involved conduct of the minimum 

stopping distance procedure by three r iders  of s k i l l  levels  c l a s s i -  

f ied as ( 1 )  professional, ( 2 )  s k i l l ed ,  and ( 3 )  novice. Each of 

these c lass i f i ca t ions  are  re f l ec t ive  of an assumed level of riding 

ski 11 deriving from riding experience. Resumes sumnarizing the 

riding experiences of each r ide r  are  included a t  the end of 

Appendix A.2 .  



General o b s e r v a t i o n s  o f  t h e  r i d e r  s k i l l  t e s t  r e s u l t s  f o l l o w .  

1 )  A most s i g n i f i c a n t  f i n d i n g  o f  t h e  r i d e r  s k i l l  t e s t s  

d e r i v e s  f rom t h e  d i f f e r e n t  r i d e r s '  a b i l i t i e s  t o  ach ieve  

performances which  comply w i t h  FMVSS 122. I t  was seen 

t h a t :  

a )  t h e  p r o f e s s i o n a l  r i d e r  passed a l l  s t o p p i n g  

d i s t a n c e  requ i remen ts  

b )  t h e  s k i l l e d  r i d e r  passed abou t  h a l f  o f  t h e  

s t o p p i n g  d i s t a n c e  requ i remen ts - fa i l  i n  t h e  

Honda/30 mph, Kawasaki160 mph, and Suzuki  

t e s t s  a t  b o t h  i n i t i a l  speeds 

c )  t h e  n o v i c e  r i d e r  passed a l l  s t o p p i n g  d i s t a n c e  

requ i remen ts  b u t  t h e  Honda/60 mph t e s t .  

2 )  The p r o f e s s i o n a l  r i d e r  made g r e a t e s t  use o f  t h e  f r o n t  

b rake,  w h i l e  t h e  s k i l l e d  and n o v i c e  r i d e r s ,  a p p a r e n t l y  

f o r  l a c k  of con f idence  i n  c o n t r o l  1  i n g  f ron t -whee l  

b r a k i n g ,  made g r e a t e r  use o f  t h e  r e a r  brake.  One 

m i g h t  conc lude f r o m  t h e  s u p e r i o r  o v e r a l l  per formance 

o f  t h e  p r o f e s s i o n a l  r i d e r  t h a t  a  t e s t  r i d e r ' s  s k i l l  

i n  conduc t ing  122- type e f f e c t i  veness t e s t s  depends 

upon t h e  degree and c o n s i s t e n c y  o f  usage o f  t h e  f r o n t  

b rake.  

3 )  The margf n  o f  s u p e r i o r i t y  o f  t h e  p r o f e s s i o n a l  r i d e r  

o v e r  t h e  s k i 1  l e d  and n o v i c e  r i d e r s ,  p a r t i c u l a r l y  

demonstrated i n  s t o p p i n g  d i s t a n c e  c a p a b i l  i ty, i n c r e a s e d  

a t  h i g h e r  t e s t  speeds. 

4 )  The r e p e a t a b i l i t y  i n  s t o p p i n g  d i s t a n c e  and b rake  

a c t u a t o r  f o r c e s  a t t a  i ned by t h e  p r o f e s s i o n a l  r i d e r  

f a r  exceeded t h a t  o f  t h e  s k i l l e d  and n o v i c e  r i d e r s .  

5 )  Wh i le  t h e  n o v i c e  r i d e r  o c c a s i o n a l l y  equa led o r  exceeded 

t h e  p r o f e s s i o n a l  r i d e r ' s  b e s t  performance, he a1 so 

d i s p l a y e d  t h e  g r e a t e s t  v a r i a t i o n  i n  performance.  



6 )  The skil led rider displayed generally poorer b u t  

more cons i s  tent stopping distance performance than 

the novice r ider .  



3.0 A N E W  METHODOLOGY FOR MEASURING MOTORCYCLE B R A K I N G  P E R F O R M A N C E  

In th i s  section,  the developed t e s t  method i s  presented. This 

presentation i s  i n i t i a t ed ,  in Section 3 .1 ,  with a generalized 

discussion of the features needed in a t e s t  methodology su i t ab le  

fo r  measuring motorcycle braking performance. In Section 3.2 

the conceptual basis for  the method developed in t h i s  study i s  

a r t i cu la ted ,  describing the various features of the technique and 

formulating the kinematic relat ionships which establish the rules 

for  specifying control input conditions and fo r  interpret ing vehicle 

braking reactions. Next, the concept i s  formalized, in Section 3 .3 ,  

as a step-by-step t e s t  procedure, incorporating the above-descri bed 

theoretical  basis within a practical sequence of t e s t s .  The 

ra t ionale  behind various de ta i l s  of the t e s t  procedure i s  presented 

in Section 3.4. Section 3 .5  presents the findings obtained in the 

program f i na l l y  conducted as a fu l l - sca le  demonstration of the 

newly-developed t e s t  procedure. 

General Features of a Suitable Method 

The su i t ab i l i t y  o f  any braking measurement method can be 

decided ultimately on the question o f  whether i t  actually achieves 

a s e t  of characterizations which are relevant t o  a s e t  of vehicle 

braking performance qual i  t i e s  which have been defined. Beyond the 

characterizat ions,  themselves, a measurement method can fur ther  be 

evaluated on the basis of i t s  procedural v i r tues ,  namely, accuracy, 

repeatabi l i ty ,  p rac t i ca l i ty ,  t e s t  sa fe ty ,  and the 1 i  ke. The 

scenario of federal rulemaking also requi res t h a t  measurements be 

obtained by way of an objective format. 

With regard t o  the motorcycle, i t  would appear that  the 

braking performance qual i  t i  es relevant to highway accident avoidance 

include the following: 



1.  T o t a l  v e h i c l e  d e c e l e r a t i o n  c a p a b i l i t y  wh ich  perri l i  t s  

a  u t i l i z a t i o n  o f  t h e  a v a i l a b l e  paveinent f r i c t i o n  

p o t e n t i a l  t o  a  degree wh ich  i s  comparable t o  t h a t  

ach ieved by o t h e r  v e h i c l e s  i n  t h e  highway system. 

2 .  An adequate r e t e n t i o n  o f  t h e  v e h i c l e ' s  b a s i c  

d e c e l e r a t i o n  capabi  1 i t i e s  under  c o n d i t i o n s  o f :  

a )  severe  thermal  l o a d i  ng 

b )  exposure t o  r a i n  and t r a f f i  c -gene ra ted  

wa te r  sp ray .  

3 .  An a p p r o p r i a t e  match between t h e  a b i l i t y  o f  r e p r e -  

s e n t a t i v e  r i d e r s  t o  m a n i p u l a t e  b r a k i n g  c o n t r o l  

e lements and t h e  requ i remen ts  wh ich  t h e  v e h i c l e  

imposes f o r  b r a k i n g  e f f o r t  m o d u l a t i o n .  

I n  examining t h e  above performance q u a l i t i e s  we observe t h a t  

t h e  m o t o r c y c l e  w i t h  independent  f r o n t  and r e a r  b r a k i n g  c o n t r o l s  

r e p r e s e n t s  a  un ique  case among highway v e h i c l e s .  Thus, i t  wcu ld  

appear t h a t  an o b j e c t i v e  c h a r a c t e r i z a t i o n  o f  t h e  above qua1 i t i e s  

r e q u i r e s  t h a t  t h e  uniqueness o f  t h e  t y p i c a l  m o t o r c y c l e  be s p e c i -  

f i c a l l y  addressed. I f  o b j e c t i v i t y  i s  t o  be assured,  t h e  t e s t  r i d e r  

must be c o n s t r a i n e d  i n  h i s  d i s t r i b u t i o n  o f  f r o n t  and r e a r  b r a k -  

i n g  e f f o r t s .  I f  t e s t  s a f e t y  i s  t o  be assured,  t he  consequences o f  

f r o n t  wheel l ockup  must be r e a l i z e d ,  and a  method mus t  be employed 

wh ich  p e r m i t s  assessment o f  f r o n t - w h e e l  b r a k i n g  l i m i t s  w i t h c u t  

haza rd ing  a  s p i l l .  To t h e  e x t e n t  t h a t  a  m o t o r c y c l e ' s  b rakes  must  

themselves be e x e r c i s e d  t o  ach ieve  a  d e s i r e d  t e s t  c o n d i t i o n ,  such 

as th rough  a  " b u r n i s h "  o r  " f a d e "  procedure ,  a  method i s  needed 

wh ich  can r a t i o n a l l y  and p r e c i s e l y  a p p o r t i o n  t h e  work o r  energy  

i n p u t  l o a d i n g  between f r o n t  and r e a r  b rakes .  A d d i t i o n a l l y ,  i n s o f a r  

as m o t o r c y c l e  brakes may be s e n s i t i v e  t o  w a t e r  such  as becomes 

d e l i v e r e d  t o  r u b b i n g  s u r f a c e s  d u r i n g  r i d i n g ,  a  t e s t  method i s  

needed wh ich  p r o v i d e s  a  r e a l i s t i c  dynamic w e t t i n g  c o n d i t i o n .  



The characterizat ions of performance which derive from these 

t e s t s  must be in terpre table  in the context of accident avoidance 

qua l i t i e s  of actual motorcycles in usage by representat ive r ide rs .  

A t  the current stage of safety research, no sol id  l inks have been 

establ i shed between performance properties of motorcycl es and the 

resul t ing safety qua1 i t i e s .  Accordingly, characterizat ions of 

vehicle performance must be interpreted in  the 1 ight  of cer ta in  

i ntui t i  vely-based hypotheses concerning safe ty  re1 evance. 

One area in which no i n tu i t i ve  basis seems t o  e x i s t  t o  guide 

in terpre ta t ions  of performance i s  in regard t o  the  force a n d  

displacement gain character is t ics  of brake input elements, as they 

enhance or degrade the r i d e r ' s  a b i l i t y  t o  achieve desired levels  

of braking without wheel lockup. While ergonomic 1 imi t s  have been 

placed on maximum levels of applicat ion force ,  gain-related 

questions cannot be answered within current  technology. 

The foregoing discussion se t s  the scene fo r  a t e s t  methodology 

which appears t o  resolve many of the problems which a r i s e  when 

t radi t ional  methods of motor vehicle tes t ing are applied t o  the 

motorcycle. 

3.2 Conceptual Basis fo r  the Developed Method 

A t e s t  methodology which i s  conceived as providing a l l  of the 

elements of a n  objective procedure fo r  motorcycle brake tes t ing 

has two basic fea tu res ,  v i z . ,  

1 .  the t e s t  motorcycle i s  towed by a support vehicle 

a t  constant velocity fo r  a l l  of i t s  dynamic perfor- 

mance measurements, and 

2 .  ' a l l  t e s t s  a r e  conducted with braking control e f f o r t  

being applied t o  on ly  one actuator a t  a time. 

The tow-test method renders a tow force measurement as i t s  

fundamental performance measure. Knowing the to ta l  weight of 



motorcycle and r i de r ,  the force measure i s  interpreted in 

normalized form as an equivalent decelerat ion.  The attachment 

of the t e s t  motorcycle t o  a tow vehicle,  as conceptualized in 

Figure 4 ,  involves a r o l l - r i g id  coupling, such tha t  the tow 

vehicle provides rol l  s t ab i l  i t y  to  the motorcycle thereby per- 

mit t ing indiscriminate lockup of f ront  or rear wheel. The t e s t  

motorcycle i s  mounted by a r ide r  whose only function i s  t o  provide 

control inputs to  the brake actuators according to a prescribed 

sequence. 

As i l l u s t r a t ed  in Figure 5 ,  the tow vehicle i t s e l f  incorporates 

a1 1 signal condi t i  oni ng , power suppl ies , and recording instruments 

which would normally be carried on board the t e s t  motorcycle in 

conventional methods. The only t e s t  variable displayed t o  the 

r i de r  i s  the tow force.  The various experiments are thus arranged 

around the level and duration of developed tow force ,  together with 

prescribed t e s t  ve loc i t i e s ,  fo r  each of a sequence of front-only 

and  rear-only appl i cat ions.  

3.2.1 Features of the Test Procedure. The outlined concept 

f o r  measuring motorcycle braking performance has been developed 

in to  a t e s t  procedure. The procedure contains the basic elements 

such as have comprised SAE braking t e s t s ,  a n d  subsequently, 

federal braking standards fo r  passenger cars and motorcycles. Thus, 

in formulation of the unified t e s t  concept, a ( top ica l ly  fami l i a r )  

s e t  of dynamic t e s t s  has been defined as follows: 

1 .  pre-burnish effectiveness 

2 .  burnish sequence 

3 .  post-burnish effectiveness 

4. thermal loading ( fade)  sequence with accompanying 

faded effectiveness assessment 

5. wet conditions sequence with accompanying wetted 

e f fec t i  veness assessment. 
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As f a r  as t h e  t o w - t e s t  method i s  concerned, t h . i s  sequence can 

be v iewed as comprising t h r e e  f u n d a m e n t a l l y  d i f f e r i n g  k i n d s  o f  

p rocedures .  The f i r s t  may be c a l  l e d  " c o n d i t i o n i n g  p r o c e d u r e s "  by 

wh ich  t h e  f r o n t  and r e a r  b rake  a c t u a t o r s  a r e  a p p l i e d ,  i n  t u r n ,  

t o  e f f e c t  l o a d i n g  h i s t o r i e s  wh ich  r e p r e s e n t  e i t h e r  b u r n i s h i n g  o r  

f a d e  cond i  t i ons . Secondly,  e f f e c t i  veness measurements can be 

v iewed as means o f  assess ing  t h e  l i m i t  b r a k i n g  c a p a b i l i t y  o f  each 

wheel ' s  b r a k e  sys teni. G iven an ergonomic 1  i m i  t i n  f o r c e  app l  i ed 

a t  t h e  b r a k e  c o n t r o l  e lements ,  t h e  " e f f e c t i v e n e s s "  o f  a f r o n t  o r  

r e a r  wheel b r a k e  system i s  measured as t h e  peak v a l u e  i n  tow f o r c e  

wh ich  can be ach ieved  w i t h i n  t h e  l i m i t a t i o n  on c o n t r o l  i n p u t s .  The 

t h i r d  b a s i c  p rocedure  i n v o l v e s  t h e  d e l i v e r y  o f  wa te r  t o  c r e a t e  a  

dynamic sp ray  r e p r e s e n t a t i v e  o f  a  wet wea the r  r i d i n g  c o n d i t i o n .  

Thus i t  c o u l d  be v iewed as a  s p e c i a l  s o r t  o f  c o n d i t i o n i n g  p rocedure .  

The seven-s tep  sequence o f  t e s t s  t h u s  i n v o l v e s  an a l t e r n a t i n g  

s e r i e s  o f  c o n d i t i o n i n g  and e f f e c t i v e n e s s  procedures.  The p r e -  

b u r n i s h  e f f e c t i v e n e s s  t e s t  i s ,  o f  course ,  i n t e n d e d  t o  p r o v i d e  an 

assessment o f  t h e  1  i m i  t b r a k i n g  c a p a b i l i t y  o f  t h e  v e h i c l e  i n  i t s  

"as-new" s t a t e .  The measurements o f  tow f o r c e s  ach ieved  by f r o n t  

and r e a r  wheel b r a k i n g  a r e  employed t o  de te rm ine  t h e  l i m i t  c a p a b i l i t y  

o f  t h e  t o t a l  v e h i c l e ,  by means o f  a  r e d u c t i o n  scheme t o  be d i scussed  

l a t e r .  

C o n d i t i o n i n g  Procedure  

The " b u r n i s h "  and " f a d e "  c o n d i t i o n i n g  procedures  each i n v o l v e s  

a  s e r i e s  o f  c o n s t a n t  v e l o c i t y  , q u a s i - c o n s t a n t  tow f a r c e  c o n d i t i o n s  

wh ich  a r e  i n t e n d e d  t o  work t h e  f r i c t i o n  b rakes  themselves t o  a c h i e v e  

t h e  two r e s p e c t i v e  o p e r a t i o n a l  s t a t e s .  The we t  w e a t h e r  c o n d i t i o n  

i s  o b t a i n e d  by t o w i n g  t h e  t e s t  m o t o r c y c l e  i n  an e n v i r o n m e n t  o f  

w e t t e d  pavement and a i r b o r n e  s p r a y .  

The b u r n i s h  t e s t  i s  modeled a f t e r  t h e  SAE p rocedure  t o  t h e  

e x t e n t  o f  p r o v i d i n g  200 c y c l e s  o f  b r a k e  a p p l i c a t i o n  b u t  i n v o l v e s  

a  c o n s t a n t  v e l o c i t y  c o n d i t i o n  and an o b j e c t i v e  a p p o r t i o n m e n t  o f  

f r o n t  and r e a r  b r a k i n g .  The a p p o r t i o n i n g  techn ique  i s  based upon 



a  f i x e d  r a t i o  o f  t h e  tow f o r c e ,  Fx,  t o  t h a t  va lue  o f  dynamic 

v e r t i c a l  l o a d ,  FZ, which  would acc rue  a t  f r o n t  and r e a r  wheels 

d u r i n g  a  normal s t o p  a t  a l o n g i t u d i n a l  a c c e l e r a t i o n  l e v e l .  Ax/g. 

D u r i n g  f r o n t - b r a k e  b u r n i s h  appl  i c a t i  ons , t h e  t e s t  r i d e r  modulates 

h i s  hand l e v e r  e f f o r t  t o  s u s t a i n  a  tow f o r c e  whose l e v e l  i s  

d e s c r i b e d  by t h e  f o l l o w i n g  r e 1  a t i o n :  

where t h e  v e h i c l e  parameters ,  a, b,  h, and W ,  a r e  d e f i n e d  i n  

F i g u r e  6. 

The exp ress ion  i n  b r a c k e t s  i n  Equa t i on  ( 1 )  r e p r e s e n t s  t h e  

dynamic f r o n t  t i r e  l o a d  such as wou ld  acc rue  i n  an a c t u a l  s t o p  a t  

a d e c e l e r a t i o n  l e v e l  o f  A x / g  Note t h a t  t h e  l o a d  va lue expressed 

i n  b r a c k e t s  i s  g r e a t e r  t h a n  t h a t  wh ich  a c t u a l l y  occu rs  i n  a  f r o n t -  

o n l y  tow t e s t  i n  wh ich  t h e  tow f o r c e  i s  s u s t a i n e d  a t  t h e  v a l u e  

shown (and i n  which t h e  tow c o u p l i n g  i s  a t t a c h e d  a t  a h e i g h t  equa l  

t o  t h e  h e i g h t  o f  t h e  c e n t e r  o f  mass).  

B u r n i s h  a p p l i c a t i o n s  o f  t h e  r e a r  b rake  f o l l o w  a s i m i l a r  scheme 

o f  tow f o r c e  ad jus tmen t ,  r e f l e c t i n g  t h e  r e a r  t i r e  l o a d  wh ich  i s  

ach ieved i n  t h e  e q u i v a l e n t  s t o p  p e r  t h e  r e l a t i o n :  

The b u r n i s h  c o n d i t i o n i n g  sequence has been conce ived  as a  

s e r i e s  o f  a l t e r n a t i n g  f r o n t  and r e a r  a p p l i c a t i o n s  a t  r e s p e c t i v e  

Fx and Fx tow fo rce  l e v e l s .  Each a p p l i c a t i o n  i s  s u s t a i n e d  f o r  
f r 

a  p e r i o d  o f  t i m e  r e l a t e d  t o  t h e  nominal  s t o p p i n g  t i m e  a s s o c i a t e d  

w i t h  t h e  re fe rence  l e v e l  o f  d e c e l e r a t i o n  and t h e  r e f e r e n c e  i n i t i a l  

v e l o c i t y ,  V,. I n  o r d e r  t o  o b t a i n  an energy  i n p u t  l e v e l  a t  





c o n s t a n t  t e s t  v e l o c i t y  which i s  e q u i v a l e n t  t o  t h a t  accrued 

th rough  a  c o n s t a n t  d e c e l e r a t i o n  f ro ln  V o  t o  zero ,  t h e  s teady tow 

f o r c e  must  be s u s t a i n e d  f o r  a  t r a v e l e d  d i s t a n c e  o f  

The b a s i s  f o r  a  " f a d e "  c o n d i t i o n i n g  procedure  i s  analogous 

t o  t h a t  o f  t h e  b u r n i s h  method. F r o n t  and r e a r  b rakes  a r e  each 

i n  t u r n  exposed t o  a  sequence o f  a p p l i c a t i o n s  i n v o l v i n g  a p r e -  

s c r i b e d  l e v e l ,  d u r a t i o n ,  and f requency o f  i nputs ,  w i t h i n  wh ich  a  

" faded  e f f e c t i v e n e s s "  measurement i s  o b t a i n e d  on t h e  "heated"  

b rake  system. S ince t h e  tow ing  t e c h n i q u e  p e r m i t s  an e q u i l i b r i u m  

b r a k i n g  exper iment ,  t h e  " faded  e f f e c t i v e n e s s "  can be e v a l u a t e d  

d i r e c t l y  f r o m  t h e  h e a t i n g  sequence da ta ,  t h e r e b y  c h a r a c t e r i  z i  ng 

per formance as i t  a c t u a l l y  o b t a i n s  f o r  t h e  t h e r m a l l y  " l oaded"  

system. " E f f e c t i v e n e s s "  i n  t h i s  case i s  d e f i n e d  i n  terms o f  f r o n t  

and r e a r  c o n t r o l  i n p u t  f o r c e s  r e q u i r e d  t o  s u s t a i n  r e f e r e n c e  l e v e l s  

o f  tow f o r c e .  

The wet weather c o n d i t i o n  procedure  i n v o l v e s  a f e a t u r e  o f  t h e  

t o w i n g  s u p p o r t  v e h i c l e  wh ich  i s  p e r i p h e r a l  t o  t h e  tow and da ta  

a c q u i s i t i o n  f e a t u r e s .  As d i a g r a m e d  i n  F i g u r e  7 ,  the tow v e h i c l e  

concept  i n c o r p o r a t e s  a  w a t e r  s t o r a g e  and d e l i v e r y  sys tem wh ich  i s  

c o n f i g u r e d  t o  p r o v i d e  a  r e a l i s t i c  wet  weather  c o n d i t i o n .  As shown, 

t h e  water  d e l i v e r y  system dispenses a  s t ream on to  the pavement i n  

l i n e  w i t h  t h e  wheel p a t h  as w e l l  as a  s t ream above t h e  ground-in 

t h e  fo rm o f  a  dense spray .  Together ,  t h e  two -nozz le  system i s  

i n t e n d e d  t o  p r o v i d e  a  thorough,  y e t  a u t h e n t i c ,  impingement o f  wa te r  

on brake assembl ies ,  such as may occu r  d u r i n g  a  one - inch /hou r  

r a i n f a l l  on a  t r a f f i c k e d  highway. 

The n o z z l e  wh ich  i s  d i r e c t e d  toward  t h e  wheel p a t h  i s  con- 

f i g u r e d  t o  p r o v i d e  a  c o n s t a n t  w a t e r  dep th  a t  t h e  s e l e c t e d  speed. 

The p r o v i s i o n  o f  a we t ted  pavement i s  seen as a necessary  com- 

ponent  o f  t h e  wet c o n d i t i o n  s i n c e  a s i g n i f i c a n t  e lement  of t h e  
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b r a k e ' s  w a t e r  exposure d e r i v e s  f rom d r a i n a g e  o f f  o f  f ende rs  

f o l l o w i n g  t h e  c e n t r i f u g a l  t r a n s f e r  o f  w a t e r  p i c k e d  up by t h e  

t i r e s .  

Water d e l i v e r e d  by t h e  e l e v a t e d  sp ray  head i s  h e l d  c o n s t a n t  

t h roughou t  t h e  c o n d i t i o n i n g  p rocess ,  p r o v i d i n g  an a i r b o r n e  f l o w  

s i m i l a r  t o  t h a t  wh ich  d e r i v e s  f rom b o t h  d i r e c t  r a i n  f l o w  and 

t r a f f i c - g e n e r a t e d  m i s t .  

The dynamic w e t t i n g  procedure  i s  e s p e c i a l l y  p e r t i n e n t  i n  t h e  

m o t o r c y c l e  case, i t  i s  reasoned, because o f  t h e  exposed n a t u r e  of 

m o t o r c y c l e  b r a k e  assembl ies .  On t h e  o t h e r  hand, t h e  d e s c r i b e d  

techn ique  avo ids  a r t i  f i  c i a 1  l y  " o v e r  expos ing "  m o t o r c y c l e  b rakes  by 

f o r c i n g  w a t e r  t h rough  ze ro -p ressu re  s e a l s ,  such as occu rs  i n  

" immersi  on " - t ype  w e t t i n g  procedures .  

The assessment o f  "wet  b rake "  e f f e c t i v e n e s s  i n v o l v e s  a  s p o t  

check o f  t h e  c o n t r o l  i n p u t  f o r c e / t o w  f o r c e  r e l a t i o n s h i p  a t  f r o n t  

and r e a r  b r a k e  systems. The s p o t  check occu rs  wh i l e  t h e  w e t t i n g  

a c t i v i t y  i s  s t i l l  i n  p rog ress ,  t h e r e b y  c h a r a c t e r i z i n g  t h e  i n f l u e n c e  

o f  t h e  wet  env i ronment  as i s  r e l e v a n t  t o  b r a k i n g  i n  w e t  weather .  

E f f e c t i v e n e s s  T e s t  Procedure 

The a p p l i c a t i o n  o f  t h e  t o w - t e s t  concep t  t o  t h e  c h a r a c t e r i -  

z a t i o n  o f  b r a k i n g  c a p a b i l i t y  l i m i t s  r e q u i r e s  t h a t  an ana logy  be 

e s t a b l  i shed between t h e  c o n t r i v e d  tow expe r imen t  and t h e  f r e e -  

s t o p p i n g  process  o f  t h e  dua l  -b raked m o t o r c y c l e .  S p e c i f i c a l l y ,  

t h e r e  i s  a  need t o  e s t a b l i s h  t h e  t r a c t i o n  l i m i t s  o f  f r o n t  and 

r e a r  t i r e s  under  r e s p e c t i v e  v e r t i c a l  l o a d  c o n d i t i o n s  such as wou ld  

d e r i v e  i n  a  two-wheel-braked s t o p .  As i l l u s t r a t e d  i n  F i g u r e  8, 

t h i s  c r i t e r i o n  imp1 i e s  t h a t  t h e  towed m o t o r c y c l e  e x p e r i e n c e  a  

f o r w a r d  t r a n s f e r  o f  v e r t i c a l  l o a d  i n  t h e  f r o n t -  and r e a r - o n l y  

b r a k i n g  t e s t s  wh ich  i s  e q u i v a l e n t  w i t h  t h a t  expe r ienced  by  t h e  

h y p o t h e t i c a l ,  dua l -b raked,  f r e e - s t o p p i n g  m o t o r c y c l e .  



F i g u r e  8 .  The towed m o t o r c y c l e  i s  e q u i v a l e n t  t o  the f r e e - s t o p p i n g  
case when F,, = F and F Z ,  = FZ . 

f f r r 



The key c o n s i d e r a t i o n ,  here ,  i s  t h a t  t h e  t r a c t i o n  l i m i t s  o f  

pneumat ic  t i r e s  a r e  c o n s t r a i n e d  by f r i c t i o n  mechanisms wh ich  a r e  

i n h e r e n t l y  s e n s i t i v e  t o  t h e  normal f o r c e  wh ich  i s  imposed upon 

t h e  t i r e .  Beyond t h e  f i r s t - o r d e r  coulomb r e l a t i o n s h i p ,  by wh ich  

t h e  no rma l i zed  f o r c e ,  p = Fx/FZ, becomes u s e f u l ,  t h e r e  g e n e r a l l y  

e x i s t s  a  h i g h e r  o r d e r ,  b u t  n o t  i n s i g n i f i c a n t ,  i n f l u e n c e  o f  FZ on 

u ,  i t s e l f .  Thus, s i n c e  each m o t o r c y c l e ' s  mass l o c a t i o n  and wheel-  

base de te rm ine  i t s  dynami c  t i r e  l o a d i n g  and, consequent ly ,  t r a c t i o n -  

l i m i t e d  b r a k i n g  c a p a b i l i t y ,  i t  i s  paramount t h a t  t h e  t o w i n g  t e s t  

method accrue r e a l  i s t i c  t i r e  l o a d s  d u r i n g  i t s  t r a c t i o n - 1  i m i  t e d  

exper iments .  

It s h o u l d  be c l e a r  t h a t  a  v e h i c l e  b e i n g  towed a t  c o n s t a n t  

v e l o c i t y  w i l l  expe r ience  l o a d  t r a n s f e r s  i n  p r o p o r t i o n  t o  

a )  t h e  b r a k i n g  f o r c e s  wh ich  a r e  genera ted  a t  t h e  

t i r e - r o a d  i n t e r f a c e ,  and 

b) t h e  h e i g h t  a t  wh ich  t h e  tow f o r c e  i s  a p p l i e d .  

A c c o r d i n g l y ,  f o r  t h e  towed, s i n g l e - b r a k e d  m o t o r c y c l e  i n  F i g u r e  

8 t o  expe r ience  l o a d  t r a n s f e r  e q u i v a l e n t  t o  t h a t  o f  t h e  f r e e -  

s t o p p i n g  v e h i c l e ,  i t  i s  necessary  t h a t  t h e  tow h e i g h t ,  hn, be 

a d j u s t e d  t o  e f f e c t  t h e  needed p i t c h  moment. A d d i t i o n a l l y ,  i t  

shou ld  be apparent  t h a t  d i s t i n c t  va lues  o f  hn w i l l  be found  appro-  

p r i a t e  f o r  f r o n t -  and rear -whee l  - o n l y  b r a k i n g  , v i z . ,  hn = h f ,  h r .  

Thus we have f o r m u l a t e d  a  t e s t  p rocedure  wh ich  p e r m i t s  

d e t e r m i n a t i o n  o f  t h e  b r a k i n g  l i m i t s  o f  t h e  t o t a l  m o t o r c y c l e  by  way 

o f  i n d i v i d u a l  assessments o f  f r o n t  and r e a r  t i r e  t r a c t i o n  l i m i t s .  

The procedure  i n v o l v e s  a  sequence o f  tow h e i g h t  s e l e c t i o n s ,  b r a k i n g  

f o r c e  measurements, and s i m p l e  a r i t h m e t i c  c a l c u l a t i o n s  t o  y i e l d  a  

measure o f  t o t a l  v e h i c l e  performance. The f o l l o w i n g  c o n s t i t u t e s  

a  genera l  o u t 1  i n e  o f  t h e  e f f e c t i v e n e s s  sequence: 

1 )  The f i r s t  t r i a l  v a l u e  o f  tow a t tachmen t  h e i g h t ,  hr, 

( g r e a t e r  t han  t h e  c .g .  h e i g h t ,  h )  i s  s e l e c t e d  f o r  

use i n  t h e  f i r s t  r e a r - o n l y  b r a k i n g  t e s t .  



2 )  The rear brake actuator i s  applied i n  a rmp- type  

fashion, causing the rear  t i r e  to experience i t s  

t rac t ion peak, yielding a  peak tow force measurement 

of F' ( the  "prime'l-indicated variables such as F; 
'r r  

indicate values deriving from the prevaliliry tow- 

t e s t  conditions) . 
3 )  The rear  t i r e  ver t ica l  load, F i  , and the *action 

r  
coef f i c ien t ,  a re  calculated as they prelrailed 

during the previous t e s t ,  per the re la t ionships :  

and  

where W r  = s t a t i c  load on rear  t i r e  

a = wheel base 

4) A value of tow attachment height ,  h f ,  is seFected 

for  use in the f i r s t  front-only braking t e s t .  

5 )  The front-only braking measurement i s  conducted, 

yielding a  peak tow force value of F '  . 
f 

6 )  F i  and p i  are  then determined in a  f ash ion  comparable 
f 

t o  t ha t  employed in the rear-only process, per the 

re1 a t  i  ons: 

and 



7 )  The obtained values L~) a n d  1,; are introduced, as 

the f i r s t  approxinlations of f ront  and rear t rac t ion 

coeff ic ients ,  into the expressions fo r  the front  

and rear t i r e  loads, F and Fz , which would prevail 
f  r  

on the dual-braked, free-stopping motorcycle ( i f  i t  

were caused t o  simul tanebusly accrue i t s  f ront  and 

rear t i r e  tract ion l imi ts  on the same t e s t  surface) 

per the re la t ions:  

8) FZ i s  next examined in comparison with the value 
f 

of load, F '  , actually obtained during the f ron t -  
f  

only tow t e s t .  Likewise, Fz i s  compared w i t h  F i  . 
r  r  

For an improved corre la t ion between the reference 

(FZ ) and actual (FZ  ) values, a n  i t e ra t ion  loop 
n n 

i s  established,  returning t o  s tep  (1 )  and selecting 

improved values f o r  h r  and h f .  The new tow height 

selections are guided as follows: 

. I f  F; was found t o  be higher than F , a 
f  Zf 

lower value of h f  should be selected. 

* I f  F; was found t o  be higher than F , a 
r  t- 

higher value of h r  should be selected.  

In the actual implementation of th i s  concept, t o  be 

discussed l a t e r ,  the i t e ra t ion  sequence i s  guided by 

a formula such that  the f i e l d  t e s t  operation i s  

simple and e f f i c i en t .  



9 )  When F i  and F i  have been o b t a i n e d  t o  w i t h i n  a  
f r 

d e f i n e d  t o l e r a n c e  o f  F and FZ , r e s p e c t i v e l y ,  
f r 

t h e  t o t a l  m o t o r c y c l e ' s  1 i m i  t b r a k i n g  c a p a b i l i t y  i s  

d e f i n e d  by t h e  e x p r e s s i o n :  

where Ax = l i m i t  l o n g i t u d i n a l  acce le ra t i ccn  i n  

u n i t s  o f  f t / s e c 2  

W = t o t a l  v e h i c l e  w e i g h t  

The o v e r a l l  p rocedure  wh ich  has been desc r i bed  h e r e  i s  

conce ived as a p p l y i n g  t o  b o t h  t h e  p r e -  and pos t -bur r r i i sh  e f f e c t i v e -  

ness t e s t s  even though we h y p o t h e s i z e  no r e l a t i o n s h e p  between 

t h e  b u r n i s h i n g  process  and t h e  t r a c t i o n  l i m i t s  o f  i w s t a l l e d  t i r e s .  

Rather ,  t h e  e f f e c t i v e n e s s  assessment p r i o r  t o  and fa1 l o w i n g  

b u r n i s h  i s  addressed toward  those  brake systems w h i m  a r e ,  

u l t i m a t e l y  , b rake  t o r q u e -  r a t h e r  t h a n  t i r e  t r a c t i o n - 1  i rn i  t e d  and 

wh ich  a r e  thus  s u b j e c t  t o  change as a  consequence o f  t h e  b u r n i s h  

p rocess .  The need t o  c h a r a c t e r i z e  t h e  maximum c s i p a h i l  i t y  o f  t o r q u e -  

l i m i t e d  b r a k i n g  systems r e q u i  r e s  t h a t  the tow tes t  w i t h  s i n g l e - w h e e l  

b r a k i n g  be des igned so  as t o  accommodate t h e  t h r e e  t o r q u e - l i m i t e d  

p o s s i b i l i t i e s ,  v i z . ,  

Case 1 )  b o t h  f r o n t  and r e a r  b rake  systems a r e  t o r q u e -  

l i m i t e d  (as  measured w i t h i n  t h e  ergomanic 

1 irni  t s  on a c t u a t o r  f o r c e s )  

Case 2 )  t h e  f r o n t  b rake  system i s  t r a c t i o n - l i i m i t e d  

and t h e  r e a r  i s  t o rque -1  i rn i  t e d  



Case 3 )  t h e  r e a r  systenl i s  t r a c t i o n - l i m i t e d  and t h e  

f r o n t  i s  t o r q u e - 1  i n ~ i  t ed .  

The b a s i c  sequence of t h e  procedure  f o r  t e s t i n g  v e h i c l e s  

f a l l i n g  i n  t hese  c a t e g o r i e s  i s  as d e s c r i b e d  b e f o r e .  C l e a r l y ,  

t h e  v e r t i c a l  l o a d  p r e v a i l i n g  on a  to rque -1  i n i i t e d  wheel i s  i n c o n -  

s e q u e n t i a l .  Neve r the less ,  imp1 i c i t  i n  t h e  " t o r q u e - 1  i m i t e d "  

c o n c l u s i o n  i s  a  v e r t i c a l  l o a d  c o n d i t i o n  a t  wh ich  t h e  b r a k e  i s  

i n c a p a b l e  o f  w h e e l - l o c k i n g .  

The r e p r e s e n t a t i v e n e s s  of t h e  dynamic v e r t  i c a  1  1  oad c o n d i t i o n  

t h u s  remains as a  b a s i c  r e q u i r e m e n t  o f  t h e  method, even f o r  t o r q u e -  

1  i m i  t e d  b r a k i  ng sys terns. The t o t a l  a c c e l  e r a t i  on measure f o r  each 

o f  t h e  t h r e e  cases c i t e d  i s  o b t a i n e d  t h r o u g h  m o d i f i e d  v e r s i o n s  o f  

Equa t i on  ( 9 )  as g i v e n  below: 

F '  + F '  
r X 

f o r  Case 2 )  Ax = 
W/g 

F '  + F '  
f 'r 

f o r  Case 3 )  Ax = 
W /  9  

where t h e  b r a c k e t e d  e x p r e s s i o n  r e p r e -  

sen ts  (FZ IF; ) w i t h  F d e r i v i n g  f r o m  
r r  r 

a d i f f e r e n t  forn i  o f  E q u a t i o n  ( 8 ) .  

Thus t h e  e f f e c t i v e n e s s  t e s t  concept  p e r m i t s  measurement o f  a  

m o t o r c y c l e ' s  b r a k i n g  l i m i t s  whether  t h e s e  l i m i t s  a r e  de te rm ined  

by t i r e  t r a c t i o n  o r  o v e r a l l  b rake  t o r q u e  c o n s t r a i n t s .  The t e s t  



procedure ,  wh i  l e  employ ing  o n l y  s i n g l e - w h e e l  b r a k i n g ,  r e s u l  t s  i n  

a  s t o p p i n g  d i s t a n c e  measure i d e n t i c a l  t o  t h a t  wh ich  wou ld  be 

a t t a i n e d  by a  m o t o r c y c l e  whose f r o n t  and r e a r  b r a k i n g  1  i m i  t s  were 

s u s t a i n e d  s imu l  t a n e o u s l y  t h r o u g h o u t  t h e  s t o p .  

3.3 T e s t  Procedure Employing t h e  U n i f i e d  Concept 

The g e n e r a l i z e d  concept  o f  t e s t i n g  o u t l i n e d  i n  t h e  p r e v i o u s  

s e c t i o n  has been f o r m a l i z e d  i n t o  a  d e t a i l e d  s p e c i f i c a t i o n  o f  t e s t  

p rocedures ,  wh ich  a r e  s e t  f o r t h  below. It shou ld  b e  n o t e d  t h a t  

t h i s  p rocedure  was deve loped and r e f i n e d  d u r i n g  a s e p a r a t e  t e s t  

phase i n  t h i s  s t u d y .  Wh i l e  t h i s  s e c t i o n  se rves  t o  s t a t e  t h e  

p rocedure  i n  i t s  b a s i c  form, s p e c i f i c  a p p l i c a t i o n  o f  t h e  method 

t o  two s e l e c t e d  m o t o r c y c l e s  w i l l  be d i s c u s s e d  i n  S e c t i o n  3 . 4 .  

3.3.1 T e s t  Procedures .  

V e h i c l e  Setup 

The t e s t  m o t o r c y c l e  i s  t o  be o u t f i t t e d  w i t h  new t i r e s  and 

b r a k e  l i n i n g s .  The b r a k e  ad jus tmen ts  and t i r e  i n f l a t i o n s  a r e  t o  

be  a c c o r d i n g  t o  t h e  m a n u f a c t u r e r ' s  recommendations. The v e h i c l e  

i s  t o  be connected t o  a  t o w i n g  system p e r m i t t i n g  a p p l i c a t i o n  o f  

a  s i n g l e ,  measurable t o w i n g  f o r c e  a t  a  v a r i a b l e  h e i g h t  above t h e  

ground.  A l l  t e s t s  o f  t h e  v e h i c l e  a r e  t o  be conducted w i t h  eng ine  

o f f  and w i t h  t r a n s m i s s i o n  i n  n e u t r a l .  

Brake Warmi na 

If, w i t h i n  112 m i n u t e  p r i o r  t o  t h e  i n i t i a t i o n  o f  any o f  t h e  

be1 ow-descr i  bed t e s t  sequences, t h e  tempera tu re  o f  t h e  b rake  b e i n g  

t e s t e d  i s  below 130°F, a  warming p rocedure  w i l l  be conducted.  A t  

a  s t e a d y  speed o f  30 mph, t h e  b r a k e  w i l l  be a p p l i e d  t o  y i e l d  a  tow 

f o r c e ,  FT, e q u i v a l e n t  t o  an a c c e l e r a t i o n  l e v e l  o f  10 f t / s e c 2 .  Thus, 

t h e  r e s p e c t i v e  f r o n t - o n l y  and r e a r - o n l y  s t e a d y  t o w  f o r c e  c o n d i t i o n s ,  

FTf and FTr, a r e  as de te rm ined  i n  Equat ions  (13)  and ( 1 4 ) ,  w i t h  

Ax = 1019. 



FTf 
h = Ax[Wf + e Ax W ]  , ( f r o n t  o n l y )  ( 1 3 )  

and 

( r e a r  o n l y )  

where 

Ax 
i s  t h e  s p e c i f i e d  e q u i v a l e n t  d e c e l e r a t i o n  i n  g ' s  

W f  i s  t h e  s t a t i c  f r o n t  wheel l o a d  

Wr i s  t h e  s t a t i c  r e a r  wheel l o a d  

h  i s  t h e  c.g.  h e i g h t  

i s  wheel base 

W i s  t h e  t o t a l  w e i g h t  

The b r a k e  a p p l i c a t i o n  ( f o r  warmi ng) can be c o n t i n u o u s l y  m a i n t a i n e d  

f o r  a maximum o f  22 seconds o r  u n t i l  a 130°F i n i t i a l  t empera tu re  

i s  a t t a i n e d .  

P re -Burn i sh  E f f e c t i v e n e s s  T e s t  

T e s t s  a r e  t o  be conducted a t  a s teady  speed o f  40 mph and, i n  

a  sequence o f  runs ,  a r e  t o  be i n i t i a t e d  o n l y  when t h e  t e s t e d  b rake  

e x h i b i t s  a  t empera tu re  below 180°F. 

The e f f e c t i v e n e s s  t e s t  sequence i s  o r g a n i z e d  p e r  t h e  f l o w  

c h a r t  o f  F i g u r e  9 and i n v o l v e s  t h e  f o l l o w i n g  s t e p s :  

1 )  S t a r t  t h e  sequence ( e i t h e r  as a  p r e -  o r  p o s t -  

b u r n i s h  t e s t ) .  

2 )  The tow h e i g h t  ( a t  wh ich  t h e  i n i t i a l  r e a r - o n l y  

t e s t  i s  t o  be conducted)  i s  p l a c e d  a t  60". 

3 )  The f o r c e  i n p u t  t o  t h e  r e a r  a c t u a t o r  i s  a p p l i e d  

a t  a r a t e  wh ich  causes ( a )  e i t h e r  wheel l o c k u p  

o r  ( b )  a  9 0 - l b  a c t u a t o r  f o r c e  l e v e l  t o  be o b t a i n e d  



P l a c e  Rear-Only 
Tow H e i g h t  a t  60" 

13 '  r ~ s  New p 
r No 

D i  f f e r e n t  Than 
L a s t  p ? 

A- 
f f  

1 0 . )  
S e l e c t  "Cor respond ing Rear-Only 

Tow T e s t  H e i g h t "  f r o m  Tab le  

3. 
Per for ln  Rear-Only 

Tow T e s t  - O b t a i n  jr 

I 4 Yes 

I 

'r 

F i g u r e  9. E f f e c t i v e n e s s  T e s t  F l ow  C h a r t  

4. 

Is "Cor respond ing Rear-Only 
Tow T e s t  H e i g h t "  D i f f e r e n t  Than 

L a s t  Rear-Only Tow H e i g h t ?  

J2. 

Place  F ron t -On ly  Tow 
H e i g h t  a t  c . g . p l u s  6 "  

I 

Pe r fo rm Rear-Only Tow T e s t  
- O b t a i n  New ~1~ 

t 

t 
: 

5 .  
;- 

- 

6. D i d  F r o n t  Wheel 
No Lockup Occur? 

A 

7. I s  Next  Tow N o  L Yes 8* _ A d j u s t  t o  N e x t  
H e i g h t  > P resen t  7 - 

Tow H e i g h t  
Tow ~ e i y h  t ?  

I s  N e x t  Tow H e i q h t  ( T a b l e )  yes 
D i f f e r e n t  Than P r e s e n t  

Yes Tow H e i g h t ?  

Pe r fo rm F ron t -On ly  
Tow T e s t  - O b t a i n  Next  
Tow H e i g h t  f r o m  T a b l e  



between 2 and 5 seconds a f t e r  i n i t i a t i n g  t h e  b r a k e  

a p p l i c a t i o n .  The r e s u l t i n g  peak t o w - f o r c e  read ing  

i s  used t o  c a l c u l a t e  t h e  v a l u e  o f  peak 2 ,  u s i n g  

E q u a t i o n  ( 1 5 ) .  

where 

FTR i s  peak tow f o r c e  v a l u e  measured i n  

r e a r - o n l y  t e s t  

Wr i s  t h e  s t a t i c  r e a r  wheel l o a d  

htr i s  t h e  r e a r - o n l y  tow h e i g h t  

and R i s  t h e  wheel base. 

The c a l c u l a t e d  v a l u e  o f  u, i s  used f o r  s e l e x t i n g  

tow h e i g h t s  i n  subsequent  - f r o n t - o n l y  e f f e c t i v e n e s s  

t e s t s  a c c o r d i n g  t o  E q u a t i o n  ( 1 6 ) ,  v i z . ,  

where 

hjrl i s  n e x t  v a l u e  o f  tow h e i g h t  t o  be employed 

i n  f r o n t - o n l y  t e s t s  

FTi i s  peak tow f o r c e  a t t a i n e d  i n  t h e  p r e v i o u s  

( i t h )  b r a k e  a p p l i c a t i o n  

h  i s  t h e  c y c l e l r i d e r  c . g .  h e i g h t  

'' r i s  t h e  r e a r - o n l y  n o r m a l i z e d  force 

c o e f f i c i e n t  



[Note :  Equa t i on  ( 1 6 )  has been compu te r i zed  f o r  

t e s t s  conducted i n  t h i s  s t u d y  p r o v i d i n g  a  s e t  o f  

p r e - c a l c u l a t e d  t a b l e s  t o  g u i d e  tow h e i q h t  s e l e c -  

t i o n  i n  t h e  f i e l d .  (See S e c t i o n  3 .4 .2 . )  I t  i s  

n o t  gene ra l  l y  expec ted  t h a t  t h e  i t e r a t i o n  

c a l c u l a t i o n s  w i  11 be done as a d i r e c t  accompani- 

ment t o  t h e  t e s t  p rocess  i t s e l f  . ]  

4 )  The tow h e i g h t  t o  be used i n  t h e  f i r s t  f r o n t - o n l y  t e s t  

i s  p l a c e d  a t  t h e  p o s i t i o n  equa l  t o :  

(c .g.  h e i g h t  + 6 i n c h e s ) .  

5 )  The f i r s t  f r o n t - o n l y  e f f e c t i v e n e s s  t e s t  i s  conducted 

a p p l y i n g  f r o n t  a c t u a t o r  e f f o r t  a t  a  r a t e  w h i c h  

causes ( a )  e i t h e r  wheel l o c k u p  o r  ( b )  a  55-lb 

a c t u a t o r  f o r c e ,  o r  ( c )  an a c t u a t o r  s t r o k e  l i m i t a -  

t i o n  t o  be o b t a i n e d  w i t h i n  2 t o  5 seconds a f t e r  

i n i t i a t i n g  t h e  b r a k e  app l  i c a t i o n .  

6) I f ,  i n  Step 5 ,  f r o n t - w h e e l  l o c k u p  occu r red ,  t h e  p r o -  

cedure  advances t o  Step 9.  i f ,  i n  Step 5 ,  f r o n t - w h e e l  

l o c k u p  d i d  n o t  o c c u r ,  t h e  p rocedure  advtinces t o  

S tep  7.  

7 )  S o l v i n g  Equa t i on  ( 1 5 )  u s i n g  t h e  v a l u e  of FT j u s t  

o b t a i n e d  i n  Step 5,  a  d e t e r m i n a t i o n  i s  made as t o  

whether  ( a )  t h e  NEXT TOW HEIGHT (hi+l) i s  g r e a t e r  

t han  o r  equal  t o  ( F  1  i n c h )  t h e  tow h e i g h t  employed i n  

Step 5 ,  o r  ( b )  t h e  NEXT TOW HEIGHT i s  l e s s  t h a n  t h e  

tow h e i g h t  employed i n  Step 5.  I f  (a ) ,  t h e n  t h e  

sequence proceeds t o  Step 10. I f  ( b ) ,  t h e n  t h e  

sequence proceeds t o  Step 8. 

8) The v a l u e  o f  NEXT TOW HEIGHT i s  t h e n  implemented by 

t h e  ad jus tmen t  o f  tow l i n k a g e s .  The sequence t h e n  

proceeds w i t h  a n o t h e r  f r o n t - o n l y  t e s t  as i n  S tep  5 .  



9 )  I f  i n  S tep  5 a wheel l ockup  d i d  occur,  a  d e t e r m i n a t i o n  

i s  made as t o  whe the r  t h e  NEXT TOW HEIGHT i s  ( a )  

d i f f e r e n t  f rom, o r  ( b )  t h e  same as t h a t  jus t  employed - 
i n  t h e  Step 5  t e s t .  I f  ( a ) ,  t h e n  t h e  sequence proceeds 

t o  Step 8; i f  ( b ) ,  t h e n  t h e  sequence proceeds t o  

S tep  10.  

10)  The v a l u e  o f  CORRESPONDING REAR-ONLY Tad HEIGHT, hr, 

i s  de termined a c c o r d i n g  t o  Equa t i on  ( 1 7 )  (or, a g a i n ,  

u s i n g  a  t a b u l a t e d  s o l u t i o n  o f  t h i s  e q u a t i o n  t o  improve 

t h e  e f f i c i e n c y  o f  t e s t i n g  i n  t h e  f i e l d ) .  

11 )  A d e t e r m i n a t i o n  i s  made as t o  whe the r  tb& u a l u e  o f  

CORRESPONDING REAR-ONLY TOW HEIGHT i s  (a )  d i f f e r e n t  

from, o r  ( b )  t h e  same as (i 1  i n c h )  t h e  last v a l u e  o f  

r e a r - o n l y  tow h e i g h t  wh ich  was employed. I f  ( a ) ,  

t h e n  t h e  sequence proceeds t o  Step 12. If ( b ) ,  t h e n  

t h e  sequence s t o p s .  

12)  Upon s e l e c t i n g  a  new r e a r - o n l y  tow he igh t ,  a new 

r e a r - o n l y  t e s t  i s  pe r fo rmed  a c c o r d i n g  t o  the p rocedure  

o f  S tep 3.  A new v a l u e  o f  pr i s  c a l c u l a t e d  u s i n g  

E q u a t i o n  (15) .  

13)  A d e t e r m i n a t i o n  i s  made as t o  whether  t h e  new v a l u e  

o f  pr, when rounded o f f  t o  t h e  n e a r e s t  0.05, ( a )  

d i f f e r s  by  more t h a n  ( 0 . 0 5 )  f r o m  t h e  p r e v i o u s  v a l u e  

o f  pr, o r  ( b )  - i s  w i t h i n  ( 0 . 0 5 )  of t h e  p r e v i o u s  v a l u e  

o f  pi. I f  ( a ) ,  t hen  t h e  sequence proceeds t o  S tep  5. 

I f  ( b ) ,  t h e n  t h e  sequence s t o p s .  



14)  When f r o n t  and r e a r  tow h e i g h t s  have converged t o  

t h e  va lues  s a t i s f y i n g  t h e  i t e r a t i o n  c r i t e r i a ,  t h r e e  

r e p e a t  measurements a r e  made o f  t h e  r e a r - o n l y  and 

f r o n t - o n l y  e f f e c t i v e n e s s  t e s t s ,  u s i n g  t h e  f i n a l  va lues  

o f  tow h e i g h t s .  

B u r n i s h  Procedure  

The f r o n t  b rake w i l l  be b u r n i s h e d  by a t t a i n i n g  p r e s c r i b e d  

va lues  o f  tow f o r c e  u s i n g  f r o n t - o n l y  b r a k e  a p p l i c a t i o n s  o v e r  a 

sequence o f  200 c o n s t a n t  l e v e l  a p p l i c a t i o n s .  A tow f o r c e  l e v e l  

e q u i v a l e n t  t o  Ax = 1219 ( i n  t h e  f r o n t - o n l y  E q u a t i o n  ( 1 3 ) )  w i l l  

be a p p l i e d ,  a t  a  c o n s t a n t  t e s t  speed o f  40 rnph, f o r  a  d u r a t i o n  o f  

4 seconds a t  each a p p l i c a t i o n .  The tow f o r c e  i s  t o  be a p p l i e d  a t  

an e l e v a t i o n  equa l  t o  t h e  h e i g h t  o f  t h e  mass c e n t e r  o f  t h e  c y c l e /  

t e s t - r i d e r  system. The b r a k i n g  i n t e r v a l  w i l l  be e i t h e r  t h a t  

d i s t a n c e  needed t o  reduce b r a k e  tempera tu re  t o  150°F o r  1  m i l e ,  

wh icheve r  occu rs  f i r s t .  Fo l  l o w i n g  b u r n i s h i n g ,  b rakes  w i l l  be 

a d j u s t e d  t o  m a n u f a c t u r e r s  ' s p e c i f i c a t i o n s  . 
The r e a r  b r a k e  w i l l  be b u r n i s h e d  by a  p rocedure  i d e n t i c a l  t o  

t h a t  d e s c r i b e d  above, e x c e p t  t h a t  tow f o r c e  l e v e l  s h a l l  be as 

s p e c i f i e d  by Equa t i on  ( 1 4 ) ,  w i t h  Ax = 1219. 

P o s t - B u r n i s h  E f f e c t i v e n e s s  

The b a s i c  e f f e c t i v e n e s s  p rocedure  d e s c r i b e d  p r e v i o u s l y  as 

t h e  " p r e - b u r n i  sh"  e f f e c t i v e n e s s  p rocedure  w i  11 be r e p e a t e d  h e r e ,  

Thermal C a p a c i t y  (Fade) Procedure  

A t he rma l  l o a d i n g  sequence w i l l  be conducted i n v o l v i n g  a  

b a s e l i n e  check f o l l o w e d  by a  s e r i e s  o f  h i g h  energy b r a k e  a p p l i c a t i o n s .  

B a s e l i n e  Check. A t  a  c o n s t a n t  speed o f  30 rnph, t h e  f r o n t  

b rake  w i l l  be a p p l i e d  f o r  a  d u r a t i o n  o f  4  seconds, a c h i e v i n g  a  

tow f o r c e  e q u i v a l e n t  t o  Ax  = 1519 i n  t h e  f r o n t - o n l y  E q u a t i o n  ( 1 3 ) .  

Three b r a k i n g  i n p u t s  s h a l l  be  a p p l i e d ,  each w i t h  a n  i n i t i a l  



t empera tu re  between 130°F and 180°F. The sallle t h r e e - a p p l  i c a t i o n  

sequence s h a l l  be conducted u s i n g  t h e  r e a r  b rake,  a n d  emp loy ing  

a  tow f o r c e  as s p e c i f i e d  by Equa t i on  ( 1 4 )  u s i n g  Ax = 15 /g .  

Thermal Load ing.  A t o t a l  of t e n  ( 1 0 )  b rake  a p p l i c a t i o n s  

u s i n g  f r o n t - o n l y  b r a k i n g  w i l l  be a p p l i e d  a t  a  c o n s t a n t  speed o f  

30 mph, a c h i e v i n g  a  tow f o r c e  v a l u e  co r respond inq  t o  Ax  = 15 /g  

i n  Equa t i on  ( 1 3 ) .  The i n i t i a l  t empera tu re  b e f o r e  t h e  f i r s t  b r a k e  

a p p l i c a t i o n  s h a l l  be be low 150°F.  The c o n s t a n t  tow f o r c e  l e v e l  

s h a l l  be s u s t a i n e d  f o r  6 seconds a t  each a p p l i c a t i o n .  The i n t e r -  

v a l  between i n i t i a t i o n  o f  each b rake  a p p l i c a t i o n  s h a l l  be 0 .4  m i l e .  

The tow f o r c e  i s  t o  be a p p l i e d  a t  t h e  h e i g h t  o f  the mass c e n t e r  o f  

t h e  c y c l e / t e s t - r i d e r  system f o r  t h e  f a d e  t e s t  sequence. The 

above procedure  s h a l l  be r e p e a t e d  u s i n g  r e a r - o n l y  b r a k i n g  and a  

tow f o r c e  v a l u e  co r respond ing  t o  Ax = 1519 i n  E q u a t i o n  ( 1  4 ) .  

Wetted Pe r fo rnance  

A  wa te r  exposure  sequence will be conducted p r u v i d i n p  ( 1 )  an 

i n i t i a l  base1 i n e  check o f  tow f o r c e / a c t u a t o r  e f f o r t  g a i n ,  ( 2 )  a  

dynamic w e t t i n g  procedure ,  and ( 3 )  a  check o f  t he  t o w  f o r c e /  

a c t u a t o r  e f f o r t  g a i n  o f  t h e  water -exposed b r a k e  syswm. A l l  

b r a k i n g  i n  t h i s  sequence i s  t o  be done w i t h  t h e  tow f o r c e  a p p l i e d  

a t  t h e  h e i g h t  o f  t h e  c y c l e / r i d e r  mass c e n t e r .  

B a s e l i n e  Check. A t  a c o n s t a n t  speed o f  30 ~ p h ,  t h e  f r o n t  

b rake  w i l l  be a p p l i e d  t o  ach ieve  a  tow f o r c e  c o r r e s p o n d i n g  t o  

Ax = 10 /g  i n  E q u a t i o n  ( 1 3 ) .  The b r a k e  i n p u t  w i l l  b e  s u s t a i n e d  

f o r  4 seconds. Three a p p l i c a t i o n s  w i l l  be made, s t a r t i n p  w i t h  an 

i n i t i a l  t empera tu re  be low 150°F and, thence,  u s i n g  an i n t e r v a l  of 

0 .5  m i l e  between i n i t i a t i o n  o f  each subsequent  a p p l i c a t i o n .  

Three r e a r - o n l y  a p p l  i c a t i o n s  a r e  t h e n  a p p l i e d ,  a c c o r d i n g  t o  

t h e  above-descr ibed procedure ,  b u t  w i t h  t h e  tow f a r c e  v a l u e  

co r respond ing  t o  Ax = 10/g i n  E q u a t i o n  ( 1 4 ) .  



Water Exposure S e q e n c e .  A t  a  c o n s t a n t  t e s t  speed o f  30 mph, - ---- - 

a  w a t e r  exposure c o n d i t i o n  i s  commenced a p p l y i n g  w a t e r  t o  t h e  

pavement i n  t h e  p a t h  of t h e  n io t c rcyc le  wheels e q u i v a l e n t  t o  a  

0 .020- inch wa te r  depth  and a p p l y i n g  a  cont inuous a i r b o r n e  sp ray  

r e p r e s e n t a t i v e  o f  a  3 i n / h r  e q u i v a l e n t  r a i n f a l l  r a t e  th rough  two 

a i r - a t o m i z i n g  nozz les  o r i e n t e d  t o  d i r e c t  a  h o r i z o n t a l  f l o w  a t  t h e  

wheel c e n t e r  h e i g h t s  a long  b o t h  s i d e s  o f  t h e  t e s t  m o t o r c y c l e .  

A f t e r  s u s t a i n i n g  t h e  wa te r  exposure cond! t i o n  f o r  10  m inu tes ,  t h e  

tow f o r c e / a c t u a t o r  e f f o r t  ga ins  o f  f r o n t  and r e a r  b rakes  a r e  r e -  

checked acco rd ing  t o  t h e  b a s e l i n e  check procedure,  b u t  now w i t h  

t h e  w e t t i n g  procedure  c o n t i n u i n g  d u r i n g  t h e  b rake  a p p l i c a t i o n s  

(and f o r e g o i n g  t h e  i n i t i a l  t empera tu re  c o n s t r a i n t ) .  The t o t a l  

sequence o f  t h r e e  f r o n t  and t h r e e  r e a r  a c t u a t i o n s  must  be com- 

p l e t e d  b e f o r e  a  t o t a l  o f  20 minutes  has e lapsed s i n c e  t h e  s t a r t  o f  

t h e  wa te r  exposure sequence. 

3 .3 .2  Data A c q u i s i t i o n  and T e s t  R e s u l t s  Format. T h i s  s e c t i o n  

d e s c r i b e s  t h e  d a t a  t o  be ga the red  d u r i n g  each o f  t h e  t e s t  

sequences d e f i n e d  i n  S e c t i o n  3 .2 .1 .  The f o r m a t  f o r  e v a l u a t i n g  

t e s t  r e s u l t s  i s  a l s o  o u t l i n e d .  I n  t h e  e f f e c t i v e n e s s ,  fade,  and 

wa te r  exposure t e s t s ,  r e s u l t s  a r e  o b t a i n e d  i n d i c a t i n g  v e h i c l e  

per formance qua1 i t y ;  w h i l e  t h e  warming and b u r n i s h  procedures  p r o -  

duce no " r e s u l t s "  p e r  se, and w i l l  t hus  be d o c u ~ e n t e d  o n l y  v i a  

sampl ing o f  t e s t  c o n d i t i o n  v a r i a b l e s .  

Pre-Burn ish  and Pos t -Bu rn i sh  E f f e c t i v e n e s s  

The peak tow f o r c e s  o c c u r r i n g  f o r  f r o n t - o n l y  and r e a r - o n l y  

tow t e s t s  w i l l  be used t o  p r o v i d e  a  measure o f  t o t a l  v e h i c l e  

per formance i n  terms o f  v e h i c l e  s t o p p i n g  d i s t a n c e .  

Peak tow f o r c e  i s  s i m p l y  d e f i n e d  as t h e  maximum va lue  o f  tow 

f o r c e  wh ich  occurs  d u r i n g  e i t h e r  a  t r a c t i o n - l i m i t e d  o r  t o rque -  

1 i m i  t e d  s ing le -whee l  t e s t  w i t h o u t  exceed ing the  s p e c i f i e d  a c t u a t o r  

f o r c e  l i m i t s  ( 5 5  I b - f r o n t ,  90 I b - r e a r ) .  For  t hose  t o r q u e - l i m i t e d  

t e s t s  i n  wh ich  t h e  b rake  a c t u a t o r  f o r c e  exceeds t h e  s p e c i f i e d  



l i m i t ,  t h e  tow f o r c e  o c c u r r i n g  a t  t h e  t i n i e  o f  the a c t u a t o r  f o r c e  

l i m i t  exceedance w i l l  be d e f i n e d  as t h e  peak tow f o r c e .  

The f r e e - s t o p p i n g  d i s t a n c e ,  D ,  i s  c a l c u l a t e d  as  

where V o  i s  a  f r e e - s t o p p i n g  i n i t i a l  v e l o c i t y  ( f p s )  and A x  i s  

t h e  e q u i v a l e n t  t o t a l  v e h i c l e  f r e e - s t o p p i  ng d e c e l e r a t i o n  wh ich  

d e r i v e s  f r o m  t h e  r e s u l t s  o f  t h e  f r o n t - o n l y ,  r e a r - o n l y ,  s i n g l e -  

wheel t e s t s  ( g ' s ) .  

The v a l u e  o f  Ax used i n  Equa t i on  ( 1 8 )  i s  t hen  g i v e n  by 

where 

FT i s  t h e  peak tow f o r c e  r e s u l t i n g  f r o m  t h e  f r o n t -  
P 

o n l y  e f f e c t i v e n e s s  t e s t s  

h  i s  t h e  convergent  tow h e i g h t  o b t a i n e d  d u r i n g  t h e  t 
f r o n t - o n l y  e f f e c t i v e n e s s  t e s t s .  

Thermal Capac i t y  (Fade) Procedure  

Fo r  t h e  b a s e l i n e  check a p p l i c a t i o n s ,  t h e  taer and a c t u a t o r  

f o r c e  va lues  w i l l  be o b t a i n e d  by a v e r a g i n g  t h e  a c t u a t o r  f o r c e  

t i m e  h i s t o r i e s  o v e r  2 seconds o f  t h e  6 -second-du ra t i on  i n p u t .  

An average o f  t h e  t h r e e  tow f o r c e  va lues  o b t a i n e d  u s i n g  t h e  

f r o n t  b rake w i l l  t hen  be r a t i o e d  t o  t h e  average o f  t h e  t h r e e  

f r o n t  a c t u a t o r  f o r c e  va lues  y i e l d i n g  a  g a i n  value,  v i z . ,  

;;[average of 3; F r o n t  Base1 i n e  Gain = average o f  



Likewise, a  gain value characterizing the rear  base1 i  ne checks 

will  be derived,  v i z . ,  

FT(average of 3 )  
Rear Base1 ine Gain = A-- 

r average of 3 )  

For each of the ten (10) thermal loading appl ica t ions ,  two- 

second averages shal l  be obtained characterizing the respective 

tow force and actuator  force conditions. Each pair  of tow a n d  

f ron t  actuator  force averages shal l  be rat ioed t o  obtain faded 

system gain values for  the f ron t  brake, v i z . ,  

FTn ( f o r  the n t h  appl ica t ion)  Front Faded System Gain = lfor the  n t h  a p p l i c a t i o n )  
f n  

Likewise, faded system gain values fo r  the  r ea r  brake shal l  be 

determined, v i z . ,  

FTi ( f o r  the i t h  appl ica t ion)  Rear Faded System Gain = - A ( f o r  the i t h  appl ica t ion)  
r i  

Performance of the thermally loaded brake shal l  be determined by 

comparing the  extreme values of faded system gains with the  base- 

l i n e  check values and by comparing actuator  forces with the  

ergonomic maximums. 

Water Exposure Test 

T h e  respective tow and actuator  force data wi 11 be operated 

upon t o  obtain gain values as defined f o r  the case of the  thermal 

capacity t e s t  s e r i e s .  Since the water exposure t e s t s  involve a  

three-appl ica t ion  water-faded check, the  water exposure s e n s i t i v i t y  



of the t e s t  motorcycle will be evaluated by  comparing tow 

force/actuator force gains derived as the average of the three 

appl ica t  ions. Front- and rear-only appl icat ions w i  11 be treated 

independently, as was the case with the thermal fade r e su l t s .  

3.4 Rationale in S u ~ ~ o r t  o f  Procedural Details 

The following discussion provides the ra t ionale  u p o n  which 

the t e s t  procedures (deta i led  in Section 3.3) are founded or 

based. 

3.4.1 Vehicle Setup. Although few would argue against the 

t e s t  motorcycle being outf i t ted  with new brake l inings and t i r e s ,  

the "engine o f f ,  transmission in neutral"  requirement deserves a  

certain explanation. Clearly, f o r  comonly marketed motorcycles, 

the engine plays no active role in brake system performance, 

except as a n  auxi 1 iary rear-wheel re tarder .  During rear-wheel 

braking t e s t s ,  the retardation imposed by a  running, engaaed 

engine merely poses a  confoundinq influence; thus w? choose t o  

accept the tradit ional  practice of disengaging the engine and 

transmission from the rear wheel . Further, in developmental t e s t s ,  

we have also removed the drive chain to  avoid the inadvertent 

disturbance of a  brakin? experiment which derives i f  the t e s t  r ider  

happens t o  kick the s h i f t  lever o u t  of i t s  neutral posit ion.  

3.4.2 Brake Warming. The basic principle of brake warming 

employed in FMVSS 122 has been adopted since the need to  es tabl ish  

an objective method of reaching i n i t i a l  brake temperatures prior  

t o  tes t ing i s  recognized. However, the proposed tow-test pro- 

cedure speci f ies  a  "1/2 minute" interval  as the time pr ior  to  

tes t ing during which the i n i t i a l  temperature miniinurn must be met. 

This specif icat ion i s  favored over the 1 2 2  requirement of "0.2 mile" 

s ince ,  in our view, the cooling of  a  brake i s  more meaningfully 

controlled by a time rather than a distance constraint  when i t  i s  

impractical to  specify a  reference velocity.  



The i n i t i a l  tempera ture  minimum o f  130°F ( a l s o  s p e c i f i e d  by 

FMVSS 122) i s  adopted on t h e  b a s i s  o f  c e r t a i n  o b s e r v a t i o n s  con- 

c e r n i n g  m o t o r c y c l e  b rake  systems. A l though  very  l i t t l e  ha rd  

ev idence i s  a v a i l a b l e ,  i t  appears t h a t  m o t o r c y c l e  b rake  systeiris 

do r u n  much c o o l e r  than comparable systems on autoniobi l e s .  

I n  t h e  122 t e s t  s e r i e s  conducted d u r i n g  t h i s  s t u d y ,  a l l  c y c l e s  

were observed t o  r e g i s t e r  b rake tempera tures  o f  150°F o r  l e s s  

( e x c e p t  f o r  t h e  r e a r  b rake on t h e  Har ley-Dav idson FXE-1200) as 

t h e  e q u i l i b r i u m  c o n d i t i o n  th roughou t  t h e  b u r n i s h  procedure .  I n  

most cases, t h e  d i s t a n c e  t r a v e l e d  between b u r n i s h  i n t e r v a l s  was 

much l e s s  than  one m i l e  ( t h e  Honda CB 400F, f o r  example, c o u l d  o n l y  

t r a v e l  0.2 m i l e  between b r a k i n g  appl  i c a t i o n s - - b e f o r e  t h e  h o t t e s t  

b rake  coo led  t o  below 150°F).  Thus t h e  s p e c i f i c a t i o n  o f  an 

i n i t i a l  tempera ture  equal  t o  130°F does seem t o  r e p r e s e n t  a  

reasonab le  c o n d i t i o n  f o r  t e s t i n g  m o t o r c y c l e  brakes .  

I t  i s  i m p o r t a n t  t h a t  t h e  i n i t i a l  r e q u i r e d  tempera ture  n o t  be 

s e t  t o o  h i g h  s i n c e  t h e  maintenance o f  a  h i g h  minimum tempera ture  

c o n s t i t u t e s  a  p rocedura l  nu i sance .  I n  c o n d u c t i n g  t h e  e f f e c t i v e -  

ness t e s t  p rocedure ,  f o r  example, i t  i s  necessary  t o  s t o p  o p e r a t i o n s  

and a d j u s t  tow h e i g h t  f r e q u e n t l y .  I f  t h e  r e q u i r e d  ~ i n i m u n  tempera- 

t u r e  i s  somewhat h i a h ,  t h e r e  i s  a  need t o  go th rouah  t h e  warming 

procedure  f r e q u e n t l y ,  t he reby  i n c r e a s i n g  t h e  t i i ve  r e q u i r e d  t o  

comple te  t h e  t e s t .  S ince a l l  i n d i c a t i o n s  a r e  t h a t  m o t o r c y c l e  b rake  

systems a r e  q u i t e  i n s e n s i t i v e  t o  l i n i n q  tempera tures  i n  t h e  100" t o  

200°F range*,  i t  seems a p p r o p r i a t e  and o t h e r w i s e  e f f i c i e n t  t o  s e l e c t  

a  minimum tempera ture  o f  130°F. 

The t e s t  c o n d i t i o n s  s p e c i f i e d  i n  t h e  warming procedure  (30  

mph, 10 f t / s e c 2  e q u i v a l e n t  a c c e l e r a t i o n ,  and 22 sec.  maximum 

d u r a t i o n )  a r e  d e r i v e d  f r o m  t h e  e x i s t i n g  122 s p e c i f i c a t i o n s  f o r  want  

o f  any o t h e r  a r b i t r a r y  gu ide1 i n e .  A1 though t h e  warming c o n d i t i o n  

*We have noted,  f o r  example, t h a t  t h e  f o u r  v e h i c l e s  examined 
e a r l i e r  d u r i n g  t h e  122 t e s t  s e r i e s  i n d i c a t e d  no p e r c e p t i b l e  
changes i n  b rake  performance o v e r  t h e  tempera tu re  range 85" 
t o  300°F. 



requ i remen t  o f  Fr lVSS 122 seemed t o  r e p r e s e n t  a  reasonab le  q u a n t i t y  

o f  energy ,  t h e  t i m e  r a t e  o f  i n p u t  o f  t h a t  energy was n o t  s p e c i f i e d .  

We have a p p l i e d  t h e  same t o t a l  amount o f  energy  as t h e  122 method, 

b u t  have compressed t h e  energy i n p u t  p e r i o d  t o  22 seconds (as  i s ,  

o f  course ,  s t r a i g h t f o r w a r d  i n  t h e  t o w i n p  t e c h n i q u e ) .  ble j u s t i f y  

t h e  compressed i n p u t  p e r i o d  on t h e  grounds t h a t  t h e  warming p r o -  

cedure  has no o t h e r  purpose b u t  " t o  warm." S ince  we f i n d  no ev idence  

t h a t  t h e  energy  i n p u t  r a t e  a f f e c t s  t h e  c h a r a c t e r  o f  an i n i t i a l  

t empera tu re  c o n d i t i o n  ( g i v e n  t h a t  a  s u b s t a n t i  a1 " p e n e t r a t i o n "  o f  

t h a t  energy i n t o  t h e  r u b b i n g  e lements i s  expec ted ) ,  a  compressed 

warming t e c h n i q u e  i s  a c c o r d i n g l y  adopted as an e f f i c i e n t  and 

e f f e c t i v e  means t o  a t t a i n  t h e  s p e c i f i e d  i n i t i a l  t empera tu re .  

3.4.3 E f f e c t i v e n e s s  Tes ts  (P re -  and P o s t - B u r n i s h ) .  A t  f i r s t  

g lance ,  t h e  s i n g l  e-wheel e f f e c t i v e n e s s  t e s t  p rocedure  may appear 

as a  c o m p l i c a t e d  e x e r c i s e  f o r  o b t a i n i n g  a  measure o f  m o t o r c y c l e  

b r a k i n g  e f f e c t i v e n e s s .  I n  comparison t o  FMVSS 122 p r a c t i c e ,  t h e  

proposed p rocedure  does i n v o l v e  g r e a t e r  c o m p l e x i t y ,  b u t  o n l y  t o  t n e  

degree necessary  t o  e l i m i n a t e  t h e  l a c k  o f  o b j e c t i v i t y  i n h e r e n t  i n  

t h e  p r e s e n t  t e s t  p rocedure .  

Given t h a t  s i ng le -whee l  t e s t i n g  p r o v i d e s  t h e  o b j e c t i v i t y  

l a c k i n g  i n  t h e  p r e s e n t  e f f e c t i v e n e s s  t e s t  procedure,  i t  i s  p e r t i n e n t  

t o  c o n s i d e r  t h o s e  n ie thodo log i ca l  f e a t u r e s  wh ich  a r e  r e q u i r e d  t o  

assu re  an e q u i v a l e n c e  between t h e  s i n g l e - w h e e l  t e s t  r e s u l t s  and t h e  

b r a k i n g  performance capab i  1  i t y  o f  t h e  f r e e - s t o p p i n g  m o t o r c y c l  e .  

C l e a r l y ,  as p resen ted  e a r l i e r ,  a  key requ i remen t  i s  t h a t  s i n g l e -  

wheel t e s t s  shou ld  be conducted a t  t h e  same v e r t i c a l  wheel l o a d s  

wh ich  wou ld  r e s u l t  from t h e  dua l  -braked,  f r e e - s t o p p i n g  m o t o r c y c l e .  

As was d iscussed,  t h i s  c r i t e r i o n  i m p l i e s  t h a t  t h e  towed m o t o r c y c l e  

expe r ience  a  f o r w a r d  t r a n s f e r  o f  v e r t i c a l  l o a d  i n  t h e  f r o n t -  and 

r e a r - o n l y  b r a k i n g  t e s t s  wh ich  i s  e q u i v a l e n t  w i t h  t h a t  expe r ienced  

by t h e  dua l -b raked,  f r e e - s t o p p i n g  m o t o r c y c l e .  As was shown i n  



S e c t i o n  3 . 3 ,  t h e  p r o p e r  t i r e  l o a d  c o n d i t i o n s  a r e  a c h i e v e d  by t o w i n g  

t h e  n i o t o r c y c l e  w i t h  a tow b a r  l o c a t e d  a t  t h e  p r o p e r  h e i g h t  f o r  

f r o n t -  and rea r -whee l  - o n l y  b r a k i n g .  

The d e t e r m i n a t i o n  o f  t h e s e  p r o p e r  tow h e i g h t s  i s  t h e r e f o r e  

a  c e n t r a l  f ocus  o f  t h e  s ing le -whee l  e f f e c t i v e n e s s  t e s t s .  Fo r -  

t u n a t e l y ,  a  simp1 e  a n a l y s i s  o f  t h e  f o r e - a f t  1  oad t r a n s f e r  expe r ienced  

by t h e  f r e e - s t o p p i n g  b i k e  p r o v i d e s  t h e  b a s i s  f o r  d e w e l o p i n g  a  

mechanized procedure  o f  s e l e c t i n g  tow h e i g h t  wh ich  ;F;.ssures an 

e f f i c i e n t  convergence t o  t h e  " c o r r e c t "  v a l u e  o f  tow h e i g h t  i n  t h e  

f i e l d .  

T h i s  i t e r a t i v e  procedure ,  d e r i v i n a  f r o m  t h e  a n a l y s i s  p r e s e n t e d  

i n  Appendix E ,  i s  embodied i n  Equa t i ons  ( 1 6 )  and (17) and wou ld  

t y p i c a l l y  be expanded t o  a s s i s t  f i e l d  t e s t i n g  t h r o u q h  compu ta t i on  

o f  a  s e t  o f  t a b l e s .  I t  shou ld  be r e c o g n i z e d  t h a t  e x h  s t e p  i n  t h e  

i t e r a t i v e  procedure  i s  c o n t a i n e d  w i t h i n  an o r g a n i z e d  d e c i s i o n  and 

a c t i o n  process  wh ich  has a  number o f  s t e p s .  Each step i n v o l v e s  

m e r e l y  a  y e s l n o  d e c i s i o n ,  a  t o w - h e i g h t  ad jus tmen t ,  c r  a  s i n g l e  b rake  

a p p l i c a t i o n .  The accumu la t i on  o f  t h e s e  s teps  i n  an z f f e c t i v e n e s s  

t e s t  s e r i e s  does n o t ,  i n  o u r  v iew,  add up t o  a large-  u n d e r t a k i n g .  

A d d i t i o n a l  comments a r e  i n  o r d e r  c o n c e r n i n g  o t A e r  f e a t u r e s  o f  

t h e  e f f e c t i v e n e s s  t e s t  p rocedure .  I n  p a r t i c u l a r ,  t h e  upper  l i m i t  on 

t h e  i n i t i a l  t empera tu re  a1 l o w a b l e  p r i o r  t o  each b r a k e  app l  i c a t i o n  

( v i z . ,  180" )  was s e l e c t e d  i n  t h e  l i g h t  o f  t h e  o b s e r v a t i o n  t h a t :  

a )  m o t o r c y c l e  brakes  a r e  q u i t e  i n s e n s i t i v e  ta tempera tu re  

i n  t h e  range 100" t o  200°F, and 

b )  t e s t  e f f i c i e n c y  i s  i n c r e a s e d  when a  h i g h e r  v a l u e  o f  

i n i t i a l  t empera tu re  i s  p e r m i t t e d .  

I n  a d d i t i o n ,  t h e  d e c i s i o n  t o  r e p e a t  t h e  e f f e c t i v e n e s s  t e s t s  t h r e e  

t i m e s  a t  t h e  f i n a l  tow h e i g h t s  was based upon 1  i m i k e d  o b s e r v a t i o n s  

o f  t h e  r e p e a t a b i  1 i t y  e x h i b i t e d  i n  t h e  t e s t s  per fo rmed on t h e  two 

m o t o r c y c l e s  t o  wh ich  t h e  method was a p p l i e d .  Note t h a t  a  t h r e e - r u n  

r e p e a t  i s  a l s o  employed i n  b a s e l i n e  checks p r i o r  ts t h e  f a d e  and 

wa te r  exposure t e s t s .  



3.4 .4  -- B u r n i s h  Procedure.  A m a j o r  f i n d i n g  d e r i v i n q  f rom t h e  

FMVSS 122 t e s t  s e r i e s  was t h e  d i s c o v e r y  t h a t  t h e  b u r n i s h  procedure 

s p e c i f i e d  i n  t h e  s tandard  does n o t  appear t o  p r o v i d e  an adequate 

l e v e l  of  "work ing"  t o  t h e  brakes.  T h i s  o b s e r v a t i o n  was based upon 

t h e  e q u i l i b r i u m  temperatures and t h e  percentage c o n t a c t  across t h e  

l i n i n g  area a t t a i n e d  d u r i n g  b u r n i s h  r a t h e r  than  upon a  p e r c e p t i o n  

concern ing t h e  ach i  evement o f  an e q u i l i b r i u m  c o n d i t i o n  o f  brake 

t o r q u e  g a i n .  Indeed, we know o f  no sources o f  data  i n d i c a t i n g  

t y p i c a l  t r a n s i e n t s  i n  m o t o r c y c l e  brake t o r q u e  e f f e c t i v e n e s s  which 

accrue e i t h e r  f rom exper imen ta l  b u r n i s h i n g  o r  f rom t h e  b u r n i s h  

exper ience  o f  normal usage. Thus i t  was determined t h a t  f o r  t h e  

purposes o f  t h e  demons t ra t i on  t e s t  program, a b u r n i s h  procedure more 

severe than t h a t  employed i n  FMVSS 122 was d e s i r a b l e  s imp ly  on t h e  

s t r e n g t h  o f  ev idence t h a t  t h e  122 method y i e l d s  low temperatures  and 

incomp le te  1  i n i n g  c o n t a c t .  

A s e r i e s  o f  developmental  t r i a l s  were conducted w i t h  t h e  

Kawasaki F9C, seek ing a t o w - t e s t  b u r n i s h  procedure which c o n s t i t u t e d  

adequate c o n d i t i o n i n g  o f  t h e  brakes.  B u r n i s h  sequences were con- 

duc ted  u s i n g  t h e  c o n d i t i o n s  desc r ibed  i n  t h e  f o l l o w i n g  t a b l e :  

Accel e ra -  Energy* 
t i o n  Equi -  Tow Force B r a k i n g  Per A p p l i -  E q u i l i b r i u ~  

Speed v a l e n t  D u r a t i o n  I n t e r v a l  c a t i o n  Temperature 
- (mph) ( f t / s e c 2 )  ( sec )  (mi ) ( f t - 1  bs )  ( O F F )  

FMVSS Complete 
(122)  30 12 Stop 1 . O  7680 - - - -  

*Note t h a t  t h e  "energy" d e s c r i p t o r  i s  determined by t h e  r e l a t i o n -  
s h i p :  

Energy = (average t e s t  speed) x  ( tow f o r c e  d u r a t i o n )  

J 

expressed i n  u n i t s  o f  f t - 1  bs.  



These equil ibriuni temperature findings led t o  the 40 m p h ,  1 2  

f t l s ec ' ,  and 4 seconds duration condition being selected for  use 

i n  the formal description of the procedure and in the demonstration 

tes t program. 

Clearly, the independent burnish of f ron t  and rear  brakes 

const i tu tes  a basic charac te r i s t i c  of the tow-test method. Further, 

the determination of the tow forces t o  be used in the burnish 

sequence as .per Equations (13) and (14) (see  Section 3 .3 )  assures 

a clean normalization of braking input level t o  account fo r  the 

manner in which f ront  a n d  rear braking e f f o r t  would be ( i dea l l y )  

d is t r ibuted in service.  

I t  should also be pointed o u t  t h a t  the to ta l  number of brake 

applicat ions fo r  burnishing purposes, v i z . ,  200, has been retained 

from the 722 procedure. This speci f ica t ion,  together with the 

increased energy 1 eve1 requirement , c lea r ly  assures t ha t  the sever i ty  

of the burnish procedure i s  upgraded with respect t c  t h a t  required 

by FMVSS 122. Finally,  the se t t ing  of the tow attachment a t  the 

height of the cycle l r ider  c .g .  merely serves t o  assure tha t  wheel 

lockup will not occur during these re la t ive ly  mild applicat ions of 

brake torque. 

3 . 4 . 5  Thermal Capacity (Fade) Procedure. Before discussing 

the ra t ionale  behind the fade procedure specif ied i n  Section 3 . 3 ,  

i t  i s  f i r s t  pert inent  to  review cer ta in  considerations which led t o  

discarding a conceptual a1 ternat ive  which was or ig inal ly  expected 

to  form the basis f o r  the selected method. This a l t e rna t i ve  

involved the design of a thermal loading experiment which would be 

analogous t o  a mountain descent scenario. By th is  scenar io ,  a  "fade" 

t e s t  would be configured t o  simulate the continuous energy absorp- 

t ion involved in a mountain descent on the proposition tha t  such a 

loading hi s tory const i tu tes  the most severe braking condition ( a s  

has been generally established for  passenqer cars [ I ]  and commercial 

vehicles [2]). The mountain-descent concept was found to  be faul ty  



when i t  was observed t h a t  t h e  t y p i c a l  ~ i l o t o r c y c l e  wou ld  .- - - n o t ,  . - . - . i n  f a c t ,  

expe r ience  an excess i ve  thermal  l o a d i n g  as a  consequence o f  t h e  

s u s t a i n e d  r e t a r d a t i o n  r e q u i r e d  i n  descend ing s teep downgrades, 

such as a r e  found i n  t h e  U . S .  

By way o f  e x p l a n a t i o n ,  c o n s i d e r  t h a t  t h e  t r a v e l  o f  a  mo to r -  

c y c l e  a t  s teady speed down a  mounta in  i n c l i n e  i s  de te rm ined  by a 

ba lance o f  b r a k i n g ,  g r a v i t y  , and aerodynamic d rag  f o r c e s  ( n e g l e c t i n g  

eng ine  r e t a r d a t i o n  and r o l l i n g  l o s s e s ) ,  as d e f i n e d  b y  t h e  e q u a t i o n  

B = W s i n  e - C V 2  

where 

FB = t o t a l  b r a k i n g  f o r c e  

W = v e h i c l e  w e i g h t  

e = roadway i n c l i n a t i o n  

V = v e h i c l e  speed 

C = aerodynamic c o n s t a n t  (C = 112 p CdA 

where = a i r  d e n s i t y  

Cd = d rag  c o e f f i c i e n t  

A = p r o j e c t e d  f r o n t a l  a rea  o f  
c y c l e  and r i d e r )  

I n  t h e  absence o f  b r a k i n g ,  i t  can be shown t h a t  t h e  c o a s t i n g  mo to r -  

c y c l e  w i l l  ach ieve  a  s teady  t e r m i n a l  v e l o c i t y  o f :  

For  a  t y p i c a l  m o t o r c y c l e  and r i d e r  w e i g h i n g  550 l b s  ( w i t h  Cd = 1 . 0 ) ,  

t h e  t e r m i n a l  v e l o c i t y  on a  lo:! g rade would be abou t  68 f t / s e c .  

Thus a  t y p i c a l  m o t o r c y c l e  can descend a  lo;! grade a t  a  s teady  46 

mph w i t h  no b r a k i n g  r e t a r d a t i o n  r e q u i r e d  a t  a l l .  



Consider, now, the steady descent veloci ty a t  which the 

maximum r a t e  of energy absorption would be required.  kre have 

t h a t  

Brake Energy Rate = FbV = W V  s in  e - C V 3  

On d i f fe ren t i a t ing  t o  determine the veloci ty requir ing maximum 

energy absorption,  we obtain 

d(energy r a t e )  
dV = W s in  e 3CV2 

Thus we see t h a t  the  maximum energy absorption r a t e  i s  obtained on 

a 10% grade a t  a steady speed of approximately 2 7  m p h .  ,4t t h a t  
ve loc i ty ,  the  re tardat ion  force required f o r  a 550-1b cycle and 

r i d e r  would be about 36 l b s .  This sustained re tardat icn  would 

impose a braking energy r a t e  of 1420 f t -1  bs/sec.  I n  c o n t r a s t ,  the  

energy ra te  afforded by the FMVSS 1 2 2  fade procedure ( i f  averaged 

over the  time associated with a l l  10 s tops )  i s  in the  v i c i n i t y  of 

2200 f t -1  bs/sec. Thus, s ince  the mountain-descending motorcycl e 

must t ravel  a t  unreasonably slow speeds t o  experience subs tant ia l  

r a t e s  of re tardat ion  energy input and since even those ra t e s  appear 

l o w  in comparison with other  severe usage condit ions,  the mountain 

descent scenario was discarded as the  basis  f o r  a fade t e s t  

procedure. 

Implici t  in the foregoing conclusion i s  a conviction t h a t  

the fade sequence imposed by FMVSS 122 cons t i tu tes  a loading 

sequence of reasonable sever i ty .  To reach t h i s  posi t ion one nust 

expand h i s  judgments of "reasonableness" t o  encompass such recrea-  

t ional  motorcycling t a c t i c s  as a re  apparently practiced by a 



n o t - i n s i g n i f i c a n t  p o r t i o n  o f  the m o t o r c y c l e - r i d i n g  p o p u l a t i o n .  By 

such s c e n a r i o s ,  one e n v i s i o n s  a  r i d e r  who "b lazes "  t h r o u g h  an u rban  

area on a  non-1 i m i  ted-access  highway , a p p l y i n g  15 f t / s e c 2  b r a k i n g  

a t  s i g n a l i z e d  i n t e r s e c t i o n s ,  e v e r y  0 .4  m i l e  f o r  t e n  s t o p l i g h t s  i n  

a  row. Regard less  o f  t h e  p a l a t a b i l i t y  o f  such " l i t r e r a l "  i n t e r p r e -  

t a t i o n s  o f  t h e  122 fade sequence, i t  was d e t e r m i f e d  t h a t  t h e  o v e r a l l  

energy  e x p e r i e n c e  was n o t  o u t  o f  o r d e r  n o r  were t h e  i n d i v i d u a l  energy  

r a t e s  unreasonab le .  F u r t h e r ,  s i n c e  t h e  f o u r  m o t a r c y c l e s  t e s t e d  i n  

t h e  122 t e s t  s e r i e s  showed v i r t u a l l y  no l o s s  i n  b r a k i n g  c a p a b i l i t y  

as a  consequence o f  t h i s  a p p a r e n t l y  c o n s e r v a t i v e  le'nrel o f  energy  

i n p u t ,  i t  would seem t h a t  t h e  122 f a d e  sequence exa;cts l i t t l e  p r i c e  

i n  c o n f i r m i n g  a  more than  adequate l e v e l  o f  t h e m a r  c a p a c i t y .  

The the rma l  c a p a c i t y  p rocedure  o u t 1  i n e d  i n  S e c t i o n  3.3 r e q u i r e s  

a  s e t  o f  t h r e e  base1 i n e  check a p p l i c a t i o n s ,  b u t  does not i n c l u d e  a  

" r e c o v e r y "  sequence. The o b s e r v a t i o n  d e r i v i n g  fsm t h e  r e s u l t s  o f  

numerous deve lopmenta l  t e s t s  and f r o m  t h e  imp1 i c a t i a n s  o f  t h e  122 

t e s t  r e s u l t s  i s  t h a t  t h e  r e c o v e r y  p rocedure  p r o v ? d e z  no v a l u a b l e  

measure beyond t h a t  wh ich  can be o b t a i n e d  w i t h i n  rhfc t he rma l  l o a d i n g  

sequence, i t s e l f .  The p r i n c i p a l  a rgunen t  i s  bas& c n o n  1  i m i  t e d  

d a t a  i n d i  c a t i  ng t h a t  t h e  m o t o r c y c l e  b rake  system gen lera l  l y  improves 

i n  t o r q u e  c a p a b i l i t y ,  i f  a n y t h i n g ,  as t h e  syster;: ' r t x o v e r s . "  Thus 

i f  t h e  r e t e n t i o n  o f  b rake  t o r q u e  c a ~ a c i t y  d u r i n g  t h e  t he rma l  l o a d i n g  

sequence i s  t h o u g h t  t o  be a  m a t t e r  o f  concern ,  the  rarocedure  can 

o b t a i n  t h e  r e l e v a n t  per fo rmance measure w i t h o u t  ~ e s a r t i n g  t o  a  

r e c o v e r y  b r a k i n g  phase. A d d i t i o n a l l y ,  t h e  qua1 i t j  r ~ f  t h e  t o w - t e s t  

f a d e  p rocedure  appears s u f f i c i e n t l y  good f r o m  a  r e p e a t a b i l i t y  p o i n t  

o f  v i ew  t h a t  t h e  d a t a  ga the red  d u r i n g  t h e  1 0 - a p p l i z a t i o n  l o a d i n y  

sequence can be used t o  p r o v i d e  a  s a t i s f a c t o r y  pee h ~ r m a n c e  measure. 

Regard ing  t h e  c o n d i t i o n s  p r e s c r i b e d  f o r  each " f a d e "  app l  i ca-  

t i o n  i n  t h e  t o w - t e s t  p rocedure ,  i t  s h o u l d  be n o t e d  t h a t  t h e  s p e c i f i -  

c a t i o n  of a  30-mph, 15 f t / s e c 2 ,  6 -second-du ra t i an  b r a k i n g  i n p u t  

e v e r y  0.4 m i l e  p r o v i d e s  an energy  i n p u t ,  a t  c o n s t a m t  v e l o c i t y ,  wh ich  

i s  equa l  t o  t h a t  absorbed by a  f r e e - s t o p p i n g  m o t o r r y c l e  wh ich  

brakes from t h e  60-mph v e l o c i t y  s p e c i f i e d  i n  FMVSS 122. 



As a  f inal  consideration in defining a  fade t e s t  procedure, 

there was a  concern that  certain front-torque-1 inli ted motorcycles 

might "pass" an effectiveness t e s t  b u t  s t i l l  n o t  possess a  su f f i -  

c ient  braking capabil i ty on the f ront  wheels t o  be able to  conduct 

the 15 f t / sec2  equivalent acceleration inputs required fo r  the fade 

t e s t .  To explore that  poss ib i l i ty ,  one must ant ic ipate  the f ront-  

wheel effectiveness "requirement" of the tow-test method. 

Given the 1 2 2  stopping distance requirement fo r  a  full-system 

performance equal t o  185 f ee t  (equivalent t o  a  21 f t / s ec2  

decelera t ion) ,  we can compute the f ront  wheel effectiveness required 

t o  a t t a i n  t h a t  level of full-system performance. Let us assume, 

however, a f u l l  -system deceleration performance of 24  f t / s ec2  

( - 7 4 5  g ' s ) ,  s ince the tow-test method yie lds  an "ultimate capabi l i ty"  

which i s  f ree  of the ineff ic iencies  deriving from the r i d e r ' s  

modulation of brake e f f o r t .  I f  we then assume that  the rear  braking 

system on the typical motorcycle can accrue a brake force equal t o  
the t i r e ' s  peak tract ion l i m i t ,  we can solve fo r  the minimum 

remaining share of the braking capabil i ty which must be borne by 

the front  brake. Thus, we can write tha t :  

where 

p = rear  t i r e  normalized t rac t ion peak 

C = fract ional  f ront  brake u t i l i za t ion  of 

f ront  t i r e  ver t ica l  load 

W = cycle l r ider  weight 



On s u b s t i t u t i n g  r e p r e s e n t a t i v e  nurllbers f o r  t h e  l o c a ' t i o n  o f  t h e  

c e n t e r  o f  mass, v i z . ,  

we have t h a t ,  

I f  p = 1.0 (as  seems reasonab le  on d r y  pavement) ,  t h e n  C must  be 

a t  l e a s t  = .67 .  Thus, t o  "pass"  an e f f e c t i v e n e s s  t e s t  r e q u i r i n g  

a .745 g  d e c e l e r a t i o n ,  t h e  ( t y p i c a l )  f r o n t  b rake  must  p r o v i d e  a  

b r a k i n g  f o r c e  o f  a t  l e a s t :  

T h i s  r e s u l t  can be c o n t r a s t e d  w i t h  t h e  f r o n t  b r a k i n g  f o r c e  

needed t o  conduct  t h e  15 f t / s e c 2  c o n d i t i o n  r e q u i r e d  by t h e  f a d e  t e s t .  

We m e r e l y  s o l v e  Equa t i on  ( 1 5 )  f rom S e c t i o n  3.3, u s i n g  i d e n t i c a l  

va lues  f o r  t h e  parameters d e f i n i n g  t h e  c . g .  l o c a t i o n ,  and f i n d  t h a t  

t h e  Ff ( r e q u i r e d  i n  t h e  fade  p rocedure )  = .289 W .  Thus, i t  i s  

seen t h a t  t h e  suggested e f f e c t i v e n e s s  r e q u i r e m e n t  s e r v e s  t o  assu re  

a  s u f f i c i e n t  l e v e l  o f  f r o n t  b r a k i n g  c a p a b i l i t y  t h a t  t h e  15 f t / s e c 2  

t e s t  c o n d i t i o n  o f  t h e  fade  procedure  can a lways be a t t a i n e d .  

3 .4 .6  Wetted Brake Performance. The wa te r  exposure  p rocedure  

i s  i n t e n d e d  t o  p r o v i d e  a  dynamic w e t t i n g  c o n d i t i o n  s i m i l a r  t o  t h a t  

such as may p r e v a i  1  w h i l e  r i d i n g  i n  a  heavy r a i n f a 7  1 . Water i s  

d e l i v e r e d  b o t h  t o  t h e  pavement and v i a  an a i r b o r n e  s p r a y  so as t o  

account  f o r  t h e  two b a s i c  p a t h s  o f  w a t e r  impingement on b rake  

assembl ies  (as was d i scussed  i n  S e c t i o n  3 . 2 ) .  



A base1 i n e  check o f  tow f o r c e / a c t u a t o r  f o r c e  g a i n s  serves  as 

a  "bench mark"  a g a i n s t  wh ich  t o  e v a l u a t e  t h e  i n f l u e n c e  o f  w a t e r  

exposure.  I t  shou ld  be recogn ized ,  however, t h a t ,  u n t i l  c e r t a i n  

resea rch  i s  done, we have no f i r m  b a s i s  f o r  i n t e r p r e t i n g  t h e  s i g n i -  

f i c a n c e  o f  g a i n  changes. W i t h i n  t h e  c u r r e n t  s t a t e  af knowledge, 

we can o n l y  p l a c e  a  c e r t a i n  con f i dence  i n  t h e  r e a s o ~ a b l e n e s s  o f  t h e  

ergonomic f o r c e  l i m i t s ,  s i n c e  t h e r e  i s  no known s o u r c e  o f  d a t a  

e v a l  u a t i  ng t h e  s i g n i f i c a n c e  of a c t u a t o r  e f f o r t  g a i n  ( o r  changes 

t h e r e o f ) .  

The w a t e r  exposure expe r imen t  i s  des igned t o  p e r m i t  t h e  

measurement o f  "wa te r - faded"  ga ins  w h i l e  t h e  w e t t i n q  p rocedure  i s  

s t i  11 i n  p rog ress .  Thus i t  has been s p e c i f i e d  t h a t  a f t e r  10 

m inu tes  o f  con t i nuous  w a t e r  exposure,  t h e  r e c h e c k i n g  o f  f r o n t  and 

r e a r  ga ins  a r e  i n i t i a t e d ,  and must be comple ted befi3re a n o t h e r  10 

m inu tes  has e lapsed .  C l e a r l y ,  t h e  p rocedure  has beer l i m i t e d  t o  

a  d u r a t i o n  compa t ib le  w i t h  reasonab le  l i m i t a t i o n s  i n  s t o r e d  w a t e r  

v o l  ume . 

3.5 Demonst ra t ion  o f  t h e  U n i f i e d  T e s t  Concept 

The demons t ra t i on  tow t e s t s  were conducted l i s i n a  t h e  Kawasaki 

and H a r l  ey-Davidson m o t o r c y c l e s  d e s c r i b e d  p r e v i o u s l y  . The r e s u l t s  

o f  t hose  t e s t s  a r e  summarized below, b!hi le d e t a i l e d  :data a r e  

p resen ted  i n  Appendix B .  Less t h a n  two days were r o q u i r e d  f o r  

t e s t i n g  each m o t o r c y c l e  p e r  t h e  t o w - t e s t  procedure,  4 ~ 1 i  t h  t h e  

b u r n i s h  sequence occupy ing  n e a r l y  h a l f  o f  t h a t  t i m e .  O v e r a l l ,  t h e  

t e s t  p rocedure  was found t o  be s t r a i g h t f o r w a r d  and p r a c t i c a b l e  as 

a  f i e l d  t e s t  t echn ique .  

Two m o d i f i c a t i o n s  were made t o  t h e  t e s t  p r o c e d u r e  d u r i n g  

t e s t i n g ~ n e  i n v o l v i n g  t h e  i n s t a l  1  a t i  on o f  an a d d i t i o n a l  hardware 

i tern t o  assu re  an a c c u r a t e  c o u n t e r b a l a n c i n g  o f  the e x t r a n e o u s  l o a d s  

imposed by t h e  t o w i n g  c o n s t r a i n t  l i n k a g e s ,  and t h e  second i n v o l v i n g  

an a l t e r a t i o n  o f  t h e  e f f e c t i v e n e s s  c a l c u l a t i o m  u s e d  d u r i n g  t h e  

i t e r a t i v e  t e s t  sequence. Bo th  o f  t hese  m o d i f i c a t i o n s  were i n t r o -  

duced d u r i n g  t h e  t e s t i n g  o f  t h e  f i r s t  m o t o r c y c l e  .and a r e  d i scussed  

c o m p l e t e l y  i n  Appendix B. 



3 .5 .1  Tow-Test ------ System. The basic layout of the tow-test 

system developed i n  th is  project i s  shown in the photos of 

Figures 10 through 16. A pickup truck provided the towing and 

mobile support services t o  the t e s t  motorcycle which i s  firriily 

constrained through an attaching linkage. By means of certain 

"tai lored" adaptors, the t e s t  motorcycle was fastened t o  a 

standardized s e t  of l inks .  A " r ider"  i s  seated upon the cycle 

for  purposes of loading the cycle and applying prescribed inputs 

to the brake control elements. During t e s t  operations, the towing 

vehicle i s  occupied by a t e s t  engineer who  communicates with the 

r ider  via a wired headset. The t e s t  engineer also controls the 

synchronizing of t e s t  sequences with the data acquisition ac t iv i ty .  

The photos of Figures 10-1 2 show the overall view of the 

t e s t  system. Figure 13 presents a view from the t e s t  r i d e r ' s  

position. A closeup of the tow force meter i s  shown in Figure 14. 

Figure 15 shows a side view of the f ront  wheel assembly/linkages 

and  tow force transducer. The foot pedal force transducer i s  shown 

in Figure 16. 

Various de ta i l s  of the tow-test system hardware design a n d  

instrumentation are discussed in Appendix C .  

3 .5 .2  Test Motorcycle Preparation. 

Prior t o  conducting the t e s t  procedure i t s e l f ,  various prepa- 

rations are  required. These preparations include measurinc the 

mass center location,  calculating cer ta in  tow forces and tow 

heights t o  be used during each stace of the procedure, a n d  

fabricat ing and ins ta l l ing certain hardware i terns. 

Parameter Measurements 

The motorcycle (and r ide r )  parameters required by the method 

are ( 1 )  longitudinal center-of-gravity location,  ( 2 ;  center-of- 

gravity height, and ( 3 )  to ta l  weight. Each of these parameters 
are obtained by conducting simple l i f t i n g  force measurements a t  











Figure 14. Tow force meter located di rect ly  i n  r i d e r ' s  view. 



Figure 15. Tow 1 inkage attachment on front wheel of Harley-Davidson FXE-1200 
employing replacement front axle pin. 
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the f ront  and  rear wheels. The c .g .  heiqht i s  calc,ulated fro111 

f ront  ( o r  rea r )  l i f t i n g  force measurements of the bike and r ider  

inclined a t  varying angles. The parameter measurements fo r  the 

Kawasaki F9C-350 and Harley-Davidson FXE-1200 t e s t  motorcycles 

using such a technique a re  shown in Table 4 .  

Calculations Required fo r  the Test Procedure 

During d i f fe ren t  portions of the t e s t  proceduwe (warm-up, 

burnish, fade, water recovery) speci f ic  decelerat ion levels*  are  

prescribed. Each of these d i f fe ren t  deceleration l eve l s  i s  repre- 

sented in the constant velocity tow-test procedure by an equivalent 

tow force. For example, a 0 .40  g vehicle decelerat ion speci f ica t ion 

would be represented by an  80-lb tow force in a single-wheel t e s t  

fo r  which the respective dynamic wheel load i s  calculated t o  be 

200 1 b .  Since each motorcycle i s  characterized by f t s  par t i cu la r  

value of weight a n d  location of c . q . ,  the need e x i s t s  t o  ca lcula te  

tow forces f o r  each t e s t  motorcycle correspondino ta the d i f fe ren t  

deceleration levels  specif ied in the t e s t  procedure, For sing1 e- 

wheel t e s t s ,  the calculat ions re la t ing equivalent taw force ,  F T ,  

and specif ied deceleration are  ~ i v e n  by the aeneralized equations 

shown previously and provided again here for  convenience, namely, 

h FTf = A [ W  A W ]  , ( f ron t  only) x f X 

and 

h FTr = A [ W  - - x r  R 
A x  W ]  , ( r e a r  only) 

* I t  should be noted tha t  "deceleration level" was chosen as a 
braking level spec i f i ca t ion ,  despite the f a c t  t h a t  the tow- 
t e s t  method involves only constant velocity experiments. This 
choice stems frorn a des i re  t o  permit a ready in te rpre ta t ion  of 
tow-test braking levels  by analogy to  the more t r ad i t i ona l  
stopping t e s t  procedures. 



Table 4 . Kawasaki and Har ley-Dav idson Parameter Measurements 

Wheel base, ( a )  

F r o n t  Wheel - c.g.  
D i  s tance,  ( a )  

Rear Wheel - c . g .  
Dis tance,  ( b )  

c.g. He igh t  Above 
Ground (w i  t h  165 f  
R i d e r ) ,  (h )  

T o t a l  Weight 
(w i th  R i d e r ) ,  ( W )  

S t a t i c  F r o n t  Wheel 
Load, ( W f )  

S t a t i c  Rear Wheel 
Load (W,) 

Kawasaki 

55.5" 

Har ley-Dav i  dson 

63.3" 



Tow Fo rces  t o  be Eniployed i n  t h e  B r a k e - W a r m i n 1  P r o c e d u r e  - -- ---- 

The two  g e n e r a l  e q u a t i o n s  f o r  f r o n t - o n l y  and r e a r - o n l y  t ow  

f o r c e s  ( a s  g i v e n  above)  p l u s  t h e  s p e c i f i e d  warni-up d e c e l e r a t i o n  o f  

1 0  f t / s e c 2  ( . 31  g ' s ) ,  y i e l d  t h e  warm-up t ow  f o r c e s  f o r  any  b i k e  

as:  

h  FT = ( 3 1  [Wf + , (.31)W]  , ( f r o n t  o n l y )  
W 

FT = ( 3 1  [Wr - , .  ( .31)W] , ( r e g r  o n l y )  
w 

On i n s e r t i n g  t h e  p a r a m e t e r  v a l u e s  a p p l  i c a b l e  t o  t h e  Kawasaki 

and Ha r l ey -Dav idson ,  t h e  f o l l o w i n g  t o w  f o r c e s  f o r  warm-up a r e  

o b t a i n e d :  

Kawasaki H a r l  e y - D a v i d s o n  

( F r o n t  o n l y )  75 l b .  115 lb ,  

(Rear  o n l y )  69 l b .  121 l b .  

B u r n i s h  TOW Fo rces  

F o r  t h e  s p e c i f i e d  b u r n i s h  d e c e l e r a t i o n  o f  12 f t / s e c 2  

( . 3 7  g ' s ) ,  E q u a t i o n s  ( 1 3 )  and ( 1 4 )  r e d u c e  t o  

h  FT = ( . 3 7 )  [ W f  + , ( . 3 7 )  W ]  , ( f r o n t  o n l y )  
f~ 

h  FT = ( ,371  [ W r  - , ( , 3 7 1  W ]  , ( r e a r  o n l y )  
r~ 

wh i ch ,  i n  t u r n ,  y i e l d  t h e  f o l l o w i n g  t ow  f o r c e s  f o r  b u r n i s h i n g  t h e  

b r a k e s  o f  t h e  Kawasaki and H a r l e y - D a v i d s o n  , r e s p e c t i v e l y :  



IKawasa k i  - -. -. - - - Har ley-Dav idson - - - -- --- - 

( F r o n t  o n l y )  95 I b .  142 l b .  

(Rear o n l y )  78 I b .  139 l b .  

The tow f o r c e s  needed t o  execute  t h e  fade  and w a t e r  

r e c o v e r y  t e s t  p rocedures  a r e  computed i n  a  s i m i l a r  manner, y i e l d i n g  

t h e  f o l l o w i n g  r e s u l t s :  

Fade Tow Forces : 

Kawasaki 

( F r o n t  o n l y )  131 l b .  

(Rear o n l y )  88 I b .  

H a r l  ey-Davidson 

191 I b .  

Water Recovery Tow Forces :  

.Kawa s  a  k  i Har ley -Dav i  dson 

( F r o n t  o n l y )  75 I b .  115 I b .  

(Rear o n l y )  69 I b .  121 I b .  

E f f e c t i v e n e s s  Tes t  - I t e r a t i o n  on Tow H e i a h t s  

I n  a d d i t i o n  t o  t h e  tow f o r c e  c a l c u l a t i o n s  d e f i n e d  above, 

t h e r e  i s  t h e  need t o  c a l c u l a t e  t h e  tow h e i g h t  r e q u i r e d  f o r  t h e  

e f f e c t i v e n e s s  t e s t s .  As has been d i scussed ,  s e l e c t i o n  o f  tow 

h e i g h t  f o r  s i ng le -whee l  t r a c t i  on-1 i m i  t e d  t e s t s  r e q u i r e s  an i t e r a t i v e  

procedure  t o  o b t a i n  t h e  c o r r e c t  tow h e i g h t  because, f o r  t r a c t i o n -  

l i m i t e d  cases, t h e  c h o i c e  o f  tow h e i g h t  a f f e c t s  v e r t i c a l  l o a d  and, 

hence, peak t r a c t i o n  f o r c e .  S i n c e  t h e  c o r r e c t  tow h e i g h t  i s  t h a t  

wh ich  p r o v i d e s  v e r t i c a l  t i r e  l o a d s  c o r r e s p o n d i n g  t o  t h e  f r e e -  

s t o p p i n g  case, t h e  c o r r e c t  tow h e i g h t  under  s ing le -whee l  b r a k i n g  

must  be found by  a s y s t e m a t i c  search  process  wh ich  can be reduced 

t o  an e f f i c i e n t  e x e r c i s e  i n  t h e  f i e l d  t h r o u g h  p r i o r  g e n e r a t i o n  o f  

a  t a b l e - l o o k u p  s u i t e d  t o  each t e s t  m o t o r c y c l e .  U s i n g  t h e  p a r a m e t r i c  



measurements described earl i e r ,  the i t e ra t ion  forniulas ( see  

Equations (16) and (17) in Section 3 .3)  can be solved t o  provide 

tables such as appear i n  Appendix B .  These tables serve to  guide 

the selection of the next tow height as a function of the 

presently (o r  l a s t )  measured tow force.  The tow-test i t e r a t i on  

tables generated fo r  the Kawasaki and Harley-Davidson (as  presented 

in Appendix B )  were obtained fo r  a range of possible values of u r  

and F T i ,  using the ci ted formulas. 

Hardware P r e ~ a r a t i  on 

For each motorcycle t o  be t es ted ,  three hardware items 

( t a i lo red  t o  the speci f ic  bike) need to  be fabr ica ted:  ( 1 )  an 
extended f ront  axle sha f t ,  ( 2 )  a connecting bracket f o r  the ro l l  

s t ab i l i z e r  cross l ink ,  a n d  (3 )  a c levis  attachment f o r  connecting 

the upper t en s i l e  link t o  the motorcycle handlebar. 

In addition t o  these linkages, ins ta l  l a t ion  of thermocouples 

in the f ront  a n d  rear brake l inings i s  required. Strain gauges 

and/or pressGre transducers for  measuring f ront  and  r ea r  brake 

actuator forces also need t o  be fns ta l l ed .  

I n  summary, the t e s t  preparations include: (1)  parameter 

measurements, ( 2 )  calculat ion of tow-test conditions based u p o n  the 

measured parameters, and ( 3 )  the ins ta l  1 a t i  on of tow-connection 

parts  and transducers. 

3 .5 .3  Results of the Demonstration Tests. The t e s t  r esu l t s  

discussed here derive from the conduct of the t e s t  procedure 

specified in Section 3 .3 .  Two of the motorcycles (Kawasaki and 

Harley-Davidson) tested in the FMVSS 122 t e s t  se r ies  served as 

the t e s t  bikes for  the demonstration s e r i e s .  These l a t t e r  t e s t s  

were conducted on the Dana Corporation's 1 314 mile t e s t  track 

oval located near Ottawa Lake, Michigan. The detai led t e s t  data 

obtained for each motorcycle and a discussion of same a re  presented 

i n  Appendix B with the overall findings sumrriarized below. 



E f f e c t i v e n e s s  Tes ts  

I n i t i a l  q u e s t i o n s  r e g a r d i n g  t h e  ease o f  a p p l i c a t i o n  o f  t h e  

t o w - t e s t  e f f e c t i v e n e s s  p rocedure  were answered by t h e  d e m o n s t r a t i o n  

t e s t s .  

As expected,  t h e  Kawasaki t e s t  v e h i c l e  d i s p l a y e d  a  t o r q u e -  

l i m i t e d  f r o n t  b r a k i n g  b e h a v i o r  f o r  b o t h  t h e  p r e - b u r n i s h  and p o s t -  

b u r n i s h  e f f e c t i v e n e s s  t e s t s .  However, t h e  f r o n t  b r a k e  d i d  

demonst ra te  an i n c r e a s e  o f  about  107: i n  e f f e c t i v e n e s s  as measured 

by  t h e  p o s t - b u r n i s h  e f f e c t i v e n e s s  t e s t .  The t r a c t i o n - 1  i m i  t e d  r e a r  

wheel d i s p l a y e d  no s i g n i f i c a n t  change i n  t i r e  t r a c t i o n  d u r i n g  

t e s t i n g .  Hence, t h e  f i n a l  Kawasaki e f f e c t i v e n e s s  r e s u l t s  i n d i c a t e d  

an app rox ima te  g a i n  o f  7 %  i n  t o t a l  b i k e  b r a k i n g  per fo rmance between 

p r e - b u r n i s h  and p o s t - b u r n i s h  t e s t s ,  a p p a r e n t l y  as a r e s u l t  o f  t h e  

i n c r e a s e  i n  f r o n t  b rake  e f f e c t i v e n e s s .  

The Har ley -Dav idson  was s e l e c t e d  as one o f  t h e  d e m o n s t r a t i o n  

t e s t  b i k e s  by v i r t u e  o f  i t s  a b i l i t y  t o  acc rue  t h e  f r o n t  t i r e ' s  

t r a c t i o n  l i m i t  t h e r e b y  p e r m i t t i n g  a  r e a l i s t i c  t e s t  o f  t h e  f r o n t -  

wheel i t e r a t i o n  scheme s p e c i f i e d  i n  t h e  e f f e c t i v e n e s s  t e s t  p r o -  

cedure .  I n  gene ra l  , i t  was observed t h a t  t h e  i t e r a t i o n  t e s t  

sequence proceeded q u i  t e  smooth ly  w i t h  t h e  tow h e i g h t  convergence 

b e i n g  o b t a i n e d  i n  a  manner wh ich  v e r y  n e a r l y  d u p l i c a t e d  a  computer ized 

p r e d i c t i o n  o f  t h e  conve rgen t  p rocess .  (See Appendix E . )  W i t h  t h e  

Har ley-Dav idson,  no p e r c e p t i b l e  change i n  b r a k i n g  per fo rmance was 

n o t e d  between p r e - b u r n i s h  and p o s t - b u r n i s h  e f f e c t i v e n e s s  t e s t i n g .  

T h i s  r e s u l t  i s  i n  keep ing  w i t h  t h e  lemma t h a t  t h e  b r a k i n g  p e r f o r -  

mance o f  a  t r a c t i o n - 1  i rn i  t e d  m o t o r c y c l e  i s  s t r i c t l y  d e f i n e d  by t h e  

t r a c t i o n  l i m i t s  o f  t h e  t i r e s  themselves .  Hence, i f  t h e  l o n g i t u -  

d i n a l  t r a c t i o n  p r o p e r t i e s  o f  t h e  t i r e s  employed on a  t r a c t i o n -  

1  i m i  t e d  m o t o r c y c l e  a r e  unchanging,  no 1  i m i  t b r a k i n g  per fo rmance 

change s h o u l d  be expected t o  d e r i v e  f rom t o r q u e  e f f e c t i v e n e s s  

a1 te ra t i ons -as  f rom a  b u r n i s h  sequence. 



Finally,  the repeatabi l i ty  of peak tow force t e s t  measure- 

ments was, in general ,  qui te  good, displayinq 2', maxiniuni 

variat ions from the average fo r  the Harley-Davidson and about 

twice that  fo r  the Kawasaki. The greater  maxinlum variat ion i n  the 

Kawasaki repeats i s  a t t r ibu ted  t o  the f a c t  t ha t  the re la t ive ly  

constant level of random noise in the tow force response const i tu tes  

a larger  percentage of the overall tow force levels with a l igh te r  

machine, such as the Kawasaki F9C. 

Burnish Procedure 

The burnish procedure was eas i ly  conducted on both bikes. 

Maximum steady-state temperatures of about 200°F and 250°F were 

achieved on the Kawasaki f ront  a n d  Harley-Davidson rea r  brakes, 

respectively,  b o t h  of which displayed a mild degree of steady drag. 

No s ign i f i can t  trends in brake effect iveness ,  as ref lec ted by 

actuator force l eve l s ,  were noted during e i t he r  burnish sequence. 

The burnish spot-check data are  shown i n  Appendix B f o r  b o t h  bikes. 

Thermal Loadi ns (Fade) Tests 

Even t h o u g h  a severe energy r a t e  i s  prescribed by the thermal 

loadi ng of the tow-tes t ~ rocedu re ,  with maximum temperatures 

approaching 300" and 4000" on two of the t e s t  brakes, no s ign i -  

f i can t  changes in brake system effectiveness were observed. This 

resu l t  i s  in general agreement with, b u t  covers a broader energy 

range than, r esu l t s  obtained during the FMVSS 1 2 2  t e s t i ng .  Tow and 

actuator forces as we1 1 as the calculated values of faded system 

gain are  tabulated in Appendix B fo r  both bikes. 

Netted Brake Tests 

The conceptual differences between the wetting condition 

imposed by the tow t e s t  and that  imposed by FMVSS 122 are  made 

evident through comparison of the wet-brake resul ts  from the 

demonstration t e s t  procedure and those obtained from the FMVSS 122 

t e s t s .  The tow-type demonstration t e s t s  indicated no water 



s e n s i t i v i t y  f o r  t h e  drum brakes t e s t e d  on t h e  Kawasaki. T h i s  

f i n d i n g  c o n t r a s t s  w i t h  t h a t  o b t a i n e d  d u r i n g  t h e  e a r l i e r  FF11'SS 122  

t e s t s  where in  r e s i d u a l  l o s s e s  i n  b rake  e f f e c t i v e n e s s  were n o t e d  on 

t h e  same m o t o r c y c l  e .  

The demons t ra t i on  t e s t s  f o r  t h e  Har ley-Dav idson,  equ ipped 

w i t h  d i s c  brakes  f r o n t  and r e a r ,  i n d i c a t e d  a  n ieasurable w a t e r  

s e n s i t i v i t y  o n l y  f o r  t h e  f r o n t  b rake .  O f  course ,  t h e  r e a l i s m  o f  

t h e  t o w - t e s t  p rocedure  p r o v i d e s  t h a t  a  c o n s i d e r a b l y  l a r g e r  p e r -  

centage o f  t h e  a i r b o r n e  sp ray  w i l l  imp inge  upon t h e  f r o n t  b r a k e  

assembly. A c o n c l u s i v e  s ta temen t  on t h i s  observed w a t e r  s e n s i t i v i t y  

i s  n o t  i n  o r d e r ,  however, because o f  t h e  l i m i t e d  t e s t s  per fo rmed 

and because o f  d i f f i c u l t i e s  a s s o c i a t e d  w i t h  p r e c i s e  d e f i n i t i o n  o f  

t h e  w a t e r  env i ronment  wh ich  r e s u l t s  f r o m  t h e  s p r a y i n g  t e c h n i q u e .  

However, i t  i s  appa ren t  t h a t  t h e  w e t t i n g  procedure  does p e r m i t  a  

r e a l  i s t i c  assessment o f  p o t e n t i a l  w a t e r  s e n s i t i v i t i e s  o f  t h e  d i s c  

b rake .  

3.5.4 M isce l l aneous  Observa t i ons  on t h e  Demonst ra t ion  

Tow-Test R e s u l t s .  Du r ing ,  and subsequent  t o ,  t h e  demonst ra t  i o n  

tow t e s t s ,  v a r i o u s  o b s e r v a t i o n s  were n o t e d  r e l a t i n g  t o  t h e  t e s t  

p rocedure  and t h e  d a t a  measurements. \ ihereas most o f  t hese  obse r -  

v a t i o n s  a r e  o f  secondary impor tance  and some o f  a d e t a i l e d  n a t u r e ,  

t h e y  niay serve  t o  p r o v i d e  a  b e t t e r  t o t a l  u n d e r s t a n d i n g  o f  t h e  t e s t  

p rocedure ,  p a r t i c u l a r l y  when coup led  w i t h  ana lyses  such as appear 

i n  Appendix E. 

C v c l e / R i d e r  C o n f i g u r a t i o n  Under Tow 

The qua1 i t y  o f  r i d e  o f  t h e  mechan ica l  t o w i n g  system w h i l e  

under  tow and t h e  sense o f  s a f e t y / c o n t r o l l a b i l i t y  b y  t h e  r i d e r  

were m a t t e r s  o f  concern  t h a t  were n o t  e a s i l y  answerab le  p r i o r  t o  

c o n s t r u c t i o n  and t e s t i n g  o f  t h e  t o w i n g  r i g .  However, i t  was soon 

n o t e d  d u r i n g  t h e  i n i t i a l  t e s t i n g  t h a t  t h e  t o w i n g  r i g  c o m b i n a t i o n  

d i d  p r o v i d e  a  s t a b l e  and c o m f o r t a b l e  f e e l i n g  f o r  t h e  t e s t  r i d e r .  

The o n l y  s i g n i f i c a n t  o s c i  11 a t i o n  was t h a t  produced d u r i n g  heavy 



f r o n t  wheel b r a k i n g  near  t h e  t r a c t i o n  peak, i n v o l v i n g  a  s ~ i ~ a l l  

o s c i l l a t i o n  o f  t h e  wheel on t h e  t i r e  s p r i n g .  T h i s  probleri l  was 

v i r t u a l l y  e l  i m i n a t e d  th rough  t h e  i n c o r p o r a t i o n  o f  an au to ino t i ve -  

t y p e  shock absorber  w i t h i n  t h e  tow 1  i nkage  ar rangement .  

T e s t  Procedure E f f i c i e n c y  

The t i m e  r e q u i r e d  f o r  c o m p l e t i o n  o f  each e lement  o f  t h e  t e s t  

p rocedure  was found t o  be l e s s  than  one hou r ,  w i t h  t h e  e x c e p t i o n  

o f  t h e  b u r n i s h  procedure  wh ich  r e q u i r e d  a p p r o x i m a t e l y  f i v e  h o u r s .  

T o t a l  t e s t i n g  t i m e  p e r  b i k e  thus  amounted t o  a p p r o x i m a t e l y  n i n e  

t e s t  h o u r s - - e a s i l y  accompl ished w i t h i n  two t e s t  days,  a1 l o w i n g  a l s o  

f o r  se t -up  o f  a  new t e s t  v e h i c l e  and f o r  i n s t r u m e n t  c a l i b r a t i o n .  

Tow Force S iqna l  

The tow f o r c e  s i g n a l  as measured by t h e  l o a d  c e l l  was f i l t e r e d  

l i g h t l y  by t h e  e l e c t r o n i c  c i r c u i t r y  b e f o r e  b e i n g  d i s p l a y e d  on t h e  

m o n i t o r i n g  dev i ces  and t o  t h e  t e s t  r i d e r .  Eowever, a  sma l l  amount 

o f  n o i s e ,  p r i m a r i l y  due t o  r o a d  s u r f a c e  i r r e g u l a r i t y ,  was neve r -  

t h e l e s s  p r e s e n t .  I f  n o t  p r o p e r l y  accounted f o r ,  t h i s  n o i s e  com- 

ponent  c o u l d  be a  source  o f  b i a s  i n  c e r t a i n  measurements. For  

example, i f  peak-ho ld  e l e c t r o n i c  c i r c u i t s  a r e  a1 lowed t o  o p e r a t e  

upon t h e  d e s c r i b e d  s i g n a l ,  t h e  peak v a l u e  o b t a i n e d  w i l l  be b i a s e d  

h i g h  due t o  t h e  n o i s e  compcnent. 

W i t h  r e g a r d  t o  t h e  me te r  d i s p l a y ,  t h e  tow f o r c e  s i g n a l  

p resen ted  t o  t h e  r i d e r  s h o u l d  be r e s p o n s i v e  b u t  a t  t h e  same t i m e  

c o n t a i n  a  minimum amount o f  n o i s e  so as t o  be e a s i l y  r e a d .  Too 

much f i l t e r i n g  i n  t h e  r i d e r ' s  d i s p l a y  can produce a  s l u g g i s h  o r  

o s c i  l l a t o r y  response i n  t h e  r i d e r ' s  m o d u l a t i o n  o f  b r a k i n g  i n p u t  

f o r c e .  

Rear Tow H e i g h t  C o n s i d e r a t i o n s  

Appendix B addresses t h e  m a t t e r  o f  aerodynamic p i t c h i n g  

moment, e s t a b l i s h i n g  t h a t  t h i s  moment can have a s i g n i f i c a n t  

i n f l u e n c e  on t h e  c a l c u l a t i o n  o f  r e a r  norrnal i z e d  b r a k i n g  c o e f f i c i e n t ,  

!'r. Hence, d u r i n g  t h e  Kawasaki t e s t i n g ,  t h e  o r i g i n a l  pr e q u a t i o n ,  

(No. 15)  was m o d i f i e d  t o  i n c l u d e  aerodynamic e f f e c t s .  



A n o t h e r  s i g n i f i c a n t  o b s e r v a t i o n  was t h a t  t h e r e  appears  t o  be 

1  i t t l e  need f o r  p r e c i s e  s p e c i f i c a t i o n  o f  r e a r - o n l y  t o w  h e i g h t .  

Tha t  i s  n o t  t o  say t h a t  t h e  aerodynamic  p i t c h i n g  monient e f f e c t s  

can  be i g n o r e d ,  b u t  t h a t  h a v i n g  accoun ted  f o r  t h e  a e r o d y n a n i c  

p i t c h i n g  moment, one r e a r - o n l y  tow h e i a h t  i s  a b o u t  as  v a l i d  as 

a n o t h e r .  

The re  a r e  two s i g n i f i c a n t  r easons  f o r  t h i s  c o n c l u s i o n .  F i r s t l y ,  

a v a i l a b l e  d a t a  on t h e  l o n g i t u d i n a l  t r a c t i o n  p r o p e r t i e s  o f  m o t o r -  

c y c l e  t i r e s  [ 3 ]  i n d i c a t e  r a t h e r  s m a l l  s e n s i t i v i t y  o f  no rma l  i z e d  

peak f r i c t i o n  c o e f f i c i e n t  t o  v e r t i c a l  l o a d  v a r i a t i o n s  f o r  m o t o r -  

c y c l e  t i r e s .  The l i m i t e d  t e s t i n g  per fo rmed d u r i n g  t h e  c o u r s e  o f  

t h i s  p r o j e c t  a l s o  i n d i c a t e d  t h e  same r e s u l t .  I f  t h i s  i s  t h e  case ,  

t h e n  c l e a r l y  t h e  measurement o f  ur b y  t h e  r e a r - o n l y  t e s t s  can  be 

p e r f o r m e d  a t  any h e i g h t  w i t h  an i n c u r r e d  e r r o r  bounded by  t h e  s m a l l  

l o a d  s e n s i t i v i t y  o f  t h e  t i r e .  

The second reason  f o r  de-emphasi .z ing c o n c e r n  o v e r  un i queness  

o f  a  r e a r - o n l y  tow h e i g h t  i s  a d e q u a t e l y  g i v e n  b y  t h e  e r r o r  a n a l y s i s  

a p p e a r i n g  i n  Append ix  E .  The i n t e r e s t i n g  c o n c l u s i o n  r e a c h e d  t h e r e  

i s  t h a t  even f o r  mode ra te  9, l o a d  s e n s i t i v i t i e s  o f  m o t o r c y c l e  t i r e s  

and a  f i x e d  r e a r - o n l y  tow h e i a h t  o f  t w i c e  t h e  c.g.  h e i g h t ,  t h e  

maximum e r r o r  i n c u r r e d  i n  t o t a l  b i k e  d e c e l e r a t i o n  i s  l e s s  t h a n  

.003 g ' s .  
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4.0 RECOMMENDATION FOR A NEN FEDERAL 
BRAKING STANDARD FOR MOTORCYCLES 

T h i s  s e c t i o n  p resen ts  a  recomniendation f o r  a p p l i c a t i o n  o f  

t h e  methodology developed i n  t h i s  s t u d y  t o  a  r e v i s e d  m o t o r c y c l e  

b r a k i n g  s tandard .  F i r s t ,  t h e  v a r i o u s  components o f  t h e  r e v i s e d  

s tandard  a r e  d iscussed,  as t h e y  must  be f o r m u l a t e d  t o  accommodate 

a  t o w - t e s t  p rocedure .  Then, i n  t h e  f o l l o w i n g  two s e c t i o n s ,  

p e r i p h e r a l  c o n s i d e r a t i o n s  t o  t h e  r e v i s e d  s tandard  a r e  presented,  

c o v e r i n g  t h e  m a t t e r  o f  m o t o r c y c l e  b r a k i n g  i n  a  t u r n  and those  

concerns r e l a t e d  t o  t h e  f u t u r e  a p p l i c a b i l i t y  o f  a new s t a n d a r d  

t o  a  m o t o r c y c l e  marke t  where in  b r a k e  system techno logy  i s  con- 

t i n u a l  l y  e v o l v i n g .  

4.1 Components o f  a  Recommended Standard  

The complete f o r m u l a t i o n  o f  a  f e d e r a l  b r a k i n g  s tandard  

t y p i c a l l y  encompasses a  seven- i  tem p r e s c r i p t i o n ,  c o v e r i n g :  

1. Scope 

2. Purpose 

3 .  A p p l i c a t i o n  

4. D e f i n i t i o n s  

5 .  Requi rements 

6 .  T e s t  C o n d i t i o n s  

7 .  T e s t  Procedures and Sequence 

Among these,  t h e  scope, purpose, and a p p l i c a t i o n  of a  motor -  

c y c l e  b rake  system s tandard  have a1 ready  been e s t a b l  i s h e d .  Given 

t h a t  t hese  t h r e e  aspects  o f  a  m o t o r c y c l e  b r a k i n g  r u l e  remain  as 

NHTSA po l  i c y  (presumably  r e f 1  e c t i n g  a  t r a f f i c  s a f e t y  need) , t h e  

developments o c c u r r i n g  i n  t h i s  p r o j e c t  a r e  seen as i m p a c t i n g  o n l y  

upon the  l a t t e r  f o u r  i t e m s  i n  t h e  e n v i s i o n e d  r e f i n e d  s tandard .  

4.1.1 D e f i n i t i o n s .  The employment o f  a  t o w - t e s t  method01 ogy 

r e q u i r e s  t h a t  c e r t a i n  terms be d e f i n e d  w h i c h  may n o t  b e  o f  u n i v e r s a l  

meaning as t h e y  a r e  a p p l i e d  i n  t h e  deve loped t e s t  p rocedure .  

A c c o r d i n g l y ,  we d e f i n e  t h e  f o l l o w i n g  terms i n  t h e  c o n t e x t  o f  a  

m o t o r c y c l  e  t o w - t e s t  b r a k i n g  p rocedure :  
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"Tow heightN--the ver t ica l  distance between the ground 

plane and the center l ine  a t  which the tow force a c t s .  

"Tow forceM-the longitudinal force ,  acting in a  horizontal 

plane, which reacts  the summation of brakin? and drag 

forces exerted by a  motorcycle during t e s t .  

"Front-only" tests-those brake actuation procedures i  n 

which the f ront  brake i s  applied alone with the tow 
height s e t  t o  a  specified front-only value. 

"Rear-on1 y" tes ts-those brake actuation procedures in 

which the rear brake i s  applied alone with the tow 
height s e t  to  a  specified rear-only value. 

4.1.2 Requirements. Clearly, the specif icat ion of per- 

formance requirements need t o  be made in a manner t h a t  i s  suited 

t o  the tow-test procedure. Such performance speci f ica t ions  wi 11 

d i f f e r  from those currently required under FMVSS 122, principal ly 

in terms of performance lcvels  rather than in terms of format. 

Requirements fo r  effectiveness performance will be specified in 

terms of stopping distance,  as has been discussed, b u t  the com- 

pl iance level s  appropriate fo r  stopping distances measured by t h e  

tow method would be presumably shor ter  than were specified in F i lVSS 

1 2 2  i f  the same overall braking capabi l i ty  level were t o  be 

desired. This general contras t  in level requirements derives 

from the ideal character of t i r e  t rac t ion u t i l i z a t i on  which i s  

embodied within the tow-test-determi ned stopping distances.  

For example, in our ( a )  r ider-controlled and ( b )  towed t e s t s  of 

the Kawasaki F9C, the corresponding stopping distances from 60 mph 

were 160 f ee t  versus 154 f e e t ,  respectively.  Accordingly, i f  the 

compliance levels  in a tow-test braking standard were specified t o  

r e f l e c t  the charac te r i s t i ca l ly  shor ter  distances such as found in 

t h i s  example, the resul t ing requirements w o u l d  appear nominal ly 

more demanding while ac tual ly  ref lec t ing only a  new scale of 

measurement. 



Going beyond that  general iza t ion ,  specif ic  requirement 

levels  are  not suggested here since no adequate basis  seellis to 

ex i s t  for  the i r  specif icat ion.  Further, i t  i s  our conviction 

that  more and new information needs t o  be obtained on the broad 

defini t ion of safety q u a 1  i  ty  as derives from braking performance. 

Such a defini t ion must account for  the extent t o  which stopping 

distance capability may, beyond a certain perfor~~~ance  l eve l ,  

become a charac ter is t ic  which d i rec t ly  conf l ic ts  with r ider  

a b i l i t y  to modulate the brake. This concern i s  par t icular ly  per- 

t inent  t o  the case of motorcycle braking systems since ( a )  f ront-  

wheel lockup vi r tua l ly  assures loss of control ,  but ( b )  the front  

brake must possess a  high level of torque effectiveness i f  

"minimal " stopping distances are to be achieved. Thus, insofar as 

no data base exis ts  indicating the fac tors  influencing the braking 

modulability of motorcycles, i t  i s  not possible fo r  us t o  appre- 

c i a t e  the tradeoffs in motorcycle safety implied by stopping 

distance requirements , taken alone. 

More importantly, perhaps, a comprehensive revision of the 

motorcycle braking standard would seem to require the incorporation 

of certain specifications relat ing d i rec t ly  t o  the r i d e r ' s  a b i l i t y  

to modulate braking. Plhen the basis for  such a specif icat ion has 

been establ i  shed, requi rement 1 evel s  for  the control input pro- 

pert ies  of the brake system, as well as stopping capabi l i ty ,  can 

be made as complementing fea tures .  

Additionally, the specif icat ion of the stopping capabil i ty 

to be achieved by a partially-braked cycle can be d i rec t ly  

accommodated by a tow-test rule as soon as the basis  for  speci f ic  

requirements i s  establ ished. Indeed, the nature of the tow-test 

approach with i t s  single-wheel -braking procedures affords par t ia l  

system measures as a n  immediate product. 

With regard to  the specif icat ion of requirement 1 evel s for  

resistance to thermal loadinq and water exposure, a  d i f ferent  view 

of the same concerns expressed above seems to  emerge. If the 
quali ty of a braking system i s  subsurned within i t s  a b i l i t y  to 



p r o v i d e  a  s t o p p i n g  c a p a b i l i t y  and t o  p r o v i d e  i t  c o n t r o l l a b l y ,  

t h e n  t h e  s e n s i t i v i t y  o f  t h e  b rake  system t o  ex t raneous  c o n d i t i o n s  

i s  r e l e v a n t  i n  terms o f  t hese  f e a t u r e s ,  as w e l l .  Thus, we wou ld  

h y p o t h e s i z e  t h a t  " f a d e "  and " w a t e r "  s e n s i t i v i t i e s  a r e  s a f e t y  

r e l e v a n t  t o  t h e  e x t e n t  t h a t  s t o p p i n g  capab i  1  i t y  and/or  modul a b i  l i t y  

i s  compromi sed. 

L i m i t  s t o p p i n g  c a p a b i l  i t y  w i  11 b e  compromised as a  r e s u l  t o f  

f a d i n g  when t h e  r e d u c t i o n  i n  b r a k e  t o r q u e  e f f e c t i v e n e s s  a t  e i t h e r  

wheel reaches a  l e v e l  a t  wh ich :  

1 )  a  t o rque -1  i m i t e d  b r a k e  ( g i v e n  t h e  v e h i c l e  l o a d  and 

t h e  t i r e - p a v e m e n t  f r i c t i o n  l e v e l  ) s u f f e r s  a  reduc -  

t i o n  i n  i t s  t o r q u e  1  i m i  t wh ich  compromises t h e  

s t o p p i n g  d i s t a n c e ,  o r  

2)  an o t h e r w i s e  t r a c t i o n - 1  i m i  t e d  t i r e / w h e e l / b r a k e  

assembly s u f f e r s  a  r e d u c t i o n  i n  t h e  t o r q u e  e f f e c t i v e -  

ness o f  t h e  b rake  such t h a t  a c c r u a l  o f  t h e  t i r e ' s  

t r a c t i o n  peak i s  no l o n g e r  p o s s i b l e  and t h e  new 

r e s u l t i n g  t o r q ~ e - 1  i m i  t e d  o u t p u t  " s i g n i f i c a n t l y "  

ex tends t h e  minimum s t o p p i n g  d i s t a n c e .  

The t h i r d  p o s s i b i l i t y ,  o f  cou rse  ( f o r  wh ich  s t o p p i n g  

c a p a b i l  i t y  i s  n o t  compromised) , i n v o l  ves t h a t  t r a c t i o n - 1  i m i  t e d  

b r a k e  system whose s e n s i t i v i t y  t o  t he rma l  o r  w a t e r  exposure  does 

n o t  r e n d e r  i t  i n c a p a b l e  o f  s t i l l  a c c r u i n g  t h e  t i r e ' s  t r a c t i o n  

l i m i t .  By way o f  c l a r i f i c a t i o n ,  F i g u r e  17 i l l u s t r a t e s  t h e  t h r e e  

p o s s i b i l i t i e s  ment ioned.  The b r a k e  system a t  t h e  l e f t  i s  b a s i c a l l y  

i n c a p a b l e  o f  a c h i e v i n g  wheel l o c k  a t  t h e  r e f e r e n c e  l o a d  and pave- 

ment c o n d i t i o n  and thus  becomes most  i n f l u e n c e d  b y  t h e  f a d e  

response o f  r u b b i n g  e lements  because o f  t h e  l a r g e  f r a c t i o n a l  l o s s  

i n  s t o p p i n g  c a p a b i l i t y  p e r  u n i t  o f  r e d u c t i o n  i n  t h e  b r a k e  t o r q u e  

1 i m i  t. The system r e p r e s e n t e d  i n  t h e  m i d d l e  becomes b r a k e - t o r q u e  

l i m i t e d  t o  a  degree de te rm ined  by  t h e  d imens ions  o f  t h e  "marg in"  

a f f o r d e d  b y  t h e  b a s e l i n e  o u t p u t  and b y  t h e  n e t  t o r q u e  decrement 

accompanying fade .  A t  t h e  r i g h t ,  t h e  system which  i s  t r a c t i o n -  

l i m i t e d  i n  i t s  b a s e l i n e  c o n d i t i o n  remains  t r a c t i o n - 1  i m i  t e d  when 



,Value Corresponding t o  t h e  
I / T i r e  T r a c t i o n  Peak 

Example C o n f i g u r a t i o n s  

F i g u r e  17. Example fade- induced changes i n  t h e  b r a k e  t o r q u e  l i m i t  
w i t h  r e s p e c t  t o  t h e  t o r q u e  l e v e l  needed t o  reach t h e  
t i r e  t r a c t i o n  peak. 



" f aded"  i f  i t s  o r i g i n a l  marg in  i s  s u f f i c i e n t l y  g r e a t  and /o r  i f  

i t s  fade decrement i s  s u f f i c i e n t l y  s m a l l .  

A c c o r d i n g l y ,  t h e r e  i s  no q e n e r a l l y  a p p l i c a b l e  r e l a t i o n s h i p  

between b r a k e  t o r q u e  e f f e c t i v e n e s s  and v e h i c l e  s t o p p i n g  capab i  1  i t y  . 
A r e g u l a t i o n  s e r v i n g  t o  m i n i m i z e  t h e  fade  decrement,  however, w i l l  

o b v i o u s l y  a c t  t o  p r e s e r v e  b a s e l i n e  s t o p p i n g  c a p a b i l i t y ,  r e g a r d l e s s  

o f  t h e  s p e c i f i c  s i t u a t i o n  wh ich  app l  i e s .  

F u r t h e r ,  t h e  m i n i m i z a t i o n  o f  t he rma l  and w a t e r  s e n s i t i v i t i e s  

w i l l  serve  t o  f i x  b r a k e  g a i n  c h a r a c t e r i s t i c s  such t h a t  t h e  base- 

l i n e  m o d u l a b i l i t y  o f  t h e  system i s  r e t a i n e d .  S i n c e  b o t h  s t o p p i n g  

c a p a b i l  i t y  and b r a k e  system m o d u l a b i l i t y  wou ld  appear  t o  be assu red  

th rough  mai ntenance o f  t h e  a c t u a t o r  1  i m i  t f o r c e / b r a k e  t o r q u e  

r e 1  a t i o n s h i p ,  t h e  s p e c i f i c a t i o n  o f  a  t o w - t e s t  a c t u a t o r - f o r c e  g a i n  

seems a  reasonab le  f o r m a t  f o r  f ade  requ i remen ts .  

The d imens ions  o f  t h e  a1 fowabl  e  decrement i n  this g a i n  measure 

shou ld ,  most d e s i r a b l y ,  be based upon f i n d i n g s  t o  b e  o b t a i n e d  i n  

f u r t h e r  r e s e a r c h .  I t  would be r a t h e r  s t r a i g h t f o r w a r d  t o  e s t a b l i s h ,  

on t h e  b a s i s  o f  s t o p p i n g  c a p a b i l i t y ,  a  reasonab le  maximum a l l o w a b l e  

decrement i n  b r a k e  system g a i n .  S t o p p i n g - d i s t a n c e  i n c r e a s e s  imp1 i e d  

b y  t h e  t o r q u e - g a i  n  decreases i n  t o rque -1  i m i  t e d  b r a k e  system can be 

p r a c t i c a b l y  assessed th rough  a  survey  p r o j e c t  u s i n g  t h e  tow- t e s t  

method01 ogy. Requirements i n tended  t o  c o n s t r a i n  the b r a k e - g a i n  

decrement so as t o  assu re  t h e  r e t e n t i o n  o f  m o d u l a b i l i t y ,  however, 

shou ld  be d e r i v e d  f rom a  human- fac tors  o r i e n t e d  r e s e a r c h  program as 

has been c i t e d  e a r l i e r  t o  g a i n  an u n d e r s t a n d i n g  o f  t h e  p r i n c i p l e s  

o f  r i d e r - c y c l e  i n t e r a c t i o n  d u r i n g  b r a  k i n q .  

I r r e s p e c t i v e  of t h e  p a r t i c u l a r  f i n d i n g s  w h i c h  may d e r i v e  f r o m  

such resea rch ,  i t  i s  be1 i e v e d  t h a t  t h e  b a s i c  concep t  o f  tow t e s t i n g  

i s  s u f f i c i e n t l y  adap tab le  t h a t  a  v a r i e t y  o f  response c h a r a c t e r i z a t i o n  

fo rma ts  c o u l d  be accompl ished.  



4.1 .3  -- Tes t  C o n d i t i o n s .  R e l a t i v e  t o  t h e  s p e c i f i c a t i o n  o f  

t e s t  c o n d i t i o n s ,  i t  appears t h a t  c e r t a i n  f e a t u r e s  o f  FFIVSS 1 2 2  

shou ld  remain  unchanged. S p e c i f i c a l l y ,  we see t h a t  122 t e s t  

c o n d i t i o n  s p e c i f i c a t i o n s  s t i l l  a p p l y  conce rn ing :  

T i r e  i n f l a t i o n  p r e s s u r e  ( i t e m  S6.2)  

Ambient t empera tu re  ( i t e m  S 6 . 5 )  

Wind v e l o c i t y  ( i t e m  S6.6)  

Thermocou p l  es ( i t e m  S6.9) 

and B rake  a c t u a t i o n  f o r c e s  ( i t e m  S6.10) 

The rema in ing  t e s t  c o n d i t i o n  s p e c i f i c a t i o n s  a r e  n o t  recormended 

f o r  a d o p t i o n  i n  a  r e v i s e d  s tanda rd  based on a  t o w - t e s t  methodo logy .  

S p e c i f i c a l l y ,  we recommend supplemental  s p e c i f i c a t i o n s  as f o l l o w s :  

T i r e  Loads - V e r t i c a l  l o a d  on each m o t o r c y c l e  t i r e ,  a t  

r e s t ,  s h a l l  be w i t h i n  t h a t  range o f  v a l u e s  wh ich  d e r i v e s  f r o m  t h e  

as-designed d i s t r i b u t i o n  o f  un loaded v e h i c l e  weight  p l u s  a  150- 

t o  200 - lb  r i d e r  seated i n  a  n a t u r a l  r i d i n g  p o s i t i o n .  

( R a t i o n a l e :  T h i s  d e f i n i t i o n  a l l o w s  f o r  ( I )  a ranqe 

o f  r i d e r  we igh ts ,  ( 2 )  a  m a r g i n  o f  a d j u s t n ~ e n t  i n  

a c c e p t a b l e  t i r e  l o a d i n g  as may be r e q u i r e d  t o  accommodate 

smal l  v a r i a t i o n s  i n  t h e  mass d i s t r i b u t i o n  o f  tow l i n k a g e s  

and a c t u a t o r  f o r c e  t r a n s d u c e r s ,  ( 3 )  minim21 impac t  upon 

t o w - t e s t  r e s u l t s  s i n c e  t i r e  l o a d s  become n o r m a l i z e d  i n  t h e  

e f f e c t i v e n e s s  measures . )  

T ransmiss ion  - A l l  t o w i n g  t e s t s  s h a l l  be conducted w i t h  t h e  

t r a n s m i s s i o n  d isengaged f rom t h e  d r i v e  wheel (s)  . 

( R a t i o n a l e :  T h i s  d e f i n i t i o n  d i f f e r s  f r o m  FMVSS 122 i n -  

s o f a r  as i t  c jene ra l i zes  t h e  t r a n s m i s s i o n ' s  s t a t e  o f  

uncoupl  i ng . ) 

Engine - ( t h e r e  i s  no s p e c i f i e d  eng ine  c o n d i t i o n )  



Road Sur face - (The re  shou ld ,  indeed,  be a  r o a d  s u r f a c e  - 
c o n s t r a i n t ,  a1 though o u r  recolnniendation i s  t h a t  t h e  pave~xent  

f r i c t i o n  l e v e l  be no rma l i zed  a c c o r d i n g  t o  a  b r a k i n g  e f f i c i e n c y  

method such as has a l r e a d y  been developed under NHTSA ausp ices  

[4]. W i t h  such an approach,  v i r t u a l l y  any non-deformable s u r f a c e  

i s  accep tab le  f o r  t e s t .  F u r t h e r ,  t h e  t r a c t i o n  l i m i t s  o f  n io to rcyc le  

t i r e s  can be comprehensively e v a l u a t e d  i f  t h e y  c o n s t i t u t e  a  con- 

s t r a i n t  on v e h i c l e  b r a k i n g  c a p a b i l i t y . )  

V e h i c l e  P o s i t i o n  - (No s p e c i f i c a t i o n  o f  v e h i c l e  p o s i t i o n  i s  

needed, as has been t h e  case i n  t h e  f r e e - s t o ~ p i n g  procedure  o f  

FPlVSS 122. ) 

Tes t  Speed - D u r i n g  b r a k e  a p p l i c a t i o n  t h e  v e l o c i t y  o f  t h e  

m o t o r c y c l e  shou ld  be r e t a i n e d  w i t h i n  1 mph o f  t h e  v a l u e  s p e c i f i e d  

i n  each procedure .  

Towing Connect ion - The tow f o r c e  i s  a p p l i e d  t o  t h e  mo to r -  

c y c l e  so t h a t ,  d u r i n g  b rake  a p p l i c a t i o n ,  comple te  f reedom o f  

suspens ion  t r a v e l  i s  p e r m i t t e d  w h i l e  t h e  e f f e c t i v e  h e i g h t  o f  tow 

f o r c e  a p p l i c a t i o n  i s  r e t a i n e d  t o  w i t h i n  one i n c h  o f  t h e  v a l u e  

measured w i t h  t h e  m o t o r c y c l e  a t  r e s t .  

( R a t i o n a l e :  The s p e c i f i c a t i o n  o f  a  1 - i n c h  t o l e r a n c e  i n  

tow h e i g h t  accounts f o r  t h e  i n f l u e n c e  o f  t i r e  d e f l e c t i o n  

under l o a d  and a l s o  p e r m i t s  a  1  i m i t e d  v e r t i c a l  d i s p l a c e -  

ment o f  t ow ing  1  inkage elements . T h i s  t o l e r a n c e  p e r m i t s  

a  v a r i a t i o n  i n  t h e  p i t c h  r e a c t i o n  moment on  t h e  o r d e r  o f  

1 t o  3%.)  

O t h e r  M o t i o n  C o n s t r a i n t s  - The m o t o r c y c l e  may be r e s t r a i n e d  

i n  i t s  r o l l  degree o f  freedom ( t h a t  i s ,  r o t a t i o n  a b o u t  a  l o n g i -  

t u d i n a l  a x i s ) .  The m o t o r c y c l e  may a l s o  be r e s t r a i n e d  i n  e i t h e r  

i t s  s t e e r  o r  yaw degrees o f  freedom ( t h a t  i s ,  r o t a t i o n  abou t  axes 

t h a t  a r e  e s s e n t i a l l y  v e r t i c a l ) .  R o l l  , yaw, o r  s t e e r  c o n s t r a i n t s  

must  n o t ,  however, impose a  p i t c h i n g  moment r e a c t i o n  on t h e  

m o t o r c y c l e  nor  l o n g i t u d i n a l  o r  v e r t i c a l  f o r c e  r e a c t i o n s .  



4 . 1 . 4  - Test Procedures. - I t  i s  reconmended t h a t  the procedural 

sequence of a revised motorcycle braking standard incorporate the 

tow-test procedures specif ied in Section 3 . 3 .  With respect to  the 

procedural s teps not covered i n  Section 3 . 3  b u t  which are  included 

in FMVSS 1 2 2 ,  no speci f ic  comnents can be supported by the 

invest igat ion being reported here. The two FtilVSS 122 t e s t  pro- 

cedures of note tha t  remain, i  . e . ,  "Parking Brake Test"  and "Final 

Inspection," presumably are  of accepted value as brake system 

performance checks, and thus a re  not challenged here.  

4 .2  Considerations of f4otorcycle Braking in a  T u r n  

Considerations were given t o  the mechanics of motorcycle 

response t o  braking in a  turn as a  subtopic in this study. This 

topic was seen as pert inent  to  the  overall  invest igat ion insofar  

a s  there may be a need fo r  a braking-in-a-turn performance measure 

within a future motorcycle brakinq standard. While data and 

calculat ions presented in t h i s  sect ion cannot e s t ab l i sh  such a  

need, per s e ,  ce r t a in  safety-related aspects  of motorcycle behavior 

during curved-path braking can be shown. 

The nature of the maneuvering condition in question can be 

described as the applicat ion of braking while the motorcycle i s  

tracking a steady curve a t  a  somewhat elevated level of l a t e r a l  

accelerat ion.  To sustain the i n i t i a l  steady turn t h e  motorcycle 

must be inclined t o  provide a  r o l l  moment balance and must a1 so 

be steered t o  achieve a  balance of s ide  forces as  well as yaw 

moments. From tha t  rather  del icately-tuned condit ion,  the 

applicat ion of braking e f f o r t  holds a  prospect f o r  disturbing the 

turn since:  

1 )  the t i r e s  must now generate longi tudinal ,  or braking, 

shear forces in addition t o  l a t e ra l  or cornering 

forces 

2 )  the longitudinal t r ans fe r  of ver t ica l  load resul t ing  

from decelerat ion imposes a  basic chanpe in each 

t i r e ' s  operating condition 



3 )  the changes in camber thrust  o u t p u t  of each t i r e  

caused by changes i n  vertical l o a d  and the imposition 

of braking s l i p  require that the s l i p  angles of  each 

t i r e  (usually very small during non-braking maneuvers) 

adjust t o  "take u p  the slack" and reestablish side 

force and yaw moment equil i  briurn. 

Beyond the question o f  disturbing the turn, there i s  also 

in teres t  in the degree t o  which the curved-path condition tends 

to reduce the maximum stopping capabil i ty of the motorcycle. The 

potential for degradation in stopping performance derives from a 
confl ict  in t i  re shear force generation under conditions combining 

inclination angle a n d  l  ongi tudinal and la tera l  s l i p .  

Since the properties of motorcycle t i r e s  clearly play a major 

role in determining the response of the cycle under the curved-path 

braking condition, t e s t s  were performed t o  provide a data base of 

the combined s l i p  behavior o f  motorcycle t i r e s .  Four t i r e s  were 

selected and tested on the HSRI flat-bed t i r e  t e s t  machin- 

slow-speed laboratory device, quite suited t o  making tract ion 

measurements within the non-friction-1 imi ted regime. A 1  t h o u g h  the 

fu l l  s e t  of those data are presented i n  Appendix F ,  resul ts  will 

be summarized here a n d  interpreted i n  the context of total vehicle 

behavior. 

Tests were conducted under conditions of constant s l i ~  angle 

( a ) ,  incl ination angle ( v ) ,  vert ical  load, ( F Z ) ,  and longitudinal 

s l i p  ( 8 ) .  As a means of limiting the scope of the combined s l i p  

matrix, measurements were made over various slip-angl e conditions , 
with zero incl i nation, a n d  over various values o f  inclination angle, 

with zero la tera l  s l i p .  A t  each condition of wheel plane orienta- 

t ion,  a s e t  of longitudinal s l i p  conditions were examined covering 

the range from 0 t o  20% s l i p .  Some example resul ts  are shown in 

Figure 18, which i l l u s t r a t e s  the changes in the slip-angle and 

camber-angle carpet plots which derive fro111 the 20'Xlongitudinal 

s l  ip condition. As shown, both o f  the major mechanisms of side 

force generation are significantly influenced by longitudinal s l i p .  





An i m p o r t a n t  f e a t u r e  o f  t h e s e  d a t a ,  however,  i s  t h e  e x t e n t  

t o  w h i c h  t h e y  i 1  l u s t r a t e  t h e  p r e v i o u s l y  u n e x p l o r e d  s e n s i t i v i t y  

o f  camber t h r u s t  t o  l o n g i t u d i n a l  s l i p ,  g i v e n  t h a t  t h e  c o r n e r i n g  

m o t o r c y c l e  g e n e r a t e s  v i r t u a l l y  a1 1  o f  i t s  needed s i d e  f o r c e s  

t h r o u g h  t h e  camber t h r u s t  mechanism. Thus i t  i s  s i q n i f i c a n t  t h a t  

no exagge ra ted  s e n s i t i v i t y  o f  camber t h r u s t  t o  l o n ~ i  t u d i n a l  s l  i P 

has been obse rved .  T h i s  judgment  i s  based upon compa r i sons  be tween 

t h e  " f a l l - o f f "  i n  a- and v - i n d u c e d  s i d e  f o r c e s  w i t h  i n c r e a s i n g  s l i p  

o v e r  t h e  r ange  o f  s i d e  f o r c e  w h i c h  i s  r e a s o n a b l y  a v a i l a b l e  t h r o u g h  

t h e  camber t h r u s t  mechanism. F o r  example,  i n  t h e  d a t a  o f  F i g u r e  18 ,  

we see  t h a t  t h e  s i d e  f o r c e  e x h i b i t e d  b y  t h e  f r e e l y - r o l l i n g  t i r e  a t  

a  2 "  s l i p  a n g l e  i s  comparab le  t o  t h a t  d e v e l o p e d  a t  a b o u t  16 "  camber 

a n g l e  f o r  t h e  3 5 0 - l b  l o a d  c o n d i t i o n .  Impos ing  t h e  20'; s l i p  c o n d i -  

t i o n ,  s i d e  f o r c e  due t o  s l i p  a n g l e  f a l l s  t o  45'; o f  i t s  z e r o - s l i p  

v a l u e  w h i l e  camber t h r u s t  f a l l s  t o  a b o u t  35% o f  i t s  z e r o - s l i p  v a l u e .  

A t  t h e  l o w e r  l o a d s ,  t h i s  c o n t r a s t  t e n d s  t o  r e v e r s e ,  w i t h  s i d e  

f o r c e  due t o  camber t h r u s t  f a l l i n s  o f f  l e s s  t h a n  s i d e  f o r c e  due t o  

s l  i p  a n g l e .  

F i g u r e s  13  and 20 s e r v e  t o  sumf ia r i ze  t h e s e  s e n s i t i v i t i e s  f o r  

one t i r e  o v e r  a  r ange  o f  l o a d s  b y  i l l u s t r a t i n g  t h e  r a t i o  o f  s i d e  f o r c e  

d u r i n g  b r a k i n g  ( F  ) t o  f r e e - r o l l i n g  s i d e  f o r c e  ( F  ) a t  a  s t e a d y  s l i p  
Y  Yo 

a n g l e  o f  a = 2 "  ( i n  F i g u r e  19 )  and a t  a  s t e a d y  i n c f i n a t i ~ n  a n g l e  o f  

y = 20 "  ( i n  F i g u r e  20). The r e d u c t i o n  i n  s i d e  f o r c e  w i t h  i n c r e a s i n g  

l o n g i t u d i n a l  s l i p  i s  compared on each p l o t  w i t h  a n  o v e r l a y  o f  t h e  

c o r r e s p o n d i n g  b e h a v i o r  w h i c h  has been  measured on  a sample o f  

passenger  c a r  t i r e s  a t  a  4 "  s l i p  a n g l e  [ 5 ] .  The o v e r l a y  i l l u s t r a t e s  

t h a t  o n  t h e  b a s i s  o f  t i r e  p r o p e r t i e s  a l o n e ,  one w o u l d  n o t  e x p e c t  t h e  

m o t o r c y c l e ' s  r e l i a n c e  on camber t h r u s t  t o  r e n d e r  b r a k i n g - i n - a - t u r n  

pe r f o rmance  w h i c h  d i f f e r s ,  i n  any  g r o s s  way, f r o m  t h e  e q u i v a l e n t  

pe r f o rmance  e x h i b i t e d  b y  passenger  c a r s .  

On p l o t t i n g  r e s u l t s  f o r  a l l  f o u r  t i r e s  a t  a  s i n g l e  v a l u e  o f  

v e r t i c a l  l o a d ,  F i g u r e s  21 and 22 a r e  o b t a i n e d .  We see t h a t  t h e  o v e r -  

l a y  o f  passenge r  c a r  t i r e  d a t a  c o n s t i t u t e s  a  n o t  u n r e a s o n a b l e  e n v e l o p e  

o f  t h e  m o t o r c y c l e  t i r e  d a t a  e i t h e r  f o r  t h e  case  i n  w h i c h  s i d e  f o r c e  

i s  p roduced  by l a t e r a l  s l i p  o r  i n c l i n a t i o n .  F o r  a b r o a d e r  e v a l u a t i o n  

o f  t h e  v a r i o u s  s l i p  c o n d i t i o n s  n o t  r e p r e s e n t e d  here, t h e  r e a d e r  i s  

r e f e r r e d  t o  Appendix  F .  
9 2 



F i g u r e  19.  F a l l - o f f  i n  F / F  w i t h  i n c r e a s i n g  s f o r  a m o t o r c y c l e  
Yo 

t i r e  a t  t t  = 2 "  conipared t o  an enve lope o f  passenqer c a r  
t i r e  responses measured a t  (X  = 4 "  



I Figure 20.  Fall-off in F / F  with increasing s for a motorcycle 
Y Y, 

U 

t i r e  a t  y = 20" compared to  a n  envelope o f  car t i r e  
responses measured a t  (X = 4". 



Figure 2 1 .  Fall-off in F / F  with s l i p  for f o u r  di f ferent  
Yo 

motorcycle t i r e s  a t  n = 2 "  compared ECI envelope of 
car t i r e  responses measured a t  = 4". Motorcycle 
t i r e s  a l l  operated a t  a nominal s t a t i c  [motorcycle 
plus r ider )  load. 



Figure 2 2 .  Fall-off in F IF with s l i p  for four  different  
Yo 

motorcycle t i r e s  a t  y = 20" compared t o  envelope of 
car t i r e  responses measured a t  :r = 4 " .  Motorcycle 
t i r e s  a l l  operated a t  a nominal s t a t i c  (niotorcycle 
plus r ider )  load. 



A comprehensive study of the nlect~anics of the  braki ng-in-a 

turn response of motorcycles was beyond the scope of t h i s  study. 

A useful ,  simplified view can be obtained, however, froni a  s t a t i c  

analysis  around a given operating point ,  To develop t h i s  ana lys i s ,  

consider f i r s t l y  t h a t ,  in a  steady tu rn ,  the motorcycle will  ( t o  

a good approximation) sus ta in  r o l l  equilibrium by inc l in ing t o  an 

angle,  $,  as defined below: 

A 
4 = tan- '  1 

9  

where A i s  1 a t e ra l  accelera t ion  ( f t / s e c 2 )  
Y 

Further,  t o  sustain yaw equilibrium, 1 a t e ra l  t i r e  forces must be 

generated a t  the f r o n t  a n d  rear  t i r e s  according t o  Equations (21) 

and (22) 

Since the l a t e r a l  forces wil l  be determined by t he  ver t i ca l  loads ,  

F Z  a n d  F , on the  f ron t  a n d  r ea r  t i r e s ,  i t  i s  necessary to account 
f  'r 

fo r  load t r ans fe r  during braking i f  we a r e  t o  examine braking-in-a- 

turn behavior. Accordingly, we wri te  the fami l i a r  expressions for  

load t r a n s f e r ,  v i z . ,  

I n  order  to employ measured t i r e  data with a nlinimunl of 

in terpola t ion  for  a  spec i f i c  example, l e t  us consider the 20" 

incl inat ion anale condition f o r  which a  l a t e ra l  accelera t ion  o f  



0 .36  g  o b t a i n s .  A t  t h i s  l a t e r a l  a c c e l e r a t i o n  l e v e l  and f o r  v a l u e s  

o f  a, b ,  and W as measured d u r i n g  t h i s  s t u d y  o n  t h e  Kawasaki F9C 

m o t o r c y c l e  we f i n d  f r o m  Equa t i ons  ( 2 1 )  and ( 2 2 )  t h a t  t h e  

f o l l o w i n g  s i d e  f o r c e s  must  be p roduced  by  t h e  f r o n t  and r e a r  t i r e s :  

and 

F  = 105 .6  l b s  
r 

Thus f o r  t h e  s u b j e c t  m o t o r c y c l e  t o  m a i n t a i n  a  s t e a d y  t u r n  w h i c h  

i s  c h a r a c t e r i z e d ,  a t  a  g i v e n  p o i n t  i n  t i m e ,  by a  0 .36  g  l a t e r a l  

a c c e l e r a t i o n ,  i t  mus t  m a i n t a i n  a  20" i n c l i n a t i o n  o r  r o l l  a t t i t u d e  

and i t  mus t  gene ra te  t h e  l a t e r a l  f o r c e s  shown. I t  can b e  q u i c k l y  

a p p r e c i a t e d  t h a t  t h e  c r i t i c a l  i n f l u e n c e  on t h e  v e h i c l e ' s  a b i l  i t y  

t o  m a i n t a i n  t h e  d e s c r i b e d  t u r n  unde r  i n c r e a s i n g  l e v e l s  o f  b r a k i n g  

i s  t h e  l o s s  i n  r e a r  t i r e  l o a d  due t o  l o a d  t r a n s f e r .  

As shown i n  F i g u r e  23, t h e  v e r t i c a l  l o a d  on t h e  r e a r  t i r e  

d rops  o f f  so q u i c k l y  w i t h  i n c r e a s i n g  Ax  t h a t  F a c t u a l l y  e q u a l s  
r 

F a t  an Ax  v a l u e  o f  .83 g ' s .  T h i s  i m p l i e s  t h a t  even i n  t h e  
Y r 

absence o f  any b r a k e  t o r q u e  a p p l i e d  t o  t h e  r e a r  w h e e l ,  a  l a t e r a l  

t r a c t i o n  c o e f f i c i e n t  o f  J = 1 . 0  wou ld  be r e q u i r e d  t o  p e r m i t  a  
Y  

d e c e l e r a t i o n  o f  .53 g t o  be ach ieved .  C l e a r l y ,  t h e  r e a l i s t i c  

maximum v a l u e  o f  Ax must  be soniewhat l e s s  t h a n  .83 ( g i v e n  a 

p = 1 .0  c o n s t r a i n t )  s i n c e  a  c e r t a i n  p a r t i c i p a t i o n  o f  t h e  r e a r  
Y  

b r a k e  i s ,  i n  f a c t ,  r e q u i r e d .  

To e v a l u a t e  t h e  l a t e r a l  f o r c e  p roduced  a t  t h e  r e a r  t i r e  unde r  

c o n d i t i o n s  o f  i n c r e a s e d  b r a k i n g ,  t h e  d a t a  g a t h e r e d  on a  C o n t i n e n t a l  

4.00 x 18 s t r e e t  t i r e  has been  employed t o  g e n e r a t e  t h e  F c u r v e  
r 

shown o n  F i g u r e  23. As shown, an i n c r e a s i n g  Ax r e s u l t s  i n  a  

d e c l i n i n g  l a t e r a l  f o r c e ,  as g e n e r a t e d  b y  a  20"  i n c l i n a t i o n  a n g l e .  

T h i s  r e d u c t i o n  d e r i v e s  f r o m  t h e  i n c r e a s i n g  l o n g i t u d i n a l  s l i p ,  

s i n c e  t h i s  c a l c u l a t i o n  o f  F has presumed a  b r a k i n g  i n p u t  o f  
J' r 



Longi tudinal  Accei e r a t i o n ,  g ' s  

Figure  23 .  The changing r o l e  o f  camber ( v )  and  s l i p  ang le  ( ( x )  
mechanisms of  s i d e  f o r c e  g e n e r a t i o n  o f  t h e  r e a r  t i r e  
of a Kawasaki F9C-type motorcycle  w h i  l e  brakin! i n  
a  t u r n  of 0 .36 g A Y . 



F = Ax/g FZ ( t h a t  i s ,  the rear  t i r e  cntitributes a braking 
r r  

force that  i s  "ideally" proportioned t o  i t s  vert ical  load) .  Since 

the requirement for a  rear t i r e  side force rerriains f ixed,  however, 

the decreasing value of side force due t o  inclination angle must be 

augmented by a  newly-developed side force due to s l i p  angle. 

Accordingly, an increasing value of F must be generated, as shown 
a 

in Figure 23, by means o f  a  reorientat ion of the motorcycle's 

rear frame t o  produce the s l i p  angles plotted for the  rear  t i r e .  

To be rigorous, we now have the fu l l  complement o f  combined, a n d  

in teract ive ,  t ract ion conditions, namely, 1 ongi tudinal s l  i  p, camber 

angle, and s l i p  angle. Thus the plotted s l i p  angle curve shows 

values which are somewhat less  than that  required f o r  sustainina 

yaw equil i  brium during braking-since the t i  re measurements made 

in th i s  study were obtained under conditions of varied U ,  s ,  a n d  

F Z  (with ; = 0 )  and a l so ,  ;, s ,  and FZ (with a= 0) ra ther  than 

under the f u l l ,  and ra ther  awesome, matrix of a ,  y, s ,  a n d  Fz 
conditions. A spot check of the side force produced under a  f u l l  

s e t  of combined s l i p  conditions has indicated t h a t  yak/ eqliil ibrium 

might actually require s l i p  angles of approximately twice the 

values plotted i n  Figure 23. 

The crude analysis generating Figure 23 serves t o  quantify 

the directional or - yaw features of the motorcycle's response t o  

braking in a turn.  Thus, we might hy~othes ize  tha t  the 3 history 

in Figure 2 3  i s  related t o  the magnitude of the yaw perturbation 

which will accrue, since the rear frame must slew t o  a  s ides l ip  

v i r tual ly  equal to the values o f  u indicated in the  f igure as a  

consequence of the brake input. 

A d i rec t  means of evaluating the vehic le ' s  decelerat ion i s  

t o  employ a  simple " f r i c t ion  c i r c l e "  model of the t i r e  rather than 

by using d i rec t  measurements of the in teract ive  t rac t ion  forces.  

By such an approach, the shear force and vert ical  load plots for  

the rear t i r e  (only) can be obtained as shown i n  Figure 2 4 .  I n  
t h i s  presentation, the rear t i r e ' s  cjeneration of an " ideal ly"  

proportioned longitudinal force,  F , together w i t h  the constant 
r  



Longitudinal !kcel eration, ap' s 

Figure 24. Lateral, longitudinal , and resultant shear forces and 
normal load prevailing at rear tire durinq braking in 
a 0.36 g A turn. Prooortioning is smh that 
F = A ~ I ~ ~ (  F~ 1.  
'r r 



l a t e ra l  force ,  F , required by the curved path, a're consolidated 
Y r  

into a resul tant  t ract ion force.  The point a t  which t h i s  resultant  

crosses over the vert ical  load curve establishes the 1 inii t level 

of longitudinal accelerat ion,  Ax, which can be at tained while 

brakinq in the specified turn on a  surface yielding a  peak t i r e -  

t rac t ion coeff ic ient  of 1  . O .  From Figure 24, which assumes an "ideal " 
proportioning of braking forces,  we find that  the l im i t  value of A x  

i s  0.67 g ' s .  

Clearly, the precise value of a  theoretical  1  imit in Ax 

capabil i ty i s  dependent upon the proportion of braking force which 

i s  generated by the rear  t i r e .  An in teres t inq i l l u s t r a t i on  of th i s  

dependency can be obtained by considering the braking l imi t  in 

a  0.36 g turn which accrues for  a  vehicle with the same baseline 

parameters, b u t  which employs a  single-control brake system of the 

type designed by the Moto Guzzi Company (as detailed in Appendix 

D ) .  As shown in Figure 25, t h i s  constant proportioning function 
yields the rear  t i r e  l o n ~ i  tudinal force relat ionship:  

The resul tant  shear force ( w i t h  constant 1 a tera l  force)  inscribes 

a function which now in tersects  the F Z  curve a t  0.59 g ' s ,  A x ,  

indicating that  a  motorcycle configured 1 i ke the Kawasaki F9C, 

b u t  ou t f i t t ed  with a  single-control brake system (proportioning 

brake torque t o  achieve simultaneous front  and rear  lockup on a  

surface of p = 0 .4 )  ccnnot exceed a  deceleration of 0 . 5 3  q when 

braking in a  turn consisting of a  l a t e r a l  acceleration equal to  

.36 g on a t i r e l su r face  condition characterized by p p e a k  = 1.0 .  

A t  the deceleration level of .59 g ,  the motorcycle will become 

direct ional ly  unstable because of a  saturat ion in the l a te ra l  force 
capabil i ty of the rear t i r e .  I t  i s  qui te  l ike ly ,  furthermore, 
that  a  rigorous treatment of t i r e  shear force functions would 

indicate a  yaw in s t ab i l i t y  in the non-saturated regime of shear 

forces thereby reducing the usable braking limi't from 0 .59  g to an 

even lower value. 
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L o n g i t u d i n a l  A c c e l e r a t i o n ,  9's 

F i g u r e  25. L a t e r a l  , l o n g i t u d i n a l  , a n d  r e s u l t a n t  s h e a r  f o r c e s  and  
normal  l o a d  p r e v a i l i n g  a t  r e a r  t i re  d u r i n g  b r a k i n g  i n  
a 0.36 c j  A t u r n .  P r o p o r t i o n i n g  i s  s u c h  t h a t  

= . 4 3 2 Y ~ x / g ( ~ ) .  



These analyses have served t o  i l l u s t r a t e  the inechanisnls by 

which a yaw perturbation i s  generated and to estimate the con- 

s t r a in t  on deceleration capabil i ty which might be expected in a n  

example case of braking i n  a turn.  Taking a broader perspective 

of the safety implications of the motorcycle braking-in-a-turn 

maneuver, i t  would appear that  the r i d e r ' s  ab i l i ty  t o  modulate his 

braking actuator inputs t o  avoid wheel lockup i s ,  perhaps, the key 

issue. Since the turn condition imp1 ies  t h a t  a  bias value of roll  

moment i s  being sustained by t i r e  side forces,  the lockup of either- 

t i r e  leads very quickly t o  a total  capsize response. The rollover 

mode i s  "preloaded," so t o  speak, by the i n i t i a l  turn such t h a t  

the resulting rol l  divergency rates following lockup will be 

correspondingly great .  While rear lockup in a turn does not 

absolutely commit the motorcycle t o  a  capsize (a very skil led rider 

can "de-steer" from the i n i t i a l  curvilinear path onto a  tangent 

p a t h ) ,  the normal expectation would be that  riders of average ski1 1 

level could n o t  avoid capsize. Front-wheel lockup in a turn,  

however, would resul t  in a capsize in vir tual ly  every case for which 

a significant degree of turn severity had  prevailed. 

The foregoing discussion has t r ied t o  shed l i gh t  on the 

general nature of motorcycl e  braki ng-i n-a- turn behavior. Based 

u p o n  these considerations, one might conclude that th i s  maneuveri~g 

condition involves an exceedingly complex problem in vehicle 

mechanics, n o t  to mention the complexities of the vehicle control 

task. I t  would  appear that  the primary vehicle design parameters 

influencing response are simply the vertical  and longitudinal 

locations of the mass center-except  for the unusual case of the 

brake system with fixed proportioning. 

I t  i s  pertinent to  note, a lso,  that  certain properties of 

motorcycle response to braking in a turn are  a t  odds with what 

appear t o  be typical r ider  control s t ra tegies .  Since front-wheel 

lockup while negotiating a curve i s  catastrophic, the typical 

r ider  will heavily favor rear braking while i n  a turn.  With the 



mass center  located ra ther  a f t ,  however, the rear  t i r e  must 

generate the l a rge r  s ide  force to  e s t ab l i sh  a  yaw moment balance. 

Subsequently, as a  r e s u l t  of the powerful load t r a n s f e r  mechanism 

a t  work (because of the motorcycle's high value of h / e ) ,  we 

f ind t h a t  the r i d e r  i s  demanding the higher braking force o u t p u t  

from tha t  t i r e  which i s  increasingly l e a s t  capable of supplying 

i t .  The f ron t  t i r e ,  on the other  hand, has a  l e s s e r  s ide  force 

requirement f o r  re tent ion  of the turn and a l so  accrues a l a rge r  

1  oad during braking. Accordingly, a  s t r a t egy  of emphasizing rear  

braking while in a  tu rn ,  although possibly ra t ional ized  as assuring 

a l e s s e r  of e v i l s ,  cons t i tu tes  a  markedly i n e f f i c i e n t  means of 

stopping. While the same general c o n f l i c t  e x i s t s  in the  case of 

s t r a i g h t - l i n e  braking, the  braking-in-a-turn maneuver does render 

rear-brake-favoritism an even l e s s  e f f i c i e n t  control s t r a t egy .  

Overal l ,  no s ign i f i can t  enlightenment of the  safe ty  impli- 

ca t ions  of motorcycle braking in a turn appears l i k e l y  unt i l  the 

d i f f i c u l t  matter of closed-loop behavior i s  e f fec t ive ly  explored. 

Accordingly, abs t rac t  measures of vehicle performance proper t ies .  

taken alone,  will  remain genera? ly  uninterpretabl  e in a safe ty  

context unti l  t h e i r  s igni f icance  t o  the r i d e r ' s  a b i l i t y  t o  ex t rac t  

a  maximum braking ef f ic iency from the cycle can be ascer ta ined.  

4 .3  Considerations Deriving from the Evolution of Motorcycle 
Brake Sys tern Techno1 ogy 

The principal considerat ions re la ted  t o  the  s igni f icance  o f  

an evolving brake system technology concern the extent  t o  which: 

a )  a revised vehicle performance standard might become 

an  impediment to  improvements in  vehicle design,  

b)  the s tandard ' s  procedural methods may not be 

appl icabl e  to  ce r t a in  advanced brake system 

configurat ions,  and 

c )  the measures of perforri~ance contained in the  standard 

might be unsuited t o  the assurance of s a f e  braking 

propert ies  f o r  ce r t a in  advanced brake systems. 



In an e f fo r t  t o  examine the l ike ly  advances in motorcycle 

braking techno1 ogy which might warrant speci a1 consideration in 

the revision of FMVSS 1 2 2 ,  views were so l i c i t ed  from the motor- 

cycle industry. The sol i c i  ta t ion involved a questionnaire which 

i s  presented below as i t  was posed to  manufacturers: 

I )  Please c i t e  design concepts, not currently in common use, 
b u t  which a re  l ike ly  t o  be marketed in the next 10 years ,  
which wi 11 influence: 

a )  The manner in which brake control input elements are 
appl ied ( e . g . ,  force or stroke specif icat ion changes, 
other ( o r  fewer) control elements) . 

b )  The manner by which control input e f fo r t s  become 
delivered t o  and dis t r ibuted among the f r i c t i on  
brake elements ( e . g . ,  fixed proportioning s ingle  
element control , par t i a l ly  proportioned systems, 
power-assi sted brake actuators) .  

c )  The torque production properties of f r i c t i on  brakes 
( e . g . ,  major changes in brake actuating mechanisms, 
l ining f r i c t i on  gain or thermal/water s e n s i t i v i t y ) .  

d )  The control of brake torque so as t o  avoid wheel 
locking ( e . g . ,  antilock systems). 

e )  The t rac t ion  l imi ts  of ins ta l l ed  t i r e s  ( e . g . ,  t i r e  
design for  optimizing shear force production, vehicle 
mass center location as i t  determines dynamic t i r e  
1 oad i  ng)  . 

2 )  With each item ( a - e ) ,  please c i t e  the time period within 
which you would ( a )  f i r s t  expect t o  see the .c i t ed  advancements 
marketed and ( b )  e x p m o  see the advancement in common usage 

3)  With each item (a-e)  , please c i t e  the ball park cost which you 
would expect t o  accompany the r e t a i l  sales price of each c i ted  
advancement. 

Responses t o  the above inquiry were received from four 

manufacturers. A sumniary of each response i s  presented below, 

while the fu l l  submissions from each party a re  presented in 

Appendix IV.  



Kawasaki Heavy Indus t r i e s ,  L t d .  

1 )  Cited an expectation of minor advancement in the 

matching of brake systems t o  vehicle type. 

2) Also c i t ed  minor advancements in water fade 

s e n s i t i v i t y  of d i sc  brakes. 

3 )  Generally discounted the 1 ikelihood of any 

s ign i f i can t  usage of ( a )  power-assisted motorcycle 

brakes, ( b )  proportioned systems in which f ron t  

and rea r  wheels become actuated from a s i n g l e  

element, or ( c )  wheel-lock control systems. 

Suzuki Plotor Corporation 

1 ) Regardi ng proportional sys terns, c i t e s  possi bi 1 i  t y  

of fu ture  marketabil i ty b u t  notes a low l i m i t  fo r  

the f ron t  brake contr ibution and the need fo r  a  

supplemental front-only ac tua to r .  

2 )  Predicts  t h a t  a  motorcycle ant i lock system wi l l  

appear on the inarket by 1981, and t h a t  such a 

system may be in  common usage by 1983. ( A  market 

price of about $170 i s  expected.) 

3)  Expects a s ign i f i can t  improvement in the t r a c t i o n  

capabi 1 i  ty  of motorcyc 1 e t i r e s  on wet su r faces .  

Honda Motor Company 

1 )  Expressed an overview posi t ion concerning the need 

fo r  studying the "software" aspects  of motorcycle 

braking, t h a t  i s  ( apparen t ly ) ,  the  control  aspects 

of r ide r lveh ic le  in te rac t ion .  

2) Cited the fundamental requirement of a hand lever-  

actuated brake because of the need t o  hold the  

vehicle a t  r e s t  while both f e e t  a re  down f o r  support- 

ing the machine----at a s top  l i g h t ,  for. example. 



3) Sees p r o p o r t i o n e d  b rake  systems as an u n l i k e l y  

development except  as p o s s i b l y  coupled w i t h  an  

a n t i  1  ock sys tem. 

4) Does n o t  expect  power-assi  s  t e d  b rake  a c t u a t i o n  

s i n c e  i t  i s  seen as c o n f l i c t i n g  w i t h  t h e  d r i v e r ' s  

need f o r  t a c t i l e  feedback; a1 t e r n a t i v e l y ,  a n t i c i p a t e s  

an improvement i n  b rake  e f f e c t i v e n e s s  th rough 

re f i nemen t  o f  f r i c t i o n  m a t e r i a l s ,  improvement o f  

d e l i v e r y  e f f i c i e n c y ,  and development o f  s e l f -  

a c t u a t i n g  mechanisms. 

5 )  Does n o t  expect  t o  market  a  m o t o r c y c l e  a n t i l o c k  

system w i t h i n  t h e  n e x t  t e n  yea rs ;  f u r t h e r ,  c i t e s  

t h e  need f o r  examining t h e  m e r i t s  and d e m e r i t s  o f  

a n t i l o c k  systems usage i n  t h e  r e a l  w o r l d  r i d i n g  

s i t u a t i o n .  

6 )  Expects t o  see an improvement i n  t h e  wet t r a c t i o n  

per formance o f  mo to rcyc le  t i r e s .  

Moto Guzzi 

Moto Guzzi ' s  c o n t r i b u t i o n  concerned i t s  " i n t e g r a l  b r a k i  ng" 

system which p r o p o r t i o n s  f r o n t  and r e a r  b rake  a c t u a t i o n  t h r o u ~ n  

t h e  f o o t  peda l .  

The submiss ion  c o n t a i n s  a  l e n g t h y  ena inee r inq  a n a l y s i s  upon 

wh ich  t h e  d i s t r i b u t i o n  o f  b r a k i n g  to rques  i s  determined.  The 

a n a l y s i s  a t temp ts  t o  p r o p o r t i o n  f r o n t  and r e a r  b r a k i n g  so t h a t  

s imu l taneous l ockup  of f r o n t  and r e a r  wheels occurs a t  a  g i v e n  

f r i c t i o n  l e v e l .  The Moto Guzzi a n a l y s i s  c o n t a i n s  e r r o r s ,  however, 

wh ich  tend t o  confuse t h e  p i c t u r e ,  a l t hough  the  f i n a l  d i s t r i b u t i o n  

designed i n t o  t h e  i n t e g r a l  b r a k i n g  system, w h i l e  more f r o n t - b i a s e d  

than  m i g h t  have been expected,  i s  n o t  g r o s s l y  unreasonable.  The 

e r r o r s  occur  i n  an exp ress ion  o f  t h e  l o a d  which i s  t r a n s f e r r e d  

d u r i n ~  b r a k i n g ,  v i z .  ( u s i n a  Floto Guzzi ' s  n o t a t i o n )  



where 

W = weight which sh i f t s  from the rear spindle to  

the front  spindle 

P 
= total  weight supported by the rear spindTe in 

s t a t i c  condition 

f  = f r i c t ion  coeff ic ient ,  tire-road 

h = height of center of gravity 

L = wheelbase 

The error ,  here, i s  in the use of the rear s t a t i c  Toad, P 
P ' 

rather than to ta l  vehicle weight in determining the magnitude of 

weight transfer which accrues under a deceleration ?eve1 , in g ' s ,  

equal t o  the f r i c t ion  coeff ic ient ,  f .  Another "ermr" of sor ts  

was also made in the analysis with the use of a  design value of 

" f "  equal t o  0 .8 .  The use of such a high fr ict ion level for  

accrual of simultaneous front  and rear lockup \dil l  generally resul t  

in the front  wheel b e i n a  overbraked a t  lower frictiilon levels .  The 

error in the load transfer calculat ion,  however, tefided t o  com- 

pensate for  the high selected value of f  such that t h e  resul t in3 

proportioning yields simultaneous 1 ockup a t  front and rear wheels 

a t  about f = 0 . 4 .  

Thus, the integral brakin? system becomes sized in a rather 

reasonable way, a1 t h o u g h  i t  might be argued, p i v m  the consequences 

of front-wheel lockup, that  even f  = 0 . 4  i s  somewhat above the 

desi rabl e  level . Further research on the u t i l i t y  o f  proportioned 

braking sys terns for  motorcycles appears needed, however, before 

such judgments can be supported. 

In any case, Lloto Guzzi's contribution describes the only 
existincl ~roport ioned braking system for  niotorcycles and provides 

a detailed description o f  the design characterfs t ics  of that  syste~li 



An incidental niece of  irlforrnation was obtained during th i s  

study by way of the Los Angeles (California)  Police Department 

( L A P D )  , which has had a substantial dearee of experience w i t h  

Moto Guzzis in i t s  patrol f l e e t  equipped with intczgral braking 

systems. The L A P D  has experienced a generally favorable record 

with these machines and has judged the 1 inked-brake feature a 
desirable aspect of motorcycle d e s i g ~ l t h o u g h  the r i d e r ' s  need 

for  auxiliary front  application s t i l l  remains. tdhile t h i s  police 

f l e e t  experience i s  carefully couched within the precaution that  

"A r ider  must get used t o  i t ,  f i r s t , "  the general report i s  

positive. 

A digest of the contributions provided by the four respondents 

indicates that  a  revised motorcycle braking standard should be 

capable of "accommodatina" a t  1 east  the fol lowin9 major variations 

in the configuration of motorcycle braking systems: 

1 )  An actuator system incorporating: 

a )  one f ront  and one rear brake actuated by 

a sinqle foot pedal (with fixed proportioning) and 

b )  one front  brake actuated by a hand lever. 

2 )  The a b o v e  system w i t h  antilock control on e i the r  the 

front  or both wheels. 

3) A conventional , independently-actuated brake system 

w i t h  antilock control on e i ther  the front  wheel or on 

b o t h  wheels. 

Regarding the appl icabi 1 i ty of a tow-test-based standard t o  

motorcycles with proportioned braking systems, a number of 

procedural variations are avai lab1 e t o  account fo r  the feature 

of "linked" front  and rear brakes. F i r s t ly ,  t o  conduct a burnish 

t e s t  the distr ibution of burnish "work" between f ront  a n d  rear 

brake asseniblies can most d i rect ly  be assured by decoupling the 

otherwise "1 inked" systems. For example, i n  the case of a vehicle 

configured 1 i ke the Moto Guzzi system, three brakes need to be 

burnished, one a t  the rear and two a t  the front  wheel. I n  t h i s  



case,  burnishing i s  achieved by generating the front-only and 

rear-only tow force leve ls  as specif ied in  Section 4 . 2 ,  usino 

each f ron t  and rear  brake in turn .  To obtain individual brake 

appl ica t ions ,  the  coupled brake elements must be separated.  

Likewise, in the case of thermal- and water-fade t e s t s ,  the f ron t  

a n d  rear  systems must be decoupl ed so t h a t  object ively defineabl e  

braking inputs can be applied a t  each wheel. 

For effect iveness  t e s t i n g  of proportioned, coupled systems, 

e i t h e r  of two procedures a r e  possible .  If the coupled brakes a r e  

separated,  the 1 imit braking capab i l i t y  of the motorcycle can be 

assessed through the procedure out l ined in  Section 3.2.  By t h i s  

approach, 1 imi t braking performance i s  described simply in terms 

of the brake torque o r  t i r e  t r ac t ion  level  cons t r a in t  ( a s  has been 

the basic  de f in i t i on  f o r  i  ndependently-braked machines) . The 

presence of a coupled brake system (with a  supplemental f r o n t  

ac tua tor ,  and th i rd  brake) thus affords no conceptual complication 

to  the basic procedure, a1 though brake d e c o u ~ l  i  ng i s  required.  

A second possibil  i t y  f o r  e f fec t iveness  tes t ing  involves 

re ta in ing  the proportioned system in i t s  as-desicned (coupled) 

s t a t e  and employing a  sequence of combined f r o n t  and rear  appl ica-  

t ions u p  t o  the t i r e  t r a c t i o n ,  o r  brake torque, l imi t s .  For 
example, with the tow heiqlit fixed a t  the height of the center  of 

grav i ty ,  the foot pedal could be applied u p  t o  a f ixed pedal force 

and then the  supplemental f r o n t  hand lever  applied with a  ramp 

input of force u p  t o  the  condition of wheel lock. Note t h a t  as  the 

f r o n t  hand lever  ( a n d  thus f ron t  brake) i s  appl ied,  the rear  t i r e  

load decreases due to  load t r a n s f e r ,  thus brinqing the steady value 

of rear  brake torque c loser  t o  t h a t  needed for  wheel lockup. As 
the i n i t i a l  steady value of brake pedal force  i s  sequent ia l ly  

increased, a  condition wi l l  be reached a t  which the appl ica t ion  

of the hand lever  y ie lds  simultaneous f r o n t  and r ea r  wheel lockup 
and thus maximum tow force .  By t h i s  scheme, the l i m i t  re ta rda t ion  
capabi 1 i  ty  of the proportioned brake sys tern-equi pped niotorcycl e  

could be assessed without decoupl ing brake elements. 



Goina  beyond p r o p o r t i o n e d  b r a k e  sys tems,  i t  i s  c l e a r  t h a t  by 

means o f  t h e  b a s i c  t o w - t e s t  assessnient  o f  t h e  l i m i t  b r a k i n g  p e r -  

formance o f  a  m o t o r c y c l e ,  a n t i  l o c k - e q u i p p e d  c y c l e s  a r e ,  1  i k e w i s e ,  

e a s i l y  t e s t e d .  Us i ng  t h e  p r o c e d u r e  o u t l i n e d  i n  S e c t i o n  3 . 2 ,  t h e  

e f f e c t i v e n e s s  per fo rmance  o f  a n t i  1  ock -equ ipped  v e h i c l e s  i s  

d e t e r m i n e d  on a  whee l -by -whee l  b a s i s ,  w i t h  t h e  tow f o r c e  n u m e r i c  

(FT  ) d e f i n e d  as t h e  ave rage  v a l u e  o b t a i n e d  d u r i n g  a n t i l o c k  
f,r 

c y c l i n g .  To o b t a i n  t h i s  measure,  t h e  tow h e i g h t  i s  a d j u s t e d  

a c c o r d i n g  t o  t h e  scheme p r e s c r i b e d  f o r  n o n - a n t i  l o c k  sys tems w i t h  

hand l e v e r  ( f o o t  p e d a l )  f o r c e s  b e i n g  a p p l i e d  up t o  e i t h e r  t h e  b r a k e  

t o r q u e  o r  t i r e  t r a c t i o n  l i m i t s .  

The a d d i t i o n a l ,  and p resumab l y  mos t  i m p o r t a n t ,  f e a t u r e  o f  t h e  

a n t i l o c k  s y s t e w t h e  s l i p  m i n i m i z a t i o n  behavior---remains 

u n c h a r a c t e r i z e d  b y  t h i s  app roach .  As s t a t e d  e a r l i e r ,  however ,  t h e  

supposed b e n e f i t s  t o  c o n t r o l l a b i l i t y  mus t  b e  e v a l u a t e d  on t h e  b a s i s  

o f  f i n d i n g s  o b t a i n e d  i n  r e s e a r c h  w h i c h  t r e a t s  t h e  r i d e r - v e h i c l e  

sys  tem . 
A s i d e  f r o m  t h e  b a s i c  improvements  o r  changes c o n s i d e r e d  above,  

o t h e r  i rnorovements c i t e d  b y  t h e  ~ a n u f a c t u r e r s ,  such  as i n p r o v e d  we t  

t r a c t i o n  p e r f o r r a n c e ,  imp roved  f r i c t i o n  m a t e r i a l s ,  improved  f o r c e  

d e l i v e r y  e f f i c i e n c y  o f  c a b l e s ,  and t h e  l i k e ,  do n o t  a f f e c t  t h e  

t e s t  methods used by  a  s t a n d a r d .  N e v e r t h e l e s s ,  t h e  s e t t i n s  o f  

pe r f o rmance  r e q u i r e m e n t s  i n  t h e  f u t u r e  w i l l  be  t i e d ,  i n  some 

measure, t o  t h e  a b s o l u t e  b r a k i n g  c a p a b i l i t i e s  o f  mo to r cyc l es - - as  

i n f l u e n c e d  b y  t h e  pe r f o rmance  c h a r a c t e r i s  t i c s  o f  t h e  v a r i o u s  

components o f  c y c l e  b r a  k i n g  sys tems.  



This study has served to  examine the basic methods and 

supoortina rat ionale applicable t o  the development of a motor- 

cycle braking performance standard. The study has provided a 

fu l l - sca le  t r i a l  of the exist ing standard, F!.IVSS 122 ,  yielding an 

assessment of the degree of compl i ance of contemporary motorcycles 

as well as an assessment of the adequacy of the wri t ten standard 

as a t e s t  procedure. 

Conclusions deriving from the t e s t  experience aained in the 

FClVSS 1 2 2  t e s t  ser ies  are :  

1 )  A small sample of motorcycles was found t o  comply, 

i n  general , with the standard. 

2) I n  cer ta in  cases,  the achievement of a performance 

level in coapl iance with the exist ing standard aopears 

t o  require a superior level of r i d e r  ski 11. 

3) The 1 2 2  t e s t  orocedure i s  inherently non-objective i n  

a l l  t e s t s  in which the d i s t r ibu t ion  of brakina e f f o r t  

among the f ront  and rear  brakes i s  l e f t  t o  the 

discret ion of the r i d e r .  

4) The 1 2 2  procedure i s  excessively hazardous in con- 

ducting stops from speeds above 30 mph, i n  which the 

front-wheel t rac t ion  1 imi t must be approached. 

5 )  The wet brake recovery portion of the standard appears 

t o  be fundamentally inadequate as  a means of assessing 

the safety qual i ty  of a motorcycle braking system dur- 

i n g  wet weather conditions . 

This study has proceeded from the observations of the short-  

comings of FMVSS 1 2 2  to develop a new method for  measuring motor- 

cycle braking performance. This method serves t o  objec t i fy  the 

t e s t  process, specifying a l l  brake control inputs within a sequence 

of front-only and rear-only a p p l  icat ions . The test procedure not 



only object i f ies  the distr ibution of braking inputs for  

burnishing and thermal loading appf ica t ions ,  i t  a lso  eliminates 

the r ider  ski1 1 influence from 1 imi t braking measurement. I n  

fu l l -scale  t e s t s ,  th i s  procedure has been f o u n d  t o  be practicable 

and suited t o  the general scenario of a federal rule on motor- 

cycle bra king performance. The developed methodology has a1 so 

been found adaptable t o  advanced braking systems such as may be 

anticipated t o  evolve within the next ten years i n  the motorcycle 

market. 

On the basis of the conceptual foundation of the develoued 

methodology, i t s  successful demonstration in ful l-scal  e t r i a l s  and 

i t s  applicabil i ty t o  future brake systems, the technique i s  

recommended fo r  development into a next-seneration motorcycle 

braking standard. Together with th i s  recomnendation, however, 

must come a specif ic caution as t o  a major limitation in the 

current s t a t e  of knowledae which tends t o  place the general value 

of a motorcycle braking standard in question. This matter concerns 

the lack of a sound basis for  specifying the rodulabil i ty o f  the 

brake system o r ,  p u t  another way, that  quality which ~e rmi  t s  a 

typical r ider t o  accrue the vehicle 's  innate stopping can2bil i ty 

without suffering wheel lockup and the attendant loss of control .  

Thus, together with the recommendation that  the new t e s t  method 

be incorporated into a revised standard, we likewise recommend t h a t  

research be conducted t o  establish the grounds for a motorcycle 

brake system modulability requirement. Further, i t  should be 

noted that  a requirement level for  a l imi t  stopping capability may 

have to  be adjusted t o  be compatible with a specification covering 

the modulation qua1 i ty of the braking system. Moreover, motorcycle 

brake systems are  seen as meriting a unique methodology for  the i r  

performance measurement inasmuch as motorcycles , themsel ves , 
represent a unique class among motor vehicles. Further, i t  may 
be hypothesized that  the safe braking o f  motorcycles depends as 

much, or more, upon the r i d e r ' s  ab i l i t y  to in teract  w i t h  his  machine 

properly as i t  does upon the machine's r)hysical l imitat ions i n  

braking performance. 
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