3. DESIGH AND CONSTRUCTION OF A MOTORCYCLE WITH VAEIABLE
HEARE CONTROL GRADIENTS

3.1 IRTRODUCTION

The study of three production moetoreycles fn Chaprer 2 ahowed
fairly wide variations in the "feel’ properties of the brakes,
both between front and rear, and between machines., Overall,
there was a three=fold wvariation in the force/deceleration
conttel gradient, and a two-fold wvariatien in the

displacement /deceleration gradient.

Because the response of the breking system to control inputs
is so rapid, the response time of the svstem is not a variable of
importance, The major control varlables appear to be the force
and diaplacement gradients, although which of these 13 of more
fundamental concerm to the rider is net known., A secondary
characteristic of {fmportance 1s the level of brake force
hysteresis, which causes a lack of precision in the force contral

of deceleration.

In order to make a comprehensive study of the effects on
braking performance of the displacement and force gradients, and
their distribution between front and rear, a motorcycle with
variable brake control gradients (VECG) was required. This
Chapter describesz the design and construction of a VRBCG svatem.

3.2 VBCG SYSTEM DESTGH

3.2.1 Definition of VBCG System Performance Specifications

The brake system control gradients should be capable of wvariation
over a wide range in order to completely cxplore their influence

on deceleration performance. The upper and lower values should

b owtside the range mormally found on conventional motorcyeles,
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The upper limit of the force/deceleraction gradient for the
front and rear brake controls 1is determined by the strength
capahilities of the motorcycle rider population. Considerable
data exist relating te limb strength, but are not specific te
motorcycle brake controls. Zellner (1980} has susmarized the
available data. The fifth percentile force capability of males
studied was approximately 400 K, for both hand and foot
strengths . With this information, it was decided to design for
an upper limit of hand force of 360 K to lock the front wheel
when only the front brake was used, and 360 N foot force to lock
the rear wheel when only the rear brake was applied. The lower
limits of force/deceleration  gradiemt were  subjectively
decermined in order to prodece a  “feather touch” deceleration
pesponse, withowt being so light as toe mpake the motorcycle
torally wuncontrollable. On  this  basgls (and with some
experimentation) 90 K was selected as the minimum force
requirement to loek the wheel, for both the hand and foot
controls. The VBCG system should be able to produce selected
force gradients within these upper and lower limits.

The maximum displacement/deceleration gradient for the hand
contfol was determined by the geometrlc constraint of the hand
lever mecting the handle-bar grip. The starting point was the
non-applied rest position of a typical motorcycle hand brake
lever. These conditions then defined a maximum lewver
displacement of 50 mm, measured 115 mm from the lever fulcrum inm
order o lock the front wheel (when applied alone). The 115 mm
distance corresponds to  the usual position of che third finger
when the hand is operating the lever. A lever movement of 7.5 mm
(again measured 115 mm from the lever fulcrum) causing locking of
the front wheel in the absence of rear wheel braking was selected
to represent the minimus displacement/deceleration gradient.
This value was expected to yield & brake system that would be
effectively force controlled, with the operator not belng able to
detect any significant lewver movement.
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Th: maximum displacement/deceleration gradient for the foot
lever was chosen to correspond to Almm of pedal displacement to
lock the rear whael. This is consistent with the displacement
Iimit of the ball of the foot with 1tg arch resting on a peg, as
is found with a motorcycle rear brake comtrol., The minimum
displacement /deceleration gradient was 6mm, selected to simulate
a force controlled brake where the rider is not aware of any

gignificant pedal movement.

Thus the VBCG performance specifications were determined, and

are summarized in Table 3.l.
3.2.2 Fealization OF Performance Specifications

Table 3,2 summarizes the bhrake syatem parameters which influence
che force gradient and displacement gradiemt., It can be seen
that only two of the parameters influence Fforee gradient
independently of displacement gradient, Thus, obtalning the
required gradients by alteration of the parameters in Table 3.2

would sppear impractical,

In order to provide the wide range of control gradlients
desired, a servo—system was consldered. Ome of ite main features
should be the ability to guickly change the control settings, to

eypadite data collection in multi-candidate experimente.

Upon censideration of the relative advantages of electrical,
mechanical, pneuvwmatic and hydraulic serve systems, an air=
asslsted hydraulic brake was concelived., A gchematic layout of

this system is given In Figure 3.1,

The VBCC system retains the standard motoreyele hydraulic
master cylinder/wheel cylinder brake svstem, However, for the
new &y&tem the master eylinder 1a actuated by an alr-controlled
diaphragm cylinder. This 1% a single-acting, spring-return type.

The air pressure controller supplied variable pressure to the
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TARLE 3.1

VECG PERFORMANCE SPECTFICATION

. ——

Whim 1 Forece Eeguired To Digplacement Reguired To
Lock Wheel Lock Wheel
Hax, Min. Max. Mim.
(K} (R} {mm) {mm)
Front i g0 50 7.5
Rear 360 S0 (] f
TABLE 3.2

REAKE DESTGH FARAMETERS WHICH INFLUENCE CONTROL GRADIENTS

Parameter Force Gradient IHeplacement Gradiemt
(¥ 82fm) (mm 5°/m}
Ratio Maszter cylinder area M *

Wheel cylinder area

Mechanical advantage of
magtercylinder piaston % ™
actuating lever

Effective disc radius,ry ®

Pad/disc friction

coefficient, *

Pad stiffness * *
Brakeline stiffness * *
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diaphragm eylinder in responge to brake lever position, The
diameter of the pulley connecting the pressure controller plunger
to the brake lever, via the cable, determines the overall brake
system displacement gradient. WVery little force is required Eo
depress the pressure controller plunger. Variation of force
gradient 18 abtained with the spring and lever arm. The holes
along the lever arm change the mechaniecal advantage of the brake
lever acting onm it, and hence change the force gradient of the
gystem. The pressure controller and diaphragm cylinder arce
deaigned to have a maximum working pressure of 690 kPa. The air
supply for the system wag stored la a one litre stainless sceel
pressure vessel, initially charged to 14 MPa. This was reduced
to the required 690 kPa working pressure with a welding-type
oxygen regunlator. A& pressure Etransducer connected to the
reservoir gawve &n electrical signal which wasa used to monitor ice
pressure, and to trigger a low pressure warning siren. A

duplicate servo hrake system was manufactured for the rear brake.

The details of the VECG hardware design have been included as
Appendix D,

3.3 CALTERATION OF VBCOG SYSTEM

3.3.1 Experimental Procedure

The displacement modulatfon tegting deseribed in Section 2.5.3
was used to determine the displacement gradient and the force
gradient for each front and rear brake confispuration. The data
for the VBCG motorcycle was collected with the lightweight data
acquisition system. The motorcycle Speed used for teating was
approximately 60 km/h, and all teste were conducted on the flat,
amocth, hot miz bitumen surface at Monegeetta (described in
Section Z45). These data also permitted assessment of foree and

displacement hysteresis levels,
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3.3.2 Analysis and Interpretation of Date

The data was digitized and atored on a PDF 11703 computer with an
analogue to digital converter facility, The sampling rate was
102.4 Ha.

A computer program was written which corrected the
deceleration trace for motoreycle pliteh effects, as described inm
Appendix A, Figures 3.2 and 3.3 contain sample plots of lever
force wersus displacement, and deceleration wersus lever
displacement amd force, for the front and rear brakes
respectively. These plots may be compared with the corresponding
ones for the production motorcycles tested inm Figures 2,3, 2.6,
2,06, 2,25, 2,26 and 2.31. 1t can be seen that the brake
'stiffness’ presented by the VBCOG system to the rider is5 more
nearly constant than for the production machimes, As with the
proaduction motorcyeles, moedulatien af deceleratlion by lever
displacement iovolves much less hysteresgis than does control by
lever force. The force hystereslis for the VBCOG ayvstem 1= due in
part to the pressure controller characteristics, and increases in
magnitude as the medulation frequency increases, The level of
hysteresis, although Scmewhat higher than on the preduction
machines, appears ta be within the range measured by Zellner and
¥laber (1981} on standard motorcycles.

The slope of the displacement—deceleration graph during
brake application represents the displacement gradient for that
configuration., The force gradient is related to the displacement
gradient by the force-displacement stiffness. The slope of the
force—deceleration graph may be vsed altermatively, A computer
program was written to extract the force, displacement and
deceleraticen data during the brake application phase. Using
linear regression analysis, straight lines were fitted to the
deceleration-displacement, deceleration-force and displacement—
force relationships. The slopes of these lines vielded the
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displacement gradient, force gradient and brake stiffness for

each configuration,

3.3.3 Calibration Eesults

Calibhration of che VBCOG motorcycle was performed inm order to
quantify the fromt and rear brake displacement and force gradients
which had been estimated in the design phase, The usable range
of these four wvarlables which could be obtained are shown in
Table 3.3,

Also shown in this tabulation are the range of gradients
meéasured in the Chapter 2 study of three production motorcycles,
and the range of gradients estimated from Figures 3 and 8 of the
paper by Zellner and Klaber (1981). The latter estimates asre, at
best, approximate, particularly for the displacement gradients,
becausge the polnr at which the lever displacements were measured
iz mot mentfoned. The five machines in Zellner and Klaber's

study were all of 10 ml capacity or larger,

The comparisons in Table 3.3 show that the control gradients
on the production motbercycles generally lie within the range of
values attainable with the VBCG system.

After subjectively evaluating the VBCG motorcycle, test
riders reported that it performed inm & similar manner to a normal
motoreycle, indicating that the serve-assisted system response
was adequate, Some riders commented on the foree hysteresis with
the rear brake (which for some configurations was as high as
Z00KY, Anvy future system deslgn should aim to reduce this to a
lower level., Ball bearing fulerum pins should be satisfactory.
Anether comment vrelated to the nolsiness of the alr discharge
when the brakes were released. This initially caused some riders
concern becavse it was such an unexpected aspect of the response
of a motorcyele, Howewer the riders quickly became accustomed to

this system idiocsyncrasy.
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TABLE 3.3.

COMPARTISON OF CONTROL GRADIENTS OBTAINABLE WITH VBCG
SYSTEM WITH MEASUREMENTS ON PRODUCTION MOTORCYCLES.

Production Motorcycles

Contral VBCG — =
Gradient Hotorcyele Fresent Study* Zelner & Klaberx#
Front Displacement 1.0 = 5.7 2.5 = 1.8 2.0 = B.3

(mm per n/sl}

Front Force 17.5 = Th.7 16.8 - 36.5 Lé.6 = 36,3

(5 per m/s?)

Rear Msplacement L.6 = 12.9 2.0 = 4.4 i.B - 4.2

(mm per m/s?)

Eear Force 25.8 - Ba.6 25.5 = 48,9 B0 — 91.4

{H per m/=t)

3 motorcycles:

*% 5 motorcycles:

250, 400, 750 wl (see Chapter 2).

four 1000 ml, one 1300 ml (estimates

of gradients by present authors from data of
Zelner and Klaber (19B1).
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4, TINVESTIGATION INTOD ERGONOMIC ASPECTS OF MOTORCYCLE
DECELFERATION CONTROL

i, 1 INTRODUCTION

Chapter 21 established that rider-motorcycle hrake control
parameters vary widely from machine to machine and from front to
rear for a particular motoreyele, The literature review (ses
Juniper and Good, 1983) highlighted breking deficiencies in
motorcycle accidents,

The VBCG motoreyele was developed to enable investigation
fato ergenomic aspects of motorcyele braking contrels, This
system 15 capahble of Independently wvaryimg the
displacement/deceleration and forece/deceleration gradients over
wide ranges, for both the front and rear brakes. Details of its
design and construction have been described in Chapter 3 and
Appendix D.

This chapter deseribes a 'pilet’ study of brake centrol
parameters and thelr influence on rider-motorcycle deceleration

performance using the VBOG motorcycle,
&2 EXFERLMENTAL QOBJECTIVE

The tvpical motorcyele brake configuration ceomsists of two
independent contral levers, one for the front brake and one for
the rear brake. In order to decelerate the vehicle the rider
applies force to, resulting in a displacement of, these control
levers, For each lever, two steady=-state control parameters can
ke defined, wiz, the displacement/deceleration gradient and the
force/deceleration gradient. These parameters largely determine
the 'feel' preperties of the brake system. The experimental
ohjective was to investigate the effect of these control
gradients on rider/motorcycle deceleration performance, and to
gtudy the interacticons between front and rear brake control

parameter settings.
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A small-scale pilot study was seen as a necessary first step
in pursuit of the experimental objectives, Before a large-scale
study involving many subjects could reasonably be undertaken, it
was necessary to evaluate the proposed experimental procedures
and performance measures, [t was also thought that the results
from a pileot study, fnvolving a wide range of brake system
characteristics, might show that some combinations of
characteristics were clearly unacceptable. These could then be
eliminated from the full-scale study, thereby reducing the

magnitude of that task.

In the limited time available to this project, it proved to
be not possible to go on from the pileot study to carry out a

full-scale experimental invescigation

4.3 EXPERTMENTAL DESIGH

Four independent wvariables were chosen for investigation, They
were front brake force/deceleration gradient (FBEF), front brake
displacenent /deceleration gradient (FBD), rear brake force/decel-
eration pgradient (RBF), and rear brake displacement/deceleration
gradient (RBD).

The technique uwsed for analyasing the contributions of the
four chosen variables is called Regponse Surface Methodology
(R5M), It was dewveloped for the chemical industry to determine
optimum operating conditlons with multiple-variable processes
(Box and Hunter, 195%7), The method consiestas of defining a
'regponse gurface’ which 18 the functional relationship between
the dependent warlable beling investigated and the independent
variables selected for analvysis. The procedure allows the
minimum number of experimental points to be seleected in arder te
define the response surface. This is where BRSH has its great
advantage over a factorial design, which would require all
posgible combinations of Lhe independent wvariables to be tested.

Having defined the response surface, the coordinates of the
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maximum or minimum value of the dependent variable define the

optimum combination of the independent wariables.

With four independent varisbles, and assuming a second-order
fit of the warlables to the response surface, 30 trials are
necessary, and five equispaced levels in each variable are
required (Dorey, 1979), A factorial model of the same four
variables would require 81 trials, nearly three times that using
E3M. The actual walue of each variable is normalized so that the
five levels are tE, il, and 0, The 30 configurations to be
tested, arranged in "hlocked' form, are shown In Table 4.1,
Elocking of the configuracions allows the use of a different
group of subjects for each block, thereby reducing the number of

confipurations which must be tested by an Individual subject.

A variable not investigated in this study was the level of
force—deceleration hysteresis of the brake svystem. With the
VECG, force hysteresis was measured to he im the range 40F to
1200 for the front brake (correspondimg to the normalized force
configuratiens -2 and +2); and 40N to 200N for the rear brake
ifor the =2 and +2 normalized conflgurations reapectively), This

variakle may be important in ergonomic design of brake comtrols.
4.5 SELECTION OF RANGE FOR VARTABLES THYESTLGATED

The RS5M design dictated five equispaced levels for each of the
independent variables FBF, F8D, RBEF, and RBD. The VELG design
degeribed in Chapter 3 set the maximum and minimum welue of force
and displacement to Lock the wheel being braked, and therefore
the maximum and minimum value for each control gradient was
determined, The VBCG was designed ao that the five different
levels of displacement gradient were obtalned by having a further
three pulleys of appropriate increments in diameter between the
maxlmum and mintmum diameters, TFor each displacement gradient am
asgoclated spring was designed and manufactured; the radius at

which it operated on the brake lever determined the force level.
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Thus, the five different levels of force gradient were obtained
by adding three holes at appropriate radii between those for the
maximum and minimum force levels., Each pulley and associated
spring was colowr coded, labelled apd stored in a compartmented
box, shown in Fipure 4.1, Due to manufacturing tolerances, the

precise values of the independent variables were not known at

this stage. Further calibratien was therefore reguired, as
descrlbed in the next section,

4.3 CALIBRATION OF VBCG

4,51 Selection Of Configuration For Calibraticn

Table 4.1 shows the combinations of the variables to be used in
the BEEM design, Tt can be seen that there are nine different
combinations of FBF and FBED, and similarly nine combinations of
REF and BED, as shown in Table 4,2, The front hrake is
independent of the rear brake. Therefore calibration of the VBLG
system at the nine settings for the front brake and the nine for
the rear would encompass all combinations used in the EEM

experiments,

4,5,2 Description OFf Calibracion Experiments
(a) Instrumentation
The on~hoard data acquisicion avstem described {n Chapter 2
was used on the VECG motorcycle to record rider impute and
the machine's response to these,

Rider inputs congisted of force and displacement at the

front and rear wheel brake eénntral levers., The bhrake forece

and displacement transducers were the game as those used for

the braking behavicur experiments described io Chapter 2.
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Figure 4.1 VBOG springs and pulleys used for varying
the control gradients.



TABLE 4.2  VBCG CALTBRATION SETTINGS

Setting Front Brake Front Brake
Humber Tsplacement Gradient Force Gradient

1 2 0

2 =2 0

3 0 2

] 0 =2

3 H 0

5] L 1

F) =1 1

B 1 =1

9 -1 =1
Setbing Rear Brake Rear Brake
Mumbar Nisplacement Gradient Force Gradient

10 2 ]

11 - a

12 0 2

13 1] =1

14 ¥ 0

15 1 1

1a -1 1

17 1 -1

18 -1 -1

TABEE & .3 BRARKE CUNIEOL GHRAULENT KORKMALLIZING EGLATIONS

r——— e —_— s — . ——— ——

Lisplacement Gradient

Fulh = 1.19 FHU + 3.39 am sf/m

where Fus = Front brake Displacement Gracilenc.
FELI = normalized value (22, *1_, 0)

EDG = Z2.79 WBD + B.3% mm /G

where RKlLG = Rear brake Ligplacement Gradient
Kbl = noruslized value (T2, TL, U)

f o —— L = e —— P L —

Force Gragicot

—_— R e —— —— —— == r———r — —r ——

Fru = L2Z.55 Fbl + 30.45 N s/

Wheri: FFLe = Front brake Force Gradieot
FhE = normalized valowe (22, 1, 0}

KFL = 14.4%2 KBEF + 53.05 N g*/n
where KFG = RKear brake Force Gradient

EBF = norkalized value (22, 1, 03}

e —— =

a5




Different strain gauges were necessary for the VBCG brake
levers, so the forece transducers were recalibrated using a

procedure similar to that deseribed in Appendix A.

The motorcycle motion parameters measured were speed,
acceleration and main frame pitch rate, using the transducers

described in Appendix A,
(b} Test site

All data acquisition and experimental work for the
calibration of the VBCG was conducted at the Australian Army
Trials and Proving Wing faecility located at Monegeetta and
described in Section 2.4, The bitumen pads only were waed

for this work.
(c} Testing procedure

The low-frequency displacement modulatfon testing described
in Section 2.,5.3 was used to evaluate the displacement
gradient and the force pradient for each of the nine front
brake and rear brake configurations listed in Table 4,2,

(d) Data analysis and results of calibration experiments

The collected data were digitized and stored on magnetic disk
using tho pnp 311723 computer system, The analog-to-digital
converter sampling rate was 102.4 Hz per channel for these

data.

A computer program was written which accessed the

gcceleration Information and corrected it for matorcyele pltch

effeccs, Figures 4.2 (a) and (b) show sample plots of

deceleration versus brake lever displacement and force,

regpectively, for the front brake., The normalized configpuration

in this example f& nominally -1 for displacement gradient and +1
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for force gradient, A small amount of displacement-deceleration
hysteresie can be seen (gbout 3.0 mm for this example). This is
due to a lag in the pressure contreller cutput in response to its
plunger depression. The force=deceleration hysteresis is larger
{about BD M for the case shown)., However this compares
favourably with the levels found to exist with the standarcd
motorcycles tested in Chapter 2 (70 K to BO N typically), and
with that found by Zellner, 1980 (25 K to 120 W), Further

discussion of VBOG force hyareresis may be found Iin Section 4.3,

The pradient of the deceleration-displacement graph during
the brake application phase 18 the displacement gradient for that
confipuration, The force gradient may be caleuwlated from the
displacement gradient if the svstem stiffness 1a known,
Alternatively the gradient of the deceleration—-force data may he

used directly. These gradients were determined in the manner
deacribed in Section 3.3,Z,

Three calibration runs were made for eaeh configuration and
the regulting control graedients averaged., These average
gradiencts were then plotted against the normalized values they
were supposed to represent, ag shown in Figure 4.3, It can be
seen that there were gsome substantial departures from the i1deal
linsar relacfonahip., Changes In pulley diameter and, more
particularly, spring stiffness would be necessary to bring the
actual control pgradients imto closer agreement with those
tequiced by the ESM desipn. However, non=standard mandrels
needed for manufacture of the appropriate springs were not
available. Using the control gradients achieved with the VBCG
ayatem meant that some of the assumptions of the RSMH design were
not precisely set, Howewver, if the wnderlying relationships
between che performance measures and the independent variables
were strong, these departures from the preferred RSM levels
should still allow a reasonably accurable determination of the

response surface.
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Figure 4.3 {bl Measured front brake force gradient wversus normalized value.
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LabLh 4 .4 VoL atiblal ROEMALIZED ERAKE CUONTYHROL GRADIEHNTS

block Lonfiguration Frout Brake Fromt Brake BEear Brake flear Brake
Lisp. Graa. Force Grad. Disp. Lrad. Force Grad.
BsM  VEBLG Bs5M  VECG  ESM  VBCL WEM VECEG
1 1.1 -1 =1.07 =1 =1.4H -1 =-1.,04 -1 =-0.5%
1.4 1 LH3 1 b, ug =1 =1.0% =1 =0.5%9
L. 1 .93 =1 =4d.71 1 D.76 =1 =1.l@&
1.4 =1 =1.07 1 v.2l i [y =] =1.16
1.5 1 .53 =] =0 .71 =1 -1 .04 1 1,47
1.6 =1 =1.U7 1 .21 =1 =1.0% 1 1.47
L.7 =1 =1.u7 =1 =1.4k 1 0.7h 1 L.63
1.5 L wLud 1 U.9% L Ul 1 0.6l
1.4 U 422 Q 0 .54 0 =U.%h 0 .20
L.Llu ul 0.zd i .64 4 =u . ik ] o2
Z 2.1 1 .93 =1 =u.7l =1 =1 .Y =1 =d.5%9
2.2 =1 =1.u07 1 .2l =1 =1.04 =1 =0.,5y
2.3 =1 =1.47 =1 =1.4%8 1 0.7k =1 =1.1la
2.4 1 k.93 1 Q.94 L .Th =1 =1.1la
Fa. -1 =-1.u7 -1 =1.4&% =1 =1.09 1 .47
2.l 1 .43 1 U,u9 -1 -1,09 1 1,47
2 i 0,93 -1 =0,71 1 J.78 L U,.63
A.h =1 =1,07 1 .21 1 .76 1 0,63
2,4 U 0,22 ] 0,HG 0 =u.,2& i Q.20
2,10 i 0,242 i 0. B4 a4 -0.28 i o,z0
4 .1 ] 1,97 i 0,51 o -0,28 ] 0,20
3.2 i =f U3 L [T Lk = .2k G U.20
3.3 u (ER 2 4,113 a0 =-0,24 0 0,20
3.4 L] uL.22 -4 -1.3% o —-u.28 ¥ 0,20
3.5 U .22 Q d.84 2 2,35 0 -0,.99
d.h L] .22 1] 0.HE -2 -=1.73 iy .13
.7 i .22 L1 .84 a 9 =0,248 ) .18
J.B 1] d.22 i 0L.Hg o 4.2k -2 -1.89
3.5 d (R i d.BE4 0 -0.,28 i L2
3.lU U 0,22 i 0.H4 0 =-d.28 i .20




In order to assign normalized walues to the actual control
gradients, straight lines were fitted to the data in Figure 4.3,
yielding the normalizing equations given in Table 4.3, The
normalized value for a given pulley-apring comhination may be
obtained by substituting the actual control gradient into the
appropriate equation in Table 4.3, For example, for the nominal
(0,0} front brake confipguration, the displacement and force
gradients were 3,65 mm s2/m and 47,3 Ns’/m, respectively, and the
normalizing equaticna vielded HSM walues of (022, (LAG&) Tahle
4.4 shows the RSM preferred values and the actual mormalized

values for all the experimental configurations,
L, b DESTIGN OF RSM EXPERIMENTAL BRAKING TASK
4,6.1 The Stopplng Task

On most occasions a motorcyelist applies the brakes om his
machine in a non-hurricd manner, &s he will have antlcipated the
need to stop well before the desired stopping poinc. AL the
other end of the scale, it will be necessary for him to stop the
motorcycle as rapidly as possible in an accident avoidance
manceuvre, Hurt et al.'s (1981) study showed that in an accident
gltwation the rider typilcally has less than two seconds in which
ta take evasive action. With these considerations, three kinds
nf stop were identified; namely "alow stop', 'medium stop’, and
"quick stop’. Tt was thought that the experimental braking task
should cover all of theses situatfons o as to allow complete
objective and subjective assessment of the rider-motorevele

confipuration.

Az with all the motoreyele expetriments conducted im this
etudy, rider gafety was of paramount importance. This fact had a
strong influence on the choice of an appropriate quick stop task.

Three candidates were considered:
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® “Dropped box’ slitevation, whers the motorcycle is
travelling im a stralght lime or a curve and, without
warning, an obstacle appears in his path. The rider must
pee the brakes to avold the obstacle.

* Car-following task, where cthe motorcyele is f[oellowiog
another wvehicle and, without warning, the latter stops
rapldly,. The motorcycliat must use his brakes to prevent

a callision,

* Traffic light task. Here, the motorcycle approaches a set
of traffic lights. If the lights change to red, the rider
must respond by applving the brakes and attempt to stop
the machine before reaching the lights.

The firat two of the abave guick stop taskse were rejected on
gafety grounds due to the greater possibility of loss of control
and capsize or collisliom than for the traffie light task.
Furthermore, the use of a "tripwire' and a wvariable time delay to
operate the traffic light enabled slow stop, medive stop and
qulck stop conditions to be set up with one apparatus and test
track layout, The trip wire employed consisted of a lightbeam
directed across the roadway and focussed on to a phototransistor.
Interruption of the lightbeam by the motorcycle cavsed a change
of state of the transistor, This signal was used to trigger a
variable time delay circuit, which ultimately switeched an the
power supply to the traffile lights.

Figure &.4 shows a diagramatic representatfon of the layout
used for the braking task. The rider was instructed to keep the
motorcyele at comstant speed as he approached the tripwire area,
In the event of the traffic Iights turning on, the rider was to
apply the brakes and attempt to stop on a line marked across the
roadway. The task could be made more or less difficult depending
on the selected time delay (longer delay being more difficult).

In the interests of rider safety and to minimize potential equip—
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ment damage in the event of less of control, the motorcycle speed
was restricted to 30 km/h. The slow stop average deceleration
wag nomipnally 0,2 g, and the time delay for this task was zerq,
Thus the distance from the tripwire to the stopping line wes
determined as 18 m, The gquick stop time delay was found by trial
and error, The alm was that the rider should overshoot tChe
stopping line on most occcasions. This was found to occur with &
time delay of 1.1 seconds, which implied an average deceleration
of 0.5 g (including rider reaction timed, A 0.6 second time
delay was used for the medium stop, corresponding to an average
deceleration of 0,3 g. An infinite time delay was also used,
which meant the rider was not regquired to stop. This uncertainty
was introduced to prevent the rider from anticipating a quick
stop and thereby modifying his reaction time. The "no—-stop’ task
was randomly mixed with the medium and quick stop tasks,

.62 Instrumentation

The on-hoard data acquisition system was used to record rider
inputs and system responses durfing the E5M experisents. The

transducers have been described 1n Appendix AL

It was necessary to have a mark on the recorded informatiom
to identify the passage of the motorcycle through the tripwire,
go that ieitial szpeed, average deceleration during braking
manoeuvre and rider reaction time could be determined. To do
this am event marker system was designed and constructed, It
switched the motorcycle speed trace off for 300 ms when the
machine pagsed through the tripwire location, A phototransistor
was mounted inside a blackened, [.5 mm diameter by 130 mm long
tube and attached to the motorcycle. A strong light beam was set
at the same height as the tube, and directed across the
motoreyele path at the tripwire location. When the light was
incident on the phototransistor, a change of state cccurred, and
this =zignal was waed to sperate a relay on the speed trace which
gwitched it to zero volts far 300 ms.
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4.7 EXPERIMENTAL PROCEDURE

&.7:1 Test Site

The site for the REM experiments with the VBOG motoreycle was at
the rear of the Australian Road Research Board complex at Vermont
South, Vietorlia, The track consisted of about 200 m of smocth
hot mix bitusien in good condition with one flat stralght aection
about 60 m long. Excellent garage and vehicle preparation areas
ware made available, Furthermore, the use of on-site 240V power
simplified electricity requirements for the traffic lights and

lnstrumentation.

4,7.2 Hllh]E{‘.Lﬂ-

Two expert riders were used for the pllot experiments, in order
to minimize performance variations due to insufficient riding and
braking skills, Because some of the brake configurations to be
tested were expected to be far from fdeal, it was alao considered

prudent to have the first evaluations made by experts.

Both riders were everyday motoreyele commuters, ome riding a
750m1 large touring machine and the other a 500ml trail/street
machine., They each had about ten years riding experience, and
were membiers of motorevele clubs. One had had closed elub racing
experience, and both were accustomed to long touring. Horeover
they both had a technical background and were empleyed in

regearch establishments,

G 7.3 Tegt Supervision

One person (Juniper) superviged the conduct of the experi-
ments, He configured the motoreycle for the testc riders, set the
time delay for the traffie lighta, and indicated to the rider
when to begin the test., He alsoe measured vehlcle overshoot and

noted the occurrence of wheel locks,
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The two teast riders assisted with setting up and dismantling
the equipment on wach day of the experiments, No other

assistance was found necessarvy.

&,7.4 Test Logistics

A total of cten configurations per rider per day were tested.
Each rider tested all thirty combinations required by the BESM
design. The configurations for each day were randomly selected
from the thirty to be covered, except that twe of them were the

O, 0, 0, O 'centre point’ settings,

For a particular configuration the rider Eirst completed
three slow stops to allow familiarization with the new set up.
Then followed one guick stop, one medium stop and (sometimes) s
'no stap' run, randomly ordered so as to prevent anticipation of
a gquick stop. The subject then filled ocut the rider rating form
for that eonfiguration while the other subjeet went through the

game Sequence of tests.

4.H BRAKING FERFORMAMNCE MEASURES

Many motoreycle and rider related performance measures wera used
in the pilot study with a view to determioing those most
gsensitive to brake control gradients. The measures included bath
objective measures of rider input and machine responses, and
subjective measures of the riders' opinions about the brake

configurations.

4.8.1 SBubjective Measures

Bider ratinFs were ohtalned for seven different aspectsa of the
braking system. On completion of the braking task, the riders
were required to pive an impression of the front and rear brake
force and displacement requirements for that configuration, They

were then asked to give an overall impression of the front and
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V.C.B. MOTCRCYCLE

SURIECT B3, sssssrcsqsanvmarnn CINTICURATE®E s vauvrmansaasns
TROWT BRAFL
Wit oo yoy Think of the Front What do you think of the Front Breke
Erake foroes rocuined) Lever Displacemesns raquined?
[ Exoallent = Excellant
- Bood - Goed
. Fair - Fair
. Guite high or low - Quire nigh or low
— Extrumely high or low — Extremely high or low
I
FEAR BRAST
What do you think of the Rear Wnat oo you think of the Rear Brake
Braxe forees required? Laver Digplacerent pequired?
B sl lant B Excellent
— Good - fioad
N Fain | _ Fair
— (puite nugh or Low [ fuite high ov low
- Extremely high o low — Extremnly high or low

Figure 4.5 Subjective rating form used in VBOG stopping
tank (roduced x 007
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TAbLE .5

sUMMARY UF SUBJECTIVE AND OBJECTIVE
FERFORMANCE HEASURES

Gbjective Performance Measures

Huaber Description Symbol

1 Average deceleration during guick stop, from accelerometer AVACL

2 aAverage deceleration duting quick stop, from speed trace AVACE

3 Average deceleration from front brake during quick stop F

4 Average deceleration from rear brake during gquick stop E

a OGvershoot of stopping line during quick stop 05

o Eeaction time during gquick stop TR
Subjective FPerfotmance Measures

Nunber Fescripcion Bymbol

) Frant brake force rating FBFER

g Front brake displacement rating FEDR

] Hear brake force rating KBFR

Lk Hear brake displacement rating HBLUR

11 Hormal stop rating H5R

L Guick stop rating OSH

L3 Uwn motorcycle comparison rating OMCR




rear hrake combination in the normal stops {that is, the slow
atop and medium stop tasks) and im the quick stop. Fimally, they
compared the braking ability of the machine with that of their

own motorcyele.

The rating scales were derived from thoese used by Dorew
{1979}, which in turn were adapted from those developed for
aircreft handling assesament (MeDonmell, 196%), The adjectives
on the scales are positicned in such a way as to provide an
interval scale for the underlving psvchological centinuum
(McDonpell, 1969). The rating form s shown in Figure 4.5 Each
rider filled out one form for each confipuration tested. They
vere instructed to put a mark on each rating scale In accordance
with their opinion, The distance along the scale as a proportion
of its total lenpth was interpreted as a number between 0 and
100, The scale used for comparison with the rider's own
motorcyele was horizontal, with adjectives only at either end,
with zero at the left hand end, and 100 at the right hand end. A

gummary of the subjective performance measures can be found in
T:‘Lbli' &‘iSE

4.8.32 Objective Measures

Several objective measures were used, 8ll of which relate to
rider-motorcyele performance in the gquick stop task. Rider input
force and displacement at each brake cantral was recorded, so
that the separate contributions to the deceleration from the
fromt and rear brakes could he determined. The ratio of front to
rear wheel brake torgus eould alsoe be caleulated from these data.
The lever input measurements, together with the event mark on the
gpeed frace allowed rider reaction time to be measured. The
average deceleration durlng the quick stop was determined both
from the accelerometer, and from the average slope of the speed
trace during the braking phase of the test.



Finally, the experimenter noted the distance by which the
motorcycle over—-shot (or uwader-shot) the stopping mark, arnd
whather or not the rider locked the wheels at any stage. A
gsummary of the objective performance measures is given in Table
4.5,

4.9 RESITLTS AND DISCUSSTON

The results ohtained for all performance measures for both riders

are tabulated in Appendix E,

In accordance ¥ith the BESH design, a second-order response
gurface model was fitted to the data for each performance
measure, at first for each rider separately. The form of

equation fitted was:

Y = by + by (FBD) + by (FBF) + by (RBD) + by (REF)
+hy, (FBD)? 4 by, (FBE)Z 4 byy (RBD)Y2 4+ py, (RBF)?
+ byz (FBD.FRF) + hypy (FED.RED) + by (FBD.RBF)
+ byy (FBF.RBD) + bpy (FBF.RBF)
+ byy (RBD.RBF)

where: YT = performance measure
FBD = pormalized front hrake displacement gradient
FEF = normalized front brake force gradient
RAD = normalized rear brake displacement gradient

RBF = normalized Tear brake force gradient

The coefficients in the equatlon were determined using the
5P55 Multiple Regression program (MNie et al., 1975). 1In this
progras the independent variables are entered into the regressicn
in step-wise fashion, the next variable to be entered at each
gtep being determined on the basls of the most significant
increase in the measure of the proportlon of the total variance
explained by the regression {tz]- The scatlstlical significance
of each coefficient (probabilicy of oull hypothesis Hu:bij=ﬂj is
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recaleculated at each step. The regression results for all
performance measures arée tabulated in Appendix E. Example
results, for both riders' deceleration performance in the quick
stop, and their ratings of the brake configuration im that task,

are shown in Tebles &.6 and 4.7,

One of the difficulties in interpreting these multi-variate
date is the graphical presentation of the characteriscics of a
five-dimensional response surface., In order to facilitate the
exploration and display of the nature of the response surfaces, a
program was developed for the FDFP 1123 computer syatem which
allowed plotting of response survface contours and of the
variation ef the predicted response with any given independent
wvariable for selected conscant values of the other independent

varfables, Example plots are shown in Figures 4.6 - 4.9,

,9.1  SBubjective Measures

The seven subjective measures listed in Table 4.3 were subjected
to the analyses described above. The raw data together with the
regression results are presented in Appendix E.

Reviewing the 'l'2

values in Appendix E rewveals that, for none
of the measures, was a large proportion of the total variance
explained by the firted response surface. The highest wvalue of
rz obtained was 0.675, being for rider BRDH's front brake force
rating; the lowest value of 0,273 was also for BDH, but for his

rear hrake force rating.

0f all the subjective measures, the quick stop rating (QSR)
is perhaps of the greatest interest, for it represents the
rider’s owverall assessment of rhe brake configuration in the most
demanding braking task. The 0Q5R regression results for both
riders are shown in Table &.7. It can be seen that less than 60%
of the total variance in quick stop ratimge was explained by the

regressions.
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TABLE 4.6 (&) DECELERATION PERFOEMANCE IN QUICE STOF TASK, BDH
RESULTS OF 5P55 MULTTPLE REGRESSION AMNALYSIS
MEASURE: AVERAGE DECELERATION IN QUICE STOP FROM SFEED TRACE (AVACEZ, m.-":z]l

SIGNLFICANCE 0OF REGEESSION: 0,183

SUBJECT: EREH

r SQUARE: [(L62L

Coefficient Independent Value of Significance Entered On r Square
Variable Coefficient Step Number Change
b Conatant .68
by FBD -, 41 007 1 122
ba FEF .11 « 369 o] L0029
by RED 0.04 785 13 002
by, REF 0.08 .53 12 009
byy (FBD)? -0, 11 . 366 b 037
bys (¥BF)? -0.11 144 4 L0683
bag (RED}Z 0,08 L5432 11 008
By (RBEF)? -0.14 .225 3 067
by FBD,FBF -0,02 916 14 . 000
bya FED, RED ~0, 34 090 2 149
byg FBD. REF 011 L4989 10 (014
by FEF.RED 0. 20 . 308 7 .031
bay FBF , KEF 0,22 201 3 <073
byg RED.RBF 0.21 . 298 9 .17
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TABLE 4.6 {h) DECELERATION PERFORMANMCE IN OUICK STOF TASKE, BG
RESULTS OF 5P55 MULTIPLE REGRESSION ANWALYSIS
MEASURE: AVERAGE DECELERATION IN QUICK STOP FROM SFEED TRACE (AVACZ, mfszl

SUBJECT: BG SIGNIFICANCE OF REGRESSION: 0,456  r SQUARE: 0.461
Coefficient Independent Value of Significance Entered On r Sgquare
Variahle Coefficient Step Humber Change

bp Constant b.19 =
by FRI 0,24 L0735 1 167
by FHF -
by RBD 0,08 642 & 014
by REF 0,19 .239 3 61
byy (FED)* ~0, 02 872 13 001
by (FEF)? ~0, 05 .575 g .007
b (RBD)* -0, 08 591 ] . 004
”m (REF )2 ~0,12 364 5 014
by FBD. FEF 13 471 7 L010
by 4 FBD, RED -0,22 .323 4 035
by g FRD. RBF ~0.07 723 12 004
b23 FEF. RED .41 153 2 .125
bag FEF . RBF 0.11 529 8 010

b3s RBL, REF =0,13 1 10 0
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TABLE 4,7 (a)} QUICK STOF RATING, RDH
RESULTS OF 5SPSS MULTTPLE REGRESSLON ANALYSIS
MEASURE: QUICK STOP RATING (QSR)

SUBJECT: BDH SIGHNIFICANCE OF REGRESSION: 0,122 r SQUARE: 0,583
Coefficient Independent Value of Significance Entered On r Square
Variable Coafficient Step Number Change
by Constant 52.86 -
by FED 4,22 156 b , UbU
ba FRF 1,17 BTl Il L4
ba RED ~0.01 998 4 044
by RBF .11 . 308 10 L026
by (FeD)? -
bz (FBF)? -2,83 091 z L 104
bas (RED)? 3.25 248 1 L 144
by (rBF)% -3.91 116 3 .043
b12 FED.FEF -6.09 .118 7 L0332
bis FBL, KED =1.31 . 734 12 003
by FED.REF =
bag FEF.RED =8.01 DB 4 031
bay FBF.REF -6.72 068 9 075

bayg EBD.REF =724 . 106 5 038
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TABLE 4.7 (h) OUICK STOP BATING, BG
EESULTS OF SPSS MULTIPLE REGRESSION AMALYSIS
MEASURE: QUICK STOP HATING (0SB}

SUBJECT: BG SICGNIFICANCE OF REGRESSION: 0,081 r SQUARE: 0,559
Coefficient Independent Value of Significance Entered On r Square
Variable Coafficient Step Number Change
by Consrant G 46 -
By FBD -
by FBF 1,71 719 10 .00
by RED 19.02 L0073 I . 23H
by RBF 7,32 194 2 089
b (¥BD)?
by (FEF)® -1.73 - 566 3 - 006
by (RBD) -0._84 071 4 057
Bas (RBF}? 6,23 185 6 L Dby
b2 FEI. FEF 11.Ré 084 3 062
By FBD. RED
by FBD. REF -5.55 .391 7 L0320
bag FHF.RRD =4, 56 fGTT B 015
by FEF , HBF ~0.64 916 11 . 000)

b3y RED, REF -12.22 L1125 5 25
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Quick Stop Rating

ROH, QUICK STOP RATING (STEP &

BG, QUICK STOP RATING (STEP B)
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BG, GQUICK STOP RATING (STEP B)
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BG, QUICK STOP RATING (STEP 6)
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BG, QUICK STOP RATING (STEP B)
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Figure 4.8 (- Rear brake forece gradlent wversus rear
brake displacement gradient, showing
gquick stop rating contours (front brake
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Table 4.7 shows that, for both riders, the first variable to
be entered into the G5B regressions was the rear displacement
gradient RED. Flots of QSR versus REBD, Including all the
measured data, are shown dn Figure 4.6, together with the
regresgsion equation evaluated for the "centre point' values of
the ather independent wvariables REF, FED and FBF: completely
opposite trends are indicated for the two riders,

The 'scatter' of data polonce about the regresslon lines im
Figure 4,6 could of course be related to the variatlonm of OSE
with the other independent wvariables. To explore this
possibility, the data for BG's ratings were selected for further
examination, because of his wider range of 45 ratings. Figure
4.7 shows his 03K plotred against EBD for the five constant
values of EBF, rhe data being averaged over the front brake
configurations. The corresponding regression lines are also
shown. The data are consistent In showing an increase in BG's
rating as the normalized rear displacement gradient increacses
from =2 to +*1, with the single data point a2t EBD = +2 being
respongible for the decrease of the calculated GSE for higher
values of RRD. Howewer, the degree of correspondence hetween the
average data points and the regression lines is not impressive,
More as an 1llustration of the type of analyeis it was hoped
would be possible, rather than as a serious representation of
BG's preferences, Figures 4.8 (a) and (b} show his (SR regression
evaluated over the whole range of rear brake coenfigurations, both
as ‘sections’ of the response surface in (a), and as ‘contours’
in {(b).

Figures &.9 (a) and (b} reveal the reason for the lack of
guccess of the response surface representations of the data.
These show rhe Q8 ratingse obtained for the six replications of
the "centre polnt’ configuration {numbers 1.9, 1,10, 2.9, 10,
1.9, 3.10 in Table 4.1}, and the two 'star point’ confligurations
(3,5%, 3.6) for which the RED was the only variable with a value

different from the centre point comnfiguration. It can be Seen
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that the wvariation in the ratings for the identical centre point
configurations 15 as wide as that obtained over all
configurations. Thms, the hoped-for consistency in ratings from
'expert' riders was not obtained. It is c¢lear that the overall
form of the regression ¢quation {(eg., whether it indicates a
maximus or minimum for the response surface) depends critically
on the values obtained far the star points. Giwven the
variability of the replicated data, no confidence can be placed
in the results obtained from the single ohservations at the atar

point configurations,

Analyses of the type 11llustrated for BG's Q5 ratings were
pursucd vigorously for any data which appeared co contain some
trend of significance, These efforts were all ultimately
frustrated by the problem epitomized in Figure 4,9 : the "error
verignce' = shown by the wariation im centre point results — was
gimply too large for the response surface methodology to yield

ugeful results.

A further illustration of this unfortunate situation is that
many of the statistically "slgnificant’ regression results do not
accord with common senae, For example, 1t would be expected Chat
if a rider were ssked to rate freant brake force requirements,
then the front brake force gradient would be highly correlated
with this rating measure, This sitvation cccurred anly twice,
with rider ERDH when rating front hrake force requirements, and EG
when rating rear brake displacement requirements. The ratings

glven by rider BGC were always highly correlated with rear brake

displacement gradient without regard to the measure involved,

Fossibly the main reason for the variabkility of the riders’
ratings and the poor correlation between them and the contrel
gradient settings was the short time they had to assess the
motorcyele behaviour, They were restricted to five stops from 30
km/h, mainly due to the limited time available to conduct the RSM
experiments, A rider may require mere like half to one heur of
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testing at all speeds, in both straight and curved path braking
tasks, to he accurate Iin his asgessment of the system
characteristics. As a further aid to judgement, referral to a
standard, benchmark motorcvele throughout the tests, or a paired=
comparison technique, mav be required, Data collection on this
bhasis for a full scale experiment involving 30 subjects would
take 4 Eo b months to corplete., Thus the minimum Eime for a
rider to aceurately asgess the brake syatem behaviowur is a factor
requiring carcful evaluwation in the planming of any future full

scale axperimeénts.

Another factor requiring comalderation in the design of
future experiments 1s the bfnkm system atiributes which riders
are asked to evaluate, One of the riders Found that assessing
the brake feel properties in terms of the brake force and
digplacement reguirements was particularly diffiecule. Tt may be
that riders judge feel characteristics on the basis of aystem
'ariffnegs' (i.e, force/displacement) rather tham force and
displacement separately, This matter warrants further
congideration. The varfiability of the present data precloudes

guch an investigation now.

A8 has been seen, the gquick stop ratings for the twe riders

were poorly correlated with the brake control gradients : for
RIH, rI = 0.583, owverall significance = D0,122; for BG,
2

r° = (.353% and overall sigmificance = 0.081. It was thought that
the riders” gquick step rtating might be influenced by their
performance in this task: that is, if they were successful with
a particular configuration they might rate it highly. In order
to  dinvestigate this hypothesis, overshoot in the gquick stop was
included in the multiple regression analysis of quick stop
ratinge as an independent variable. For rider RDH, the inclugion
of this additional independent wariable was of no conseguence,
With BG, however, the £irst wvariable entered into the eguation
was overshoot, the coefficient of which was negative and highly
gignificant, This wvariable alone accounted for half of the
variance in BG's ratings. This implied that if the rider had a
large overshoot 1in the quick stop, he thesn down-tated the
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configuration., Tt i shown in the next section that overshoot
was virtually constant, apart from random variations about the
mean value {(of zero). Thus, although this regression
relacionship is statisically significant, it does not help to

elucidatethe nature of rideor preferences for control gradients.
4,9,2 Objective Measures

The average deceleratiom in the quick stop was calculated by two
different procedures. The firsc, represented by AVACL, was
computed from the accelerometer trace. It was corrected for
piteh effects and then averaged between when the brakes were
applied and when the speed became zero. The second procedure
invelved determining the average speed just before the brakes
were applied, and the time taken to stop after the brakes were
applied, from which the average deceleration AVACZ was computed.
These procedures yielded virtwally indemtical results, as shown
in Figure 4,10. However, there was some scatter, particularly
for rider RDH's data, so it was decided to use AVAC? as the
measure of average deceleratdlon In the quick astop, as fewer
caleulations (and, presumably, errors) were invelved in its

determination.

The AVACZ data were processed by S5FS55 Multiple Regression
with the results shown in Table 4.6. It can be seen that, for
neither of the riders, was the variation im average deceleration
adequately explained by the control gradiemt variations: rider
RDH yielded r3 = 0,62; BG gave rf = 0,46,

The moat asignificant Independent wvariable In the AVAC2Z
regression for both riders was the front brake digplacement
gradient FBD {(far BRDH, p < O0,007; for BG, p < 0L075). However,
EDH vielded a negative rvegresslion coefficlent, implying a
marginally better braking pecformance for lower fromt brake
displacement gradients, while BC gave a positive coefficient,
again in contradictiom of EDH's results. The AVACZ data for both
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ROH, AVERAGE DECELERATION IN Q.5.
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riders are plotted in Figure 4,11, topether with the linear
regressions on FED. In both cases, the variation of AVACZ with
FBD 15 not larpe, while the remaining variation of AVAC2 is not
gatisfactorily explained by the other Independent wvarilables.

On average, then, hath riders were ahle to achieve similar
levels of hraking performance over a wide range of brake system
characteristics. This is further demonstrated by the regression
results for the overshont in the quick step, shown in Appendix E.
Variations Iin this measure were not related to configuration
varfations, and the value of the constant b, in the relationship
had » high probabkility of heing zero. This ilmplies that the
motereyele mostly stopped on the stopping line marked across the
roadway, and that a change of contrel gradient did not make much
difference to the result. Braun et al.{1982) found a similar
girparion exists for gain factors In motor vehlcle brake systems.
Tests were carried out with a number of drivers in a car with a
gelectable gain factor, On dry surfaces, their results did not
ghow any significant influence of the gain factor on the stopping
distance under full braking. They concluded that because of the

great adaptability of the drivers to the test conditioms, no

guides to design modifications of brake syvetems could be given,
Such conslstency of objective =measurea of task performance, a
result of the human operator’s pgreat adaptability, is not
uncommon  in  investigations of this sort (Good, 1977). There is
alao the possibility that, pechaps unconsciously, the riders used
the stopping lime &8s a target, rather than an upper bound for
stopplng distance. If thie was the case, and the stopping
distance was within their capabilities for all the brake
conflguratlions presented, the effecta of the different eontral
gradients would have heen masked. However, further testing with
more severs stopping requirements would be required to test this

hypothesis.
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Doe aspect of performance with a two-point braking system
that 1is of conslderable importamce is the proportioming of
hraking effort betwean the front and rear brakes, Because of
load-tranafer effects, the optimum proportioning (to achieve
equal utilization of availakle eyre/road friction at each wheal)
varies with the level of deceleration. Investigation of the
contributions made ta the tetal deceleration from the front and
rear brakes revealed a defilciency in the experimental procedure,
To determine these contributions, the average lever displacement,
Dgy, and the displacement at which a brake torque was first
applied, D,, were required for each brake. Then, from the
average useful lever displacement, T, = D, and the
digzplacement/deceleration gradient calibration for the given
brake configuration, the average deceleration contributiom from
that brake could be computed. In setting up the spring-pulley
arrangements for each configuration, care was taken to adijust the

amount of “slack”®, D to be roughly the same for each set up.

;
However, becauwse the ﬁneeﬂ for this infarmation Wils not
anticipated at the time of the experiments, the adjustment was
not made precisely. What was really required was that a
low-frequency displacement modulation calibration of each brake
be performed prior to each rider’s ftests with a given
configurations Had such tests been performed it would have been
possible to accurately determine the threshold displacement D
for each case. In the avent, it Was necessary to estimate b, by
the following procedure: The force=displacement relationship for
¢ach brake was examined for each run, and the displacement at
which the force began to inctease was found by overlaying a line
with a slope  determined from the appropriace stiffness
calibration, An example 15 shown in Figure 4.12(B}. It was then
necessary to assuse that the experimenter had adjusted the slack
correctly, so that the brake force would rise at the same time as
the brake actually applied a torque Lo the wheel. A5 already
indicated, this assumption would not always have been precisely
met. A second source of uncertainty arose from the fact that the

bkrake application in Lhe quick &tap Was extremely



rapid, =so that there were only a few sempled data points during
the rise of brake farce and displacement, and it was consequently
difficult at times to fict the stiffness calibration line. Again,
Fipure 4,02(h) illustrates this difficulty.

The contributions to the average deceleration in the guick
atop from the fromt and rear brakes determined by the procedure
just described ware denoted F and R, respectively. Results of
regresgion of F and ® on the ESM independent wariables are giwen
in Appendix E, For both riders, the firsr variable o be enteread
into the regression equation for F was the front brake displace-
ment gradiemt, FED, as was the case for the measured deceleration
AVACZ,

Fimure 4,13 showe simple linear cegressions of F and R on FBD
for both riders., Also shownm 18 the sum of these, F+BE, for
comparison with the measured total deceleratiom AVACZ (shown as
the plotted data points and the solid regression line). For
rider EDH the sum of the calculated deceleratlon comtributions,
F+E, agrees well with the measured data, For BG, however, the
caleculated sum conaiderably underestimates the actual total
deeeleration, The reason for this discrepancy appears to lie in
BG's braking strategy., He was observed to modulate the brakes in
the quick stop, as 11lustraced in Figure 4.1%, Because of the
hyvsteresis associated with the digplacement—deceleration cycling,
the uge of the simple "'stiffness” calibration o caleculate the
average deceleration would underestimate the actual contribution
from the given brake, Rider EDH did not exhibit the same cycling
behaviour in the gquick stop (Figure %12 Is representaCivel,

It was indicated previously that the proportioning of the
total hraking effort between the front and rear brakes is of
considerable importance. Parts {a) and {(b) of Figure 4,15
regpectively show the calculated deceleracion contributions F and
E plotted against FED for rider EDH. The corresponding data for
rider BG are shown in Fipgure 4,16, The sclid lines in these
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BG, AVERAGE DECELERATION IN Q. S.

18.88 —

F, R, F+R, AVACZ { m/a®#2 )

Fiqure 4.13 (b

Front brake deceleration contribution rear brake
contribution and total deceleration in guick

stop task versus front brake diszplacement gradient,
subject BG,



B. 050 . . : e

T i ’
E

bt 4
L ;
o 4
'I_I J
D -
i1}

X

E - E
L - -

m L .

-+ 1 4
L F 1
0 s -
L

b i -

_ﬂ' ESE i L 1 i L ] i

4. 0008 Time () 8. 20@

Figure 4.14 {a Front brake displacement during a gquick stop
manoeuvre, subject BG.

200. 2 S e L A

Front Brake Force (N)

A. B0 A. 2592
Front Brake Disp. (m)

Figure 4.14 (bl Front brake force wversus front brake
digplacement during a guick s5top manoeuvre

=

subject BG.



RODH, AV. DECEL. FROM FRONT BRAKE

10,80 [~ - T e e e
T ;
8.00 + ]
| |
4 |
.20 ; $ -

F{m/o®s2 )

Figure 4.15 {al Front brake deceleration contribution in guick

stop versus front brake displacement oradient,
subject RDH.

139



ROH,

AY. DECEL. FROM REAR BRAKE

18, 22

B8 1

5.08

R (=/s%xd)

4.88 1

2. 08

. pd
-2, 0

Figure 4.15 (kl

@. 2a 1. 8@ . 2

Rear brake deceleration contribution in gquick
stop versus front brake displacement gradient,
gubject RDAH.

140



F { m/a®e? )

BG, AV. DECEL. FROM FRONT BRAKE

18. 84 [——

—_ e

&, 0d

6.08 +

Figure 4.10 (a

Front brake deceleration contribution
in guick stop wersus front brake
dizplacement gradient, suvbhject BG.

141



BG, AY. DECEL. FROM REAR BRAKE ,

T O ——— —

8,00 t |

! |

=~ 6.g0} ]

: |
oy,
[ 4

o 4.“3 i -

Figure 4.16 (¥ FRear brake deceleration contribution in quick
stop versus front brake displacement gradient,
subject BG.

142



=
=]
=
—]
=
=
w
L]

Figure 4,17 E'L'ml:r_u_']rui_fr'_ of procedure used to locate the centre of
gravity [plumk line is vertical white ling)

e
- T T 1 -t T = T L L] - 1 -
- —whsr
- --- ---"I-'
& -~ T
i -
= _.-"". = i Eeoplerataice . me -
| __.-" - . L S
! ",
i Fa "
a .\"'\H.\.
-'l-. = =
)
4 .,

| ! -
i
I /
/
I i
- .
.I "

-

— o L i il —_— M i G
& 1.1 = . 3. L B, 0 7 LK

L 4 1 . . 3 - o I )
Figure 4.1H Optimum réear whesl decelearation conbtrilbukbion :ll.l.':’.LE-l.': against
front wheel deceleraticn for different total deceleration

leviels,



plota represent simple linear regresslons of the data on FROD.
The dotted lines show the optimum particioning of the calculated
total F+E into front and rear contributions., (The calculated
total F+R was partitioned in preference to the measured AVACZ
hecause it allowed a more conelstant comparison for BG's data,

for which the total decelerations were not In good agreement.)

The optimum front and rear contributions were calculated with
the criterion that the fraction of the total tyre-road frietion
coafficient utilized be the same at each wheel., At any g:l.':r;n
deceleration lewvel, the contributions from the front and rear
that will achieve this may be calculated if the toetal
rider/vehicle maas and centre of gravity location are known (see
Appendix Fl. The centre of gravitcy was found using a
photagraphic method. The motorcycle with rider was successively
suspended from two different points with a portable jib crane. A
plumb line was attached at the suspension point, and a photograph
was taken of each case. The two negactives were superimposed and
the intersection of the two plumb lines marked che centre of
gravity, A print of one of the negatives Is given in Figure
4.17. The locus of optimum fromt and rear deceleration
contributions is plotted in Figure 4,18 with the toral

deceleration level aa a parameter,

Returning to Flpures 4,15 and 4,16, it can be seen that (on
average} both riders adjusted their brake control inputs to
achieve a roughly optimal front/rear distribution, over the very
wide ranges of brake sensitivity with which they were pregsented.
Both riders possibly under=utilized the front brake for most
configurations, although the wncertainties in the caleulations do

ot allow this finding to be asserted very strongly.
This result again attests to the remarkable adaprability of

these two skilled riders, and agaln does not provide an insight
into the particular brake control gradients which would yield the
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casiest and best braking performance for most riders, Experi-
ments with less skilful riders way be more revealing.

Another aspect of braking performance investigated was the
rider's reaction time: the time delay bhetween the signal lighte
being turned on and a control response from the rider. The time
between the 'tripwire' event mark on the speed-trace, and either
front or rear brake application {(whilchever acecurred firsat) was
extracted from the recorded data. The reaction time was found by
gsubtracting 1.2 seconds (the signel light time delavy for the
quick atop), The average values are of interest: Rider RDH had a
mean reaction time of 408 ms with a stvandard deviation of 33 ms;
for BG it was 377 ms with a standard deviation of 58 ms,

The teaction time data were also processed by SPFSS5 Hultiple
Regrasefon, with the results shown in Appendix E. For rider BG,
this was the most successful of the objective data regressions,
with 72.6% of the variance being explained, The froant and rear
digsplacement gradients and the rear force gradient all made
gignificant contributions, of similar magnitude, to the explained
variance. However, 1t is difficult te draw any useful conclus-
ions from these resgults, For example, although BG's reaction
time tended o Increase with FBD, so did his average decelerat-
fon, and there was no net effect on the overshoot measure. HRider

RDH's reaction times showed no strong relationship with the
independent wariables.

4,10 SUMMARY AND CONCLUSIORS

This chapter has presented the results of a pilot study conducted
to investigate ergomomic aspects of motorcyele deceleration

control. The VBCG motorcvele was developed for this purpose.
Four independent brake control parameters were investigated,

They were front brake displacement/deceleration gradient (FBD),

front brake force/deceleration gradient (FEF}, rear brake
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displacement/deceleration gradient (RBD), and rear brake
force/deceleration gradient (RBF).

Response Surface Methodology (RSM) was employed as the
experimental design. HKEM offered the most efficient procedure
for ionvestigating relationshipe and interactions with the
independent variables, A second-order response surface was
fitted to the data to allow optimum hrake configurations to be
defined.

The RSM design dictated fiwve levels for each of the
independent variables. The VBCG was calibrated accordingly. The

range of control pgradients explored im this study was:

FED Lo - 5.7 mm uzfm
FEF  17.5 - 76.7 ¥ s5/m
RED 1.6 - 12,9 mm Ezfl
RBF  25.8 -~ B4.6 K s/m

The control gradients of the three production motorcycles tested
{see Chapter 2) fell within these ranges,

An experimental braking task was developed, It involwved the
motoreyele travelling im a straight lime at constant speed with
the rider monitoring traffic lights ahead. In response te the
red lights turning om the rider applied the hrakes and attempted
to stop before a line across the roadway. A variable time delay
was used to change the difficulty of the task. Three types of
stop were used: a slow stop at a nominal 0.2 g average decelerat=

ion, a medium stop at 0.3g and a quick stop at 0.5g.
Two expert ridere were used for the pilof study, Tt was

hoped that expert rviders would exhibit consistent behaviour and

provide meaningful subjective ratings.
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Seven subjective and five objective measures were derived

from the experimental measurements. & susmary of these 15 given
in Table 4.6,

P35 Mulriple Regression was used to obtain the coefficients

defining the response surface and statistical measures of the

strength and significance of the observed relationships.

The main conclugions from this work are as followa:

(1)

(11

(441}

{dv)

The two riders were able to modify their control
inputs so as to {on average) achiewe roughly the same
bhraking performance over the whole range of brake

conflgurations.

On average, both riders distributed che braking effort
hetween the front and rear wheels in an optimal
nanner, again despite the wide ranges and combinations
of front and rear brake sensitivities with which they

were presentead,

All the data exhibited a large error variance which
penerally precluded the definition of significant
relationships between response measures and the brake

configuration variables,

Performance in the quick stop task was primarily
affected by the front brake displacement gradient.
However, only small and comtradictoerv trends were
obhtained from the two riders: for one, average
deceleracion increased sarginally with a more
displacement sensitive front brake; for the other 1t

decreased slightly.,

L)



(v

{vi)

{wii}

Subjective ratings of the brake system were primarily
iafluenced by the rear brake displacement gradient.
Again, however, quite contradictory results were

obteined from the two riders.

Future experimental investigations should allow Che
riders a longer period to hecome familiar with each
new braking configuratiom, A paired-comparison
prperimental design should also lead to wmore
consistent subjeccive ratings than were obtained in

the present study.

Experiments with less-skilled riders would probably
yield performance measures that were more strongly
affected by the brake system variables than was the

cage in this study,
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APPENDIX A
TRANSDUCER DESIGK AND CALTERATION
A.1 INTRODUCTION

In order te monitor motorcycle dvnamic characteristics in
response to rider braking fnputs, a tatal of nine transducers
were usced, ITnplementation of these transducers imvolwed adaption
of voamercially available units, and original design emploviog

strain gavpes and potentiometers as basic sensing elements.

This appendix contains the detalls of adaption, design and
phyeical mounting of the transducers on the motorcycles. Also

the calibration procedures used are described.

Finally, an analysis of motercvele mainframe pitch effects
on an accelerometer mounted to measure longitudinal deceleration
is given., This results in a simple correction term (attained
fram a pirtch rate gyroscope) which must be applied to the

arcelerometer trace.
A.2 THRANSDUCEER DETAILS
a,2.1 Front Brake Force Transducer

Figure A.l1 1= a photograph of a typical front brake hydraulic
maaster cvlimder and its contrel lever., I1f strain gauges are
positioned on the master cylinder actuacing arm, they will alwaya
sense the force applied to the master eylinder piston. These
strain gaupges will thus actually indicate the torque the rider
applies to the control lever, Their output will be {(largely)
independent of the poafition along the blade at which the rider

input force is applied.
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Four atraim pgauges were attached to each of the three
motorcycle front brake levers at the lecation indicated in Figure
A.l. The gauges were connected to form a full bridge, twe being
in compression and two in tension. The bridge output was
amplified to a suitable woltage level (0 te 10 wolt) wusing a
‘psendo-differential’ amplifier circuit. It was £ound to be
neceszary to filter the cutput of this circuit, and an active
fourth order Butterworth filter stage was added.

ftatic force calibrationm was performed for each lever,
aceording to the scheme shown in Flgure A,2, For universality,
it is important to note that the calibration ferce was applied to
the brake blade 115 mm from the fulerum. This point was chosen
to represent the usual posicion of the middle finger when applied
to the brake lever. Masses were added {n suitable increments
from zero to approximately 25 kg, and then resmoved in the reverse
order. The amplifier/filter output veltage at each point was
recorded with a digical voltmerer. When this procedure was first
emploved, considerable force hysteresis was noted. This was
largely dve to coulomb frictiom in the fulcrum pin, as a drop of
light machine o0il in this area redwced the hysteresis Lo an
acceptable levael. This is demonstrated by Figure A.3 which shows
the calibration curve obtained for the 250 ml motercycle, A
gtraight line was fitted by least-squares regression through all
the data points. The force calibkration sensitivites thus
obtained can be found in Table Z.1.

The sutput amplifier filter was designed to have a linear
phage=frequency characteristic. Figure A.4 shows the transfer
function of the filter stage for the 750 ml motorevele front
brake force transducer, obtained with an HF 35824 Spectrum
Analyzer. Am almost linear relationship is obeserved. This means
that the force transducer sigmals at all frequencies will be
delaved by 2 constant time interval relative to an unfiltered
gignal. This time delay was compensated for after the data had

been digitized and stored on computer files. The force traces
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Figure A.3 Front orake disoplacement transducer.
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were shifted in time by the appropriate time interval as
determined from the filter transfer function,

A.2.2 Front Brake Dieplacement Transducer

Ta sense front brake lever displacement, a wire—wound rotary
potentiometer was mounted with its axds of retation parallel to
and intersecting the fulcrum pin axis, as shown in Figure A9, A
gmall actuating arm was then attached to the brake lever with
adhesive tape. The potentiometer was connected In 8 voltage
divider circuit, and the voltage output amplified Eto give 1O
volts when the lever reached the limit of its travel {against the
handlebar) The amplifier circuit had an offset facility to set

gero voltage to zern displacement.

This transducer wae callibrated apainst a vermier caliper to
measure lever displacement at a point 115 mm from the fulerum
(ef., A2.1) and the amplifier output monitored with a digital

valtmerer, A straight line regression was applied te this data,

with the resultant sensitivicy being tabulated im Table 2.E.

A.2.3 Eear Brake Force Transducer

{a) Hydraulic dige brake svstem

Figure A% shows the usual arrangement for a rear brake lever and
hydraulic master cylinder on a motorcycle, The point at which
the rider applies force to the lever is typilcally 300 mm from the
levar fulerum. 1Lt was found fhat strain gauges could be adhered
to the lever adjacent to the fulcrum and be relatively
insensitive to small wvariatieons in the peint of forcae
application. Four gavges were used, connected in a full bridgs,
and the cutput amplified and filtered with a cirewit similar to

that used for the front brake force transducer {cf,, AL
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The amplifier output voltage was calibrated against standard
masses applied to a weight pen hooked onto the centre point of
the brake lever pad. Linear regressicn was used to obtain the
force—voltape sensitivity. The results for the three motorcycles

are presented in Table &1,

The rear hrake force transducer amplifiers alsc contained a
filter stage, similar to those wsed with the front brake force
transducer. The time delay resulting from this filter was
compensated for using the same technique as for the front brake

force (cf., A.Z.1)

(b} HMechanical drum brake system on the 400 ml motorcycle

Figure A.7 shows the mechaniecal drua brake employed for rear
wheel braking on the 400 ml matorevele, It was found fo be
necessary Lo sense the rider input foree at both the lever
fulerum (as described in A.2.3) and at the drum actuating arm
located at the rear wheel hub, The latter sensing positlion was
used to monitor hrake force during a step input of brake

displacement, &nd is described more fully in Section 2.5.1.

Again, foor strain gauges were adhered to the drum actuating
arm, and the amplifier ecircuit and calibration procedure used

were the same ag those described in Sectlon A.2.3.

h.2.5 Rear Brake Displacement Transducer

Flgure A.8 shows the arrangement wused £for sensing rear brake
lever displacement. & linear slider potentiometer, actuated by a
tension member attached to the brake lever and working agalinst a
return spring, was used in a voltage divider circuit. The output
was amplified to give 10 volts at maximem lever displacement,

with a variable offset facility provided.

The transducer was calibrated against a vernler caliper which

wag ueed to measure brake lever foot pad displacement, The
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Figure A.9 tpeed rtransducer mounted on 400 ml motorcycle.



amplifier output voltage was monitored with a digital voltmeter.
Linear regression wag used to obtain the voltage—-displacement
gensitivity, and the results for the three motorcycles are given
in Table Z,1.

A5 Hotorcycle Forward Speed

Speed was monitored with a device driven by the odometer cable,
Dperation of the standard speedometer was unaffected, se that it

was avallable for the rider to ohserve normally,

The device wses a rotating slotted disc, which interrupts the
light path between a light-emitting diode and a phototransistor.
The output of the phototransistor was electronically manipulated
to provide a d.c. wveltage, between 0 and 10 volte, proportional
te motorcycle speed (the BYstem  Was designed to glve
approximately 10 wvolts at 160 km/h). Figure A.9 shows the speed

meéasuring device sounted on the 400 ml motorcycle.

Calibration was performed by recording transducer output
voltage during several rider-controlled comstant speed runs
through a measured 200m distance at nominal speeds of 20, 40, 60,
B0 and 100 km/h. Figure AJLD shows a plot of average traneducer
output voltape against caleulaved average speed over the 200 m
distance, for the &0 ml motorcycle. Linear regression was used
to Eit a straight lime to the data. The results of the
calibration for the three motorcycles are given in Table 2.1,

A2, Motorcycle Deceleration
Motorcyele deceleration was monitored with a closed-loop servo-
accelerometer with a rated range of I lg {Schaevite model number

LSMP-1).

An accelerometer mounted on a wmetoercycle is in & wery 'noisy’

environment, due o engine and transmission vibrations, and
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arcelerations resulting from road surface irregularities., To
minimize these effects, the accelerometer was mounted on the
motorcycle main frame, Its output amplifier had, as its final
stage, a fourth-order active filter with a corner frequency of 20
He. The output ampliffer gain was set to give Ll g/volt.
Figure A.ll shows the accelerometer amd amplifier transfer
function. This was obtained by mounting the accelerometer on an
electromagnetic shaker driven by the random nolse source from a
Hewlett Packard HF3I587A Spectrum Amalyzer. The accelerometer's
ountpul was compared to that from a reference accelercmeter
mounted adjacent to it, The phase=frequency relationship is seen
to be closely approximated by a straight line, This means that
accelerometer signals at all frequencies will be delaved by a
congtant time imterval relative to a transducer aignal without
the filter stage in ltg output, The same time delay compensation
procedure used for the front brake force transducer (cf., A.2.1)

was employed for the accelerometer signals.

Beferring to Figure A.l2, an accelerometer mounted on the
main frame will sense the longitudinal acceleration of the rear
au]n,;ﬁ and will respond additiomally to the horizontal
component of the acceleration of point € relative to B due to
rotation of the rear swing arm, 4, and the horizontal component
of the acceleration of P relative to © dee to pitching of the

main frame, f.

The =% component of the acceleratlion of © relative to B is:

'ﬂ.[:l.l'ﬁ = _I{: 8 - ¥ B [A.1)
.
The ® component of the acceleration of P relative to C is:
“ L2

a = =y, 8+ Xp, & {A.2)

Ffﬂl

Therefore the x component of the absolute acceleration of P is:
' - o2 as - ol
Xp = X = X B, = ¥e 8y = ¥p g+ X, i (&.3)

168



20

14

fmplitude, dB

L 28

R S
-

B
g

=0

144

150

200

230

Phase, deg

Ap0

350

freguency, H=

Figure A.l11 Accelercmeter amplifier and £ilter transfer function

Hote: The motorcycle accelerometer had a flat amplitude response down to

0 Hz. The low frequency roll-off shown in this figure results from
filtering during the calibration testing.
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Furthermore, the accelerometer will respond to the component
guint of the gravitational force slong its sensitive axis as the
main frame angle changes.
It follows therafore, that the accelerometer indicated
acceleration is (for small piceh angles & )

h '} L1 & -p =-r +?

= + - fy - - :
i E xE HC 1 .1"',: iy :er & + -'{]1. = (A .4)

Thus, provided 6,8, and their rates of change are measured, the
accelerometer output can be corrected as follows Co vield the

required longitudinal motorcycle ac:eleratinn,-ia .

-

ur gl er - gl

Ky = A, - B8 +x. b by By by, 8-x, 0 (A.5)
The motorcycle main frame has two degrees of freedom relative to
the rear axle, and two Ilndependent co-ordimates are necegsary to
describe Lts position at any time. The quantities selected for
measuresent were the main frame piteh rate, 0 and the rear

guspension deflection, 1_. The transducers used to méasure these

r
quantities are described in Sections A.2.7 and A.2.8.

An expression relating lr and & to éj can be derived as

follows, with refersnce to Figure AJlZ:

i]:' - 'I:'I:E'H - &l u‘l--ﬁ}
where r = perpendicelar distance from EB to C

s0 By = (lr#r + 0) (A.T)

{Irfr + E} (A.8)

and £

with the assumption that r does not change wery much,
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Therefore, in terms of the quantities to be measured on the
motorcycle fii, é, lr 3, the reguired horizontal acceleration Ry

fs:

. 2 ; . o2 -
xg = A, - gE 4 xnltlrh} +2l fra+ 0] +yl/r

- W3
+ (yﬂ + FP) g = X i (& .9)

The significance of the various correction terms in equation
A.3  is discussed in Section A.3,

A,2.7  Motorcvcle Mainframe Pioch Rate

A rate gyroscope was used to measure (Humphrey, @model
number RC51-0107-1, ET deg/sec), This device was selected on
the basis of fts compact, lightwelght design and easily-provided
+28 volt d.c. power supply requitrement. Furthermore the sutput
gignal is a varving resistance, and a sinple regulated sepply
violtage was the only requirement to obtain a signal proportional
to piltch rate, The gyroscope manufacturer supplied a calibration
data sheet, which was assumed correct (T 0.3%), However, it was
notéd that this device had a nominal natural frequency of 10H=z,
which {8 in the area of interest to thie analysis, Therefore a
gyroscope calibration rig was constructed which gave the transfer
function found in Figere A.13%  The natwural fregquency 1=z 1875 Hz
(90" phase shift) and the phase-frequency relationship is non-
linear. In this case, the high freguency 4 signals will he
delaved by a preater amount than the low frequency signals,
Therefore a more complex procedure for frequencey compensation
than that uwused for the force and accelersatiom signals {cf.,
A.2.1)  would be required for the pitech rate signals. A
plausible acheme would be to transform the f fignals into the
frequency domain {uging a Fourler transformation) where the non=
lingar compensation could be applied. BEeturnlng to the {ime
domain (using an inverse Fourler transformation) would yleld the
correct signal. Unfortunately time constraints have not allowed
completion of this procedure, and a linear phase=frequency
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The data collected from these experiments was digitized and
stored In filer on a DEC POP 11723 computer. The brake force and
aceeleration traces were shifted in order te compensate for the
time delay arising from thelr cutput amplifier filter stages.
The pitch rate signal was shifted to compensate for the (assumed
linesr) time delay caused hy ites resonant frequency being 18.75
Hz. Then use was made of a data manipulation facility developed
for the PUF 11/23 computer, which includes a waveform calculator,
a visual display system, and a hardcopy digital plotter. With
this program, each of tha terms in equation A.5 was caleulated,
and its contribution te the indicated deceleration assessed., As
an example, the data for a typical front displacement modulation
run is presented in Figure A.l5 Figure A.l5 {a) shows front
brake displacement for the duration of cheé test. The initial
speed was 18,5 m/s (67 km/h), The rear suspension deflection,
lt togecher with the main frame pitch rate, i allowed
caleulation of the rear swing arm rotatfonal wveloeity and
acceleration ( 6 andﬁl )} by use of equations A.7 and A.3
regpectively., Then, referring to equation A.5, the magnitude of
each correction cerm to be applied to the indicated acceleratfion
WaAE dESesEed

Thee walldity of the measurements and calculatfion procedures
was checked by comparing the measured front suspension deflection
with that calculated from the eguation:

*

i, = (ud+ofei)ieos ) (L = wheel-bage)
This equation follows from the same consideratfions which lead to
equation A.5 The comparison showed excellent agreement, thereby
giving some confidence in both the measurements and the
caleulationes.
s - ¥l

The &, Gjand 8 terms In equation A.35 were each found to
make a negligible contribucion to the indicated acceleration.
Thus, only Yo d and g8 in equation A.5 were of any

176



significance. Figures A,15 (b) and [c}) show the magnitude of
both these correction terms during this experimental run. Figure
A.15% (d)} shows the indicated annel#ratian,ﬁi , and the indicated
acceleration after application of the correction terms FP B and
g2. The latter is the reguired horizontal acceleration of the

motoreyecle, = This Figure demongtrates that the indicated

accelaration B-.=l.n-::1 the corrected acceleration are not greatly
different from one another. Furthermore the g% term  has,
overall, a larger influence on A; than yp;. The latter term is
geen to have an average walue of nearly zero, and s of high
fregquency compared to the displacement fnput. Its main influence
is on the magnmitude of the acceleration peaks. On the other
hand, the gy term has am average value of about 0.8 mfsz, and is
of the same frequency as the displacement inputs. Also, as the
él and ;l terms were shown to be small compared to the others in

eguaction A.5, there {2 no requirement to record suspension

deflections In motorcycle deceleration tests.
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AFFENDIXE B
EECOVERY RATE GRADIENT

Zellner and Klaber {1981} analvzed data on the performance of a
varlety of brake pad friction materisls, under both wetl and dry
aperaring conditions, They Found that the dry pad friction
coefficient tends to increase during a braking stop due to the
combined effects of reduced speed and increased temperature,
Under wet braking conditions, they concluded that the initcial
brake torque cbtained is uswally less than that obtainad with the
game clamping force with dry pads, and that the brake torque then
generally increases or 'recovers' towvards the dev value, This
behaviour is illustrated schematically in Figure B.l1, taken from
Zellner and Klaber's paper. It may be noted from this figure

that some dry pads also experience substantial recovery rates.

For the purpeses of brake characterization, Zellner and
Klaber took the increase of deceleration to occur linearly with
time and defined the 'recovery rate’ EE as the rate of increase
of deceleration normalized by the final deceleration:

BR = {a, - a )faAc , (p.D

where ﬂl_aud a, are the imitial and final decelerationm and At 1Is
the time taken to stop. They found that the recovery rate
inereased in propoertion to the clamping force and so defined the
'recovery rate gradient' ERC as the recovery rate per unit of

applied lever force F:

FRGC = RE/F . (H.5

In the preseot study brakes have been characterized by control
gradfients, or by their inverse, control gains. Io this appendix
it ie shawn that Zellner and Elaber's BERG can be interpreted as
the rate of decrease with speed of the force control gaim,

GE = afF,
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That 1is=,

G;-dﬂrfdv w —RRG (B.3

To show this, assume that the disk/pad friction copfficient

decreases linearly (say) with rubbing speed, Then we may write
o= g = p'w o,

where Uz 1a the static coefficlent of friction and ' = =du/dv
is the (constant) rare of decrease af U with motorcyele forward

speed v,

The motorcycle deceleration cam be taken to be proportional
ta the brake torque, which in turn will be proportienal to the
frictionm copfficieat and the brake lever force:

a =k uF , (B.4)

where kE is a constant of proportionality, That 1s, the force

gain G

¥ is given by

GF = alF = ki (B.5)

Thus, given the assumed friction-speed characteriastic, the force

gain will decrease linearly with speed:
“5 = dGy/dv = ~k_u" = const. (B.6)

The time rate of change of deceleration will be

dafde = dajdv.dv/dr = {Fﬂfi{-a} . (8.7
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Integrating equation B.7 shows that the deceleration will vary
{slowly), but exponentially rather than linearly with time:

A= alcxp{-Fﬂétj : (8.5

{Actually, this exponential variation of deceleration is & better
representation of the wet brake deceleration trace shown in

Figure 14 of Zellner and Klaber's paper than is their linear

assumptionl,

The proporticnal increase in decelerarion aver the stop will
hi

la, - 3, fa, = 1 - exp{FGgat) = -FGpat , (g9

the approximation being reasconable provided that the recovery

rate is not too large. Hence,

= - P o= o (B.10
ERG {uz alJFaEREF = Gﬁ . J

That is, Zellner and KElaber's recovery rate pgradient can be
interpreted as the rate of decrease of the force gain with speed,

as has been done in Chapter 2.

1ok P Shenie Dhigorss Daecnins s 1t'
il Slired Selergd | = r::.:—]_.
i Pian Srmeied . ;
5 e A0 b Inguk fom LI,
& B SED cofme Wl Dal werp ™
s Bt n, 1
E AEG = dop - ol ey B T,
# S
L osh
E Bigesd Resporis Woh
Low S Gowr biry
F .l :
T
i
. !
ahe
Fins, Wt Rehpefd Segpome
|:| L— L 1 1
0o S 2 i1

alin Peoke Gan | CYg060
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several pads (from Zellner and Klaber, 1981}
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APPENDIX C

MATHEMATICAL MODEL OF AN HYDRAULIC BRAKE BYSTEM

C.1 Simplified Model

In this Appendix a mathematical madel is developed to account for
the main response characteristics of 8 motoreycle hydraulic brake

SYELam.

Figure C,1 shows schematically the physical arrangement of a
typical hrake aystem, A simplified model for this system is
illustrated in Fipure ©.2, in which the lumped representations of
the main sources of elasticity, dry friction, viscous resistance
and lost-motion are ideatified. The low-frequency relatiocnship
between brake lever force and displacement for this model was
shown Iin the main text (Figure 2.14) to compare favourably in

form with that measured for a production motorcvele (Figure

2.15).

The main concern in thisz Appendix is to account for the response
characteristics observed in the step displacement and swept-sine
dieplacement tests described in Chapter 2. For this purpose the
model may be further simplified: The coulomb forces Fp, Fpp and
Frq are ignored, and the displacement steps dy, d3, d1 and dy are
assumed to be 'taken wp’. The resulting model, shown in Figure
.1 appears to provide rthe sipplest representation which will
exhibit the major response characteristics observed in dynamic

testing of actual brake svystoms.

In Figure €.3 the spring of stiffness k; represents the
master cylinder return spring. The other springs are lumped
representations of the compressibility of the fluid in the master
cylinder (kp)}, that of the fluid in the brake line and che
elasticity of the brake line walls {(k3) and the elastieity of the

dise pad (kgl. The wviscous resistance associated wich the
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contraction from the master ecylinder to the brake line 1ig
represented by the damper ¢, while rate-dependence in the brake
line flexing is accounted for by the damper Cae The brake lever
force and displacement are F and &, respectively, and the disc
clamping force is Fﬂ.

C.2 TRANSFER FUNCTIONS

The ‘mechanical impedance” approach may be wsefully employed in
this analysis: A harmonically varying quantity
E(E) = F.cos{utd) Is represented by the complex nuaber F.eSt,
where the amplitude F_, and phase ¢ are given by the complex

‘phasor” F = FD.E{¢

¢ and the Erequency W by the complex wariable
g = 1w, The "impedance’ of a spring of stiffness k is then
written as F/V = kfs, where F and V are, respectively, phasocrs
for the force transmitted by the s=spring and the rate of
deformatrion of the spring. Similarly, the {mpedance of a damper

of coefficient ¢ s simply F/V = ¢ {Cannon, 1976},

The impedances of the brake system components are shown in
Figure Calia The "series” combination  of impedances
Zy = kyfs + c5 and Ey = kg /s has an impedance of

234 = === = .

Ea + LII E{]{.j + Ll'.l-’ + EEE}

The “parallel’ combinacion of Z4, and & = ¢, has an impedance of

gk, + (kqo) + ke + HEEEjE + cyoys

= =

E{hj + k, + c,8)
By similar processes of ecombination the impedances zzaﬂﬁ and
3123ﬁ5 may be found. From the lastter impedance the “dynamic
gtiffness” of the brake system £5 obtained as
FAE = saly5q,5
Al + Bys + ﬂlsz
- , (€.1)
Ay + Bys + Cos”
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Ay = Rpkalky & ke) + kakel(k) + ky)
By o= (kg + kodlkq + kgdep + [kyjky + kylky + kodley (C.2)
€y = (kg + kyleyey

and
Ay = kglkq + kyd + kgl
By = (kg + kylop + (ky + kyley (C.3)
Lo = £yCq.

If the component stiffness and damping coefflcients were known,
the polynomials in equation (C.l) could be factorized to yield a

dynamic stiffmness transfer function of the form

F 1 (1 + sfaljtl + sfaz}
- = kl + — " {Eiﬁ}
; L/ky + Likq + Liky | (1 4 s/by3{1 + 8/by)

The atatic stiffness (the expression in square brackets in
equation (C.4)) can be recognleed as resulting from the parallel
combination of ki with the zeries combination of kE* k3 and hﬁ‘

The brake lever force F is resisted by the return spriog

forca and the pressure force from the master-cylinder Fluid:

Fy = (Zp345/Z12345)F- (€.5)

This force in turn is resisted by the viscous force at the brake
line entry and the pressure force in the brake lime. The latter

force is equal to the disc clamping force Fﬂ, and is giwven by

FE = {z]ﬁfzjﬁj}Fl' {c!ﬁ}

Hence the clamping force F¢ in response to a dynamic lever

displacement & s given by

Fo = (FL/Fp)(Fp/F)(F/6)E. (c.T)
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Uging equatiens {C.4) te (C.7), the lever-displacement to

clamping=force transfer function is thus ohtained as

F = (7
crﬁ {Tﬁﬁf33¢5}123ﬁ5

. ﬁ3 + 535 B _

+ gt .
ﬁz + BEE ng
whers
Ay = kg,
(2.9

By = ok, ly

and Az, By and Cy were given previously in equation (C.3).
Factorizing in equation (C.8) would vield the transfer function

F 1 7 {1 + sfa.}
. |' —— e ¥ (c.10)

& | Lsz + lika + 1k, ] {1+ afhl}(l + ufbihi

=—

The lever-force to clamplog-foree pain 18 then easily obrained asg

FEIF - {F:fﬁ}{ﬁJF}

which, from egquations (C.&) and (C.10), may be written as

F 1 | (1L + :fnj}
£ - \ — . (C.11)
F L+ by, +kyfky + k Tk, |01+ 8/a)(1 + s/a,)

If it 1% assumed chat the mororcycle deceleration is proportional
to the dise clamping force, eguations (C.LO) and (C,11) can be
used to predict the dynamic deceleration/displacement and

deceleration/force gaing, respectively.

C.3 TRANSFER FUNCTION PARAMETERS

By suitable selection of the parameters El’az’ﬂa’hl & h1 in the
transfer fumctions (C.4), (C,10) and (C.11) & variety of
frequency response functions could be simulated, To assess the
adequecy of the propoged model in representing an example of real

brake bhehaviour, an attempt may be made to '"identify" thease
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parameters from measured frequency response  functions. Figures
2.7, 2.8 and 2.9, in the main text, ahow decel=
eration/displacement, deceleration/force and force/digplacement
frequency response functions measured for the front brake of the

00 ml motorcycle.

Comparison of the FEIF transfer fumction in equationm (C.11)
with the data in Figure 1.8 suggests that frequencies aj and q
are approximately equal and that a; is high and close to the
frequency bandwidth of the experimental data. The phase curve
indicates that aEIEn = b Hz is not an wnreasonable estimate and

that ay Lle galightly smaller than Ay

Thi increase in the deceleration/displacement gain in Flgure
2.7 at around 0.8 Hz suggests that a4/2v in equation (C.10)
should be approximately 0.8 Hz so that a)/2n = 0.6 Hz, say. The
mid-frequency amplitude plateau and high-frequency phase roll=off
suggest by/2m = 1.8 Hz and hzfzn = 8 He. The astimates already
made for a;, aj, b, and by in equation (C.4) are quite consistent
with the measured force/displacement frequency response functiom
im Figure 2,9, Comparison af the phage curves in Figures 2.7 and
2.9 provides confirming evidence of a high-frequency lead at
azfzw = b Hz in the force/displacement transfer funmction.

The normalized Bode plots shown In Figures 2,107 to 2,19,
obtained by evaluating equations (C.4), (C.10) and {(C.11) with
the suggested parameter values, show that the proposed model does

indeed simulate the experimental frequency responses guite well,

The lever force and clamping force {or  deceleracion)
responses to a  step input of lever displacement, cosputed from
the fdentified transfer functions, are shown La Flgures 2.20 and
2.21. They display the characteristic “dynamic magnification’
effects observed in the corresponding experimental traces (eg.
Figures 2.3, 2.10).
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AFFENDLX D

VBCG MOTORCYCLE HARDWARE DESIGN DETATILS

Dol INTRODUCTION

The Variable Brake Control Gradienmt (VBCG) sotorcvole was built
to allow investigation of the effect of brake feel properties on
rider deceleration perfermance, particularly in an emergency
stopping manoeuvre, The general physical arrangement of Lhe
system 1s described in Chapter 3, and shown im Figure 31, which
is reproduced here as Figure DLl for convenience, This appendix
containg the design details of the individual components of the

ayalem,

n.2 COMPONENT DETATLS

n2.1 Pressure Contreller

The pressure controller selected was a Clippard Minimatic MAR-IC,
which is & normally—-closed, three-way, piston-type valve with
varlahle pressure output, The output presaure 18 increased
propeortionally as the plunger is depressed. When the plunger is
released, the output port is exhausted to atmeaphere and the
input port is closed. It has a stem travel of 6.4mm and a
working range from Zero to 690 kPa. It was considered to be
tdeally suited to this application on account of its small size
(approximately &0mm X 25=m). Figure D.? shows the measured
ouiput pressure versus stem displacement characteristic for one
of these devices, In which aproximately (.4 mm displacement
hysteresis is noted. Figure 0.3 shows the magnitude and phase
angle of the pressure/displacement transfer function for this
controller. These two figures were obtained wvsimg an LVDT
displacement transducer {(Trans-Tek Z46-000 J6) to measure sCem
displacement, and & preassure transducer teo monitor output

pressure., The pressure transducer was constructed by bonding
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Figure B.21 pressure-displacement characteristics

of the pressure conkroller.
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regulator pressure transducer

charging pork

one litre high presgure

rREELVOIT

Figure 0.5 High pressure air reservoir and pegulator

mounted on rear of VBOS moltorcycle.
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straln gauges In full bridge configuration to a bourdon tube
pressure gauge, The bridge output was amplified to a suitable
level with a d.e. amplifier. The outputs from the two
transducers were coanected to a Hewlett Packard 3582A spectrum
analyvzer and a swept=sine technigue used to obtain the transfer
function information. Tt is noted wicth teference to Figure L3
that the phese lag fincreases approximately linearly with
frequency to a value of 507 ar 5 Hz. This corresponds to a time
delay of 28ms between stem motion and pressure reponse, Which is

not large in human control terms.
D.2.2 Actuating Cylinder

Several designs were considered for the actuating cylinder,
After some experimentation, it became evident that for the
variable brake syvstem to behave similarly to production designs,
force hysteresis in the actuating cylinder should be as small as
posgihle. To thiz end, the diaphragm cylinder shown in Figure
0.4 was dezipgned and constructed, This design required only &
kPa to cause the piston to mowve, representing only 0,6% of the

maximum operating pressure (690 kPa).
n.2.1 Frovision Of Air Supply

The air for the modified serve brake systes controls was stored
in a stainless steel wvegeel of one litre capacity. This
regservolr was initfelly charged to 14 MPFa, The pressure was
reduced to the contrel system working value of 690 kPa with a
modified oxygen welding regulator, This arrangement is shown in
Flgure 0.5 The reservolr was techarged from a cvlinder of
industrial dry eir comnected fo the cne litre vessel charging
port The control systen was found to consume very little afir,
and more than 1000 brake applications would be required to
exhaust a fully charged reservoir. This proved to be sufficient
for a full day of testing without need for recharging the

reservoir. s a safety measure 4 prepsure transducer/low
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pressure warning system was designed and fitted, A loud siren
was triggered when 50 brake applications were left in che
regservoir. To stop the siren, either the ignition had to he
switched off, or the reservoir recharged, A meter to monitor
reservelr pressure was mounted on the motorceyele finstrument
panel, thus enabling the rider to observe the quantity of air

lefr in the receiver.

3.2.4 Realization OFf Displacement Gradients

As was Indicated in Figure D.l, the plunger of the pressure
controller was o be actuwated by the brake comtrol lever. In
order to provide a limear relationship between the control lever
movement and che displacement of the plunger, a cable and pulley
scheme was emploved, as shown in Figure DB, To obtaln a
particular displacement gradient, proper selectlon of the pulley
diameter is required. This can really only be established by
experiment. However, it was found that a plunger displacement of
3,65am for the front and Z.8mm for the rear brake cawsged the
reaspective wheels to lock, Om this basie approximate
digzplacement gradients may be readily established. Eelative
displacenment gradients can be simply determined; e.p. doubling
the pulley diameter will exactly halve the displacement gradient,

D.2.5 Realigacion Of Faree Gradients

The force required to depress the pressure confreller plunger
sufffcient to cauge wheel leck isg gqguite small, being
approximately 50K for the rear vheel controller and 75N for
the front, These values correspond to extremely small
force/deceleration control gradients, and the motorevele was

found te he unmanageable when decelerating with these settings,
In order to increase the force requirements, a syscem of

gprings and levers was designed., Figure D.6 shows the

arrangement employed for the fronmt brake. By sddition of
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suitably designed springs, any desired force/deceleration
gradient could be obtained., With reference to Figure D7, two
variabhles are avallable to obtain the desired control gradient
setting: the spring stiffoess, | and the radius from the fulerum
at which the spring control rod clevis is attached, . Thna

following relationship exists:
- 2 z
F =k cog-d ﬁl{REFRli + ¥, EEIRI (DD

where;

= force at [rider input Eorce)

F

k= apring constant

B, = displacement of contrel lever, at

%, = radius art which rider applies brake force

= radiug ar which spring clevis s attached

= pressurs controller force to lock wheel

= 754 front

= 50K rear

R_. = radius of pressura controller actuating pulley

B = inclination angle of spring

Equation Db,1 may be used to design for any desired force
gradient, having first selected a displacement gradient, The
latter will deteraine Dl’ and E,. Any relative force gradient
may then be determined, but the actual wvalue will require Ffield
calibration for werification (as mentioned in Section DILZ.4 for

the displacement gradients)

A similar confipuration was emploved on the rear brake., A&

photograph of the arrangement ie given 1im Figure D,8,

D.2.6 Contral Levar Fulcerum Considerations
The standard fromt brake lever and itse omount incorporates an

integral master cylinder. In order to accommodate the pressure
controller, its actuating cable and pulley, and the spring lever
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gystem for obtaining foree gradient, 1t was mecessary to
completely redesign the front hand control assembly., The
roedesigned lever employed & low friction ball bearimg fulcrum,
which minimized force hysteresis. The rear brake lever was used
in its standard form, with a plain bearing of |19ms dianeter as
ita fulcrum, Tt is thought chat this bearing 15 the main cause
of the high level of force hysteresis In the rear brake. For any
future system, it would be desirable o use low friction ball

bearing fulcrum pins in order to minimize foroce hysteresic.
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AFFERDLIE E

VBCG RSH EEPERIMENTAL EESULTS

The tables in this appendix include the data for the two subjects
obtained from the expariments with the VBOC motorcycle, followed

by the results of SPSS multiple regresaion analysis of the data.
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TAELE E.|
DATA FROM VRBCG EXPERIMENTS

SUBJECT: ERDH
MEASURE L1}
CONFTGURATTON AVAEI AVACE F E 05 TE FEFE FBDE EEBFE EBDR HEER (15E OMCR
m/ m/ad m/s2 m/ 54 m ms

1.1 - - - - 2.2 94 32 a2 57 L S 28 B
1.2 .20 6,27 .67 3.93 2.4 425 &7 75 67 (K| 71 56 4%
1.3 4,61 4,813 2.74 1.78 1.4 = &3 18 50 ) 56 &0 20
1.4 h.EZ  B.B3 4.73% 2,02 1.1 363 32 29 GE!] G 50 42 15
1.5 f.38  B.26 4 .01 .43 2.1 394 a7 gz &0 il 89 FF) 58
1.6 F.or o &.70 .92 1.91 0 in 82 32 71 53 75 13 42
1.7 f.8] .96 6. 02 1,66 -0.2 456 il 13 &d) is 50 41 20
1.8 f. 31 .78 3.69 2,50 2,2 425 63 3l 62 35 52 25 7
1.9 A.&] 6,56 &.18 1.51 0.8 - 72 &3 e fé 75 Bl 51
1.10 5.04 6,75 4,37 2.26 0.1 - 57 32 B b 533 54 29
2.1 .48 &,.00 3.71 .50 2.0 425 32 3l a9 &0 L 39 10
2.2 .81 h.b5 5.01 1.36 1.5 456 [ 47 Gl 33 [N 56 34
2.3 670 B.TS 5.73 2,37 i, 456 il iz 63 L6 51 36 B
2.4 5.27 5.82 1.67 2,25 0,& 194 15 F2 58 b i3 l. 437
2.5 4,72 4,54 2.71 0,48 =0, & 394 3l 15 LN el 59 32 7
2.6 .23 6,09 1.58 1.04  =0,3 458 56 50 313 31 49 59 m
2.7 5. Gahl &, 97 .53 (1] 394 39 G2 63 63 Gl &6l 31
2.8 h.73  6.B7 3,94 1.23 425 54 39 35 3l [:}] £l EF)
2.0 G.26  B,.53 §.53 P34 =0.4 2394 L] ] 65 65 75 63 61
2,10 5.64 L.R2 .79 254 1.8 425 71 32 63 42 51 34 153
3.1 5,66 5.72 427 1.98 2.B 425 42 38 %] 52 75 12 27
3,2 6,90 7,04 B, 54 1,09 1.7 a2 31 36 5H 39 55 &2 19
3.3 5.69 5.609 .16 1.95 1.7 362 31 38 Bl 51 52 1z 24
3.4 T.06 7,22 .50 .33 -0.8 425 32 56 b3 b4 &l A0 ¥
3.5 6,50 6,57 4,17 1.6 =0.2 394 78 T4 63 &3 BO 71 56
3.6 B, 5 f.560 3.99 2,29 1.0 394 69 53 79 T4 75 ’5 et
3.7 5,59 6,53 3.88 0.80 1.0 - 39 40 1] 46 60 37 20
3.8 .39 5,71 3,36 3.64 2.0 - a4 32 39 42 50 &2 14
3.9 B,B63 6,87 4. 18 2.56 2.3 425 63 74 68 &9 62 B4 &7
3. 10 B.63 6,83 b4 44 286 1.4 = a5 32 38 42 56 41 10
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TABLE E.2
DATA FROM VROG EXPERIMERTS

SUBJECT: BG B
HEAsURE (1)
CONEFIGURATTION AVAC] AVACZ F E 15 TR FRFE FEDE RRFE EEDH NSE Q5K LQMCE
mist =fsd a/e?  m/sl m ms

1.1 5.71 5,64 2.30 3.0l 3.6 331 12 21 ) 71 kT 5 0
1.2 A, 06 6,05 3.10 1.6 0,6 1G4 T4 73 ] 0} EE) a0 41
1.3 f.5% .48 4,36 1.71 L.6 408 T3 T4 ¥ LN T4 ol 4%
1.4 5.43 5,41 7,28 1,39 0,1 363 92 a6 62 75 93 g1 a6
1.5 6.57  B.6] 1,32 1,95 1.3 363 62 41 0 41 &6 34 24
.8 .70 4,52 2.25 1.5% =1, & ETHE | 5h hi 4] 24 13 #1
1.7 5,75  5,.BR 3.31 1.08  -0.2 458 6 B0 75 75 68 75 6l
1.8 f. 249 £ 20 250 2.04 4560 90 Qi Ay 55 Y a0 92
1.9 6.72 R R2 3,92 1.94 0.8 363 58 77 fi3 78 75 76 73
1,10 6.73 B.HY .48 2,35 -0,2 394 55 67 55 63 a9 B0 64
2.1 &80 7.0 3.57 2. R4 1.1 331 56 74 &7 18 15 25 51
2.2 i, D4 B, O 3,19 2.12 1,2 269 53 62 23 30 &) 24 25
2.3 5.39 5.3E 1 1.248 =0, 4 331 Q) aq BE a8 98 Q4 5
2.4 B.47 B34 .58 1,98 -0.2 363 a2 78 52 fE 79 RO 76
2.5 f£,91 h,.95 4,94 1,60 0.4 anon 75 qai 62 Bl 93 a5 81
2.6 7.00  7.06 .08 2,79 0.8 456 26 25 o 29 47 26 15
2.7 5.92  5.B4 4,24 1.42 0 556 70 74 6 &7 71 77 47
2.8 6,10 6,09 2.2 1,36 0.8 425 62 36 74 6 A A1 85
2.9 5.98 5.70 3,48  1.33  =0,3 425 77 60 an 49 91 79 78
2,10 5.731 5,69 .67 2.19 0.8 394 52 75 K11 32 a4 18 3z
3.1 B.43  6.39 3.68 1,90 1.1 394 90) 90 78 B2 9% 75 549
i 5.06 5,33 1.95 1,48 1.3 331 45 56 23 55 22 17
3.3 5,76  5.63 2,62 0,81 0.4 331 47 41 &7 b2 97 72 66
3.4 L.249 5.41 3,47 H 1.9 394 38 s 41 & 55 18 24
3.5 &, 64 B.67 .71 204 1.2 63 31 &1 45 i1 63 54 a9
3.6 haTh 4,70 1.40 2.8 ] 394 hd v 25 23 28 23 27
3.7 &40 B.39 3.5% I &4 .1 456 | 41 6.3 A3 75 55 25
3.8 5,00 4,63 2,42 2,81 4.0 269 &) 55 7 23 24 3 ¥
1.9 6. 17 LY 2,92 230 1.1 331 T4 O K 62 a1 56 B
i. 10 6, 34 B 34 3.02 a5 0,2 A94 5l gl 74 71 En a7 F !



HOTES:

{1} Explanation of abbreviacions wsed for MEASURE

AVAC]

AVALZ

05

TR

FEFE

FRDR

HHFR

REDMR

NSR

5k

HCE

average deceleration im guick stop, from

gccelerometer, n.."E2

average deceleration in gquick atop, calculated

from speed record, nqu

average deceleration in quick stop from front
brake, m/s’

average decelerstion in gquick stop from rear
brake, m/al

cvershoot of motorcycle beyvond stoepping line in

quick stop, m

reaction time to apply brakes fn quick stop, me
front brake forece rating

front brake displacement Tating

rear brake force rating

treat brake displacement rating

normal stop rating

quick stop rating

awn motorcyele comparison rating
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The tables which follew show the results fFrom SP55 multiple
regression analysis of the data presented in Tables E.l and E.L.
The complete second order RSM model hes been analyveed, which is

as below:

¥ = b, + by FBD + by FBF + by RBD + by REF
+ by (FBDY? 4 by  (FRFIZ 4 pyq(RED) 4 b, (RBF)Z
+ byy FBOLFEF + by FED.RBD + by FBD.RBF
+ by FBE,RBD + by FEF,REF
+ by RBD,REF

whera; Y = dependent variahle (or MEASURE)
FED = pormalized front brake displacemeént gradient
FEF = normalized front brake foree gradient
FRIF = normalized rear brake displacement gradient

EBEF = normalized rear brake force gradient

The wvalue of each coefficient {bij) is tabulated, and their
‘significances’ are ineluded. This is the probability of the
null hypothesis Hy - bij = i, The order in which each
independent variable was stepwise entered into the regresaion
equation (on the basis of the significance of an F ratio tesc} is
also given, together with the resulting r2 change when chat
particular variable was entered. The overall r? value is Eiven,
which indicates, the amount of varlacion in ¥ explained by the
wariation of all the independent variables in the equation, The
overall significance of the regression is also given, which is
the probability cof the null hypothesis Ho : by] = by =, . . =
bgy = U
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TAELE E.3
RESULTS OF 5P55 MULTIPLE REGRESSION ANALYSIS
MEASURE: AVERAGE DECELERATION IN QULCK STOP FROM SPEED TRACE {AVACZ, mfszj

SUBJECT: EDH SIGRIFICANCE OF REGRESSION: (L1B3 T SOUARE: O.621
Coefficient Independent Value of Sipgnificance Entered On r Square
Variable Coefficient Step Number Change

by Constant 6.68
by FED -0.41 07 | 122
by FEF 0.11 . 369 & 029
by HED 0,04 LT85 L3 L2
by EBF 0.0a 236 12 L0
By (FED)? ~0.11 L 366 3 .037
bys (FBF)? ~0.11 144 i (D65
b1 (RED)Z 0.08 542 11 . 008
by (RBF)? -0, 14 L225 3 067
byg FED.FRF -0,02 916 14 000
b13 FBD. RED ~0, 34 L0180 2 L 149
by FRD.REF 0.11 LAY 10 014
bag FBF.RED 0.20 308 7 .01
bag FBF.REF 0,22 L201 5 L3

b4 RED, REF 0.21 . 298 9 017



L ¥

TARLE E.4

HESULTS OF 5P35 MULTIPLE REGRESSION ANALYSLE
HEASURE: FRONT BRAKE DECELERATION IN QUTCE STOP (F, nfﬁi}
SIGNTFICANCE OF REGRESSION: t.12]

SUORJECT: EDH

r SODARE: 0,62

Coefficient Independent Value of Significance
Variable Coefficient

b Constant 4,48

by FED -0, 48 L9
by FEF ~i1 18 .302
b3 RED 0,22 L3119
by REF 015 423
b1y (¥BU)Z 0. 18 264
bas (FHF)- ~0. 64 .510
ba3 (REN)* 0. 03 JBFD
by g (REF}4 0,19 . 188
bya FRD. FRF -0.17 LA85
b3 FHD, RBD 0,11 674
bya FEDI, HEF 0,25 292
baq FBF., RED -0, 38 170
ba g FEF.REF -0, 04 [+, B 50
by, RED, REF -

Fntered Om r Sguare
Step Bumber Change

i 303

5 L3

] L0G

9 Ll

2 78

F) L2

13 L0l

4 48

in <114

11 05

3 56

] 2s

L2 1]
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TABLE E.3
RESULTS OF SP35 MULTIFLE REGRESSION ANALYSIS
MEASURE : REAR BRAKE DECELERATION IN QUICK STOP (R, lfszj

SUBJECT: RDH SICNIFICANCE OF REGEESSION: 0,115 r SOQUAEE: 0.639
Coefficient Independent Value of Significance Entered On F Square
Yariable Coefficient Step humber Change
by Constant £ 04 =
by FED 0. 16 <3035 2 L 091
b FBF 020 167 5 032
by RED -0,13 459 & 040
by, RBF =, 46 L1 1 L334
b1 (FED)* -0.11 409 8 L019
b3 (FBF)2 ~0.09 .303 7 ,020
bag (r0)? ~0.02 (B85 14 .00
by, (RBF}2 0.02 856 13 001
by FED, FBF 0,18 .59 6 . 029
by FED, RBD =0, 17 L4300 9 LD
byg FRED. KEF =0.13 .5315 10 013
bay FBF . RBD ~0.12 606 11 004
bay FEF.RRF =0.07 10 12 003

Lal

by RED.EEF .16 LABT L6
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TAELE E.7
RESULTS OF 5P55 MULTIPLE REGRESSION ANALYSIS
HEASURE: RKACTION TIME IN QUICK STOP (TR, ms)

SUBJECT: ERDH SIGHIFICANCE OF REGRESSICOW: 0,351 r SQUARE: 0. 596
Coefficient Independent Value of Significance Entered On r Square
Variahle Coefficient Step Humber Change

Br Constant 416.6 -
by FED 2,79 .T62 13 i
bz FEF -6 .88 451 6 017
by RED 3,09 724 1 L 004
by REF 449 676 g 007
bl 1 (FBD)* =347 .657 7 .018
haa (FEF)E 4,63 347 4 .096
bg (RBD)” 2.51 764 11 003
by (RBF)Z -5, 04 .791 B 007
by FBD. FEF 19,50 . 096 | . 150
b3 FRD,. RBD =10,22 L A85 2 e
by4 FED. RBF 7.22 .517 5 .042
b23 FBF,RED ~1.40 903 14 Nili)!
bag FRF.RBF 3.17 .T85 12 003

by KB, REF 11,40 .519 3 106
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TABLE E. B

EESULTS OF SPSS MULTIPLE REGRESSTON ANALYSIS
MEASURE: FRONT BRAKE FORCE RATING (FEFR}

SUBJECT: RDH

SIGHNIFICAHCE OF REGRESSION: 0,095

r SOUARE: 0.673

Coefficient Independent Value of Significance
Variahle Conefficient

byy Constant 58.07 -

by FED 1. 4B 638
b FBF 8,27 018
by REL -1.9] LB17
by REF 2,05 .551
by g (FBL) -4.95 110
byg (FBF)® ~6.08 005
by (i)~ 3.10 .34
by, (RBE ) ~4 .6 111
b1a FRD. FEF 3.39 L4373
b1y FED, RED 4.50 .154
by 4 FBD. REF -1.04 BUA
by FEF . KRBT -2.57 66
by FEF , REF ~1.83 659
B34 RED. RBF —6.22 L 221

——

Entered On F Squarse
Step Number Change

1l L D

24

LEs

10 A0S

L0449

1 185

1 LBl

£ L0023

4 027

3 24

12 003

13 LHF3

14 .05

7 ML TH
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TABLE E.9

RESULTS OF SPSS MULTIFLE REGRESSION AMALYSIS
MEASURE: FRONT BRAKE DISPLACEMENT RATING (FBDR}

SUBJECT: KDH

SICNIFICAKCE OF REGRESSION: 0.712

r SQUARE: 0,424

Coefficlent Independent Value of Elgnificance Entered Om r Sguare
Variable Coefficient Step MNumber Change
b Constant 55,36 -
by FED 5,02 .233 2 109
ba FEF 2,43 331 11 012
by RED -0, 44 925 & LU1l
by BRF 1.11 792 14 003
By, (FED)Z 2,36 .519 7 016
by s (FBF)Z -0,97 (673 12 007
bay (RBD}* 2.50 514 1 L 145
by (HEBF)? ~2.60 453 6 016
by g FBD. FBF =2.47 B4l 9 . 004
bi3 FBD, RBD -2.87 627 10 009
h[,r' FHL. RBF 2,12 B85 4 21
basy FEF, RED -2.17 723 13 004
by FEF.REF =7.36 161 3 L0047
by RED, REF -6.57 . 289 5 L015
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TAELE E. 10

EESULTE OF SPES MULTLPLE EECEESSTON AMALYEIS
MEASURE: REAR BRAKE FORCE RATING (RRFR)

r SQUARE: 0.273

Step Number

SUBJECT: RDH SICHLIFICANCE (F REGEESSION: [, /33
Coefficient Independent Value af Signiticance Entered {n
Variable Coefficient
by Lom&tant 57.22 -
by FED 0,57 B850 B
by FHF 0.33 903 i1
by RBD ~1,60 609 3
by, HEF -
by (FRO)Z ~0.86 742 7
bay (FBF)? -
b3 (RED)Z -
by (RBF)” -3.39 175 2
b2 EBD. FEF -0.79 .B29
bya FBD, RED 3,27 457
big FED.REF 0,48 L9073 10
by FBF ., RED ~4.97 274
bag FBF.RBF -2.73 A5
b3y HED, REF ~B.03 . 048 I

T Square

Change

W U2
L0001
032

L 207

JOVY
L0002
031
L0001
018
21
L0B2
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TABLE E,. 1I

RESULTE OF SPSE HMULTI¥LE REGRESSION ANALYSIS

MEASURE: REAR BERAKE DISPLACEMENT EATING (REDR)

SUBJECT: RDH SEIGHNIFICANCE OF REGRESSION: {0,344 r SOUARE: 0,474
Coefficient Independent Value of Significance Entered On r Square
Variable Coefficient Step Number Change
b Constant 58.83 -
by FRD 2,93 .309 9 026
bz FEF =2.25 « 379 10 24
by RED -1.71 L6802 3 D27
by RBF -0,97 Th2 11 .003
by (FED)Z -5.32 LOb6 1 L 109
bas (FaF)? -
bys (rep)? -2,99 278 8 040
by (RBF}2 -3.84 17 4 . 030
bys FBD, FBF -5, 44 L131 2 (042
by3 FED.RED 1.01 791 12 002
big FED, REF -
baa FEF ., 2ED -7.12 L110 6 031
b2 FBF. RBF -5.16 145 084
bay EBD, EBF -9.14 LEE B - LA
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TABLE E, 12
REESULTS OF SF55 MULTIPLE REGEESEI10DN ANALYSLE
MEASURE: NOBMAL STOF RATING {(NSE)

SUBJECT: RDH STGNIFLCANCE OF REGRESSION: 0,475 r SOQUARE: 0,471
Coefficient Independent Value of Significance Entered On r Sgquare
Variahle Coefflcient Step Humber Change
bp Constant 6l.17 -
b) FRD 3.61 . 180 2 082
ho FBF 217 LIH1 7 L0210
by RED -
by REF 2,560 - 290 4 .033
by (FBD}? 0.36 (B3 13 001
b g (FEF)® ~1,63 .275 6 019
b33 (RED)? 2.55 L3149 1 155
by, {RBF}* -2,02 L 362 8 LO15
bz FBD. FEF -3.41 .307 3 .59
by VED, RRD =244 516 i .015
bis FED.RHBF =1.56 .639 11 Q09
b o FEF, RRD -1.35 713 12 . 005
bag FBF.RBF -3.23 3t 5 .033

By EBD.RBF -3.91 L322 9 .26
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TABLE E, 11
RESULTS OF SPSS MULTIPLE REGRESSION ANALYSIS
MEASURE:; UICK STOP RATING {Q3R)

SURJECT: ROH SIGHIFICANCE OF REGRESSION: 0,122 r SJARE: 0,583
Coafficient Independent Value of Significance Encered On r Square
Varfable Coefficient Srep Humber Change
7] Constant 52.B6 -
by FED G422 L 156 3 . 040
ba FBF 1.17 G701 L1 I
by RED -0,01 .998 4 044
bg RBF 3. 11 . 308 10 L0026
by (FBD)* =
byg (FBF)* -2.83 .091 2 . 104
b33 (RED)Z 3.25 248 1 V144
by 1,’5:13;1?32 =3.91 LA 3 i ]
b2 FED.FBF -6.09 L118 7 .032
Byq FBD. RED -1.31 .7 34 12 003
by FBD,.RBF =
basy FBF.RBD -8,01 . 080 8 031
b g FEF.KEF b 72 L6E g 75

LETA RBD.RBF =7, 24 . 106 5 038
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TAELE E.1&
RESULTS OF SPFS5 MULTIPLE EEGRESSION AMNALYSTS
MEASURE: OWH MOTORCYCLE COMPARLSON BATING (OMOR)

SURBJECT: KDH SIGNIFICANCE OF REGRESSION: 0,477 T SQUARE: 0,508
Coefficient Independent Value of Significance Entered On r Square
Variable Coefficient _ Scep Number Change

bg) Constant 33.%0 -
by FRD 2,64 = 1 18
ha FRE 4,89 . 205 2 .050
by RRD Q.87 LH4H 14 Q01
by REF 3,76 L 365 7 037
by {an}z =3.68 307 5 .36
bas (FRK)® ~2.51 271 3 LO3E
byq {RBD}I 3.52 365 1 . Lad
by (RBF}? -4 .80 164 4 L040
By g FED. FEF ~5,54 L 2B9 10 L031
by FBI, RED ~2,29 690 12 004
by FRD. REF ~1.26 LBO4 13 002
bag FBF.RED =7.70 L 209 8 .032
by FLF, REF 8,01 L 120 6 .032

big EBD . RBF =7.10 241 9 L4 ]
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TABLE E. 15
RESULTS OF 5PS5 MULTIPLE REGEESSION ANALYSIS
MEASURE: AVERACE DECELERATION IN QUICK STOF FROM SFEED TRACE (AVAGCZ, mfﬂzj

SUBJECT: BG SICHIFICARCE OF BEGEESSION: 0,436 r SOQUARE: (.46l
Coefficient Independent Value of Significance Entered On r Sguare
Variable Coefficient Step HNumber Change

by Lonstant b6.19 -
by FRD 0.28 075 I . 167
bz FBF =
by RBD 0,08 642 6 Ok
by KBF 0.1% 239 3 061
byy (FBD)* -0,02 872 13 001
bas (FBF)? -0,05 .575 9 007
b3 (RBD)Z ~0, 08 .591 11 004
by (RBF)* -0.12 364 5 014
by 3 FBI. FBEF 0.13 L471 7 L010
b1y FBD. RED 0,22 .323 & 035
bia FBD. RBF =0.07 T23 12 LO04
b3y FEBF. RED 0.41 .053 2 125
Bag F8F, REF 0,11 .529 B L010

bag RBD. REF -0.13 562 10 (004
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TAEBLE E.l%

RESULTS OF §PSS MULTIPLE REGRESSION ANALYSIS
MEASURE: FRONT BRAME DECELERATION TN OUICK STOP (F, m/s?)

SURJECT: BG SIGNIFICANCE OF REGRESSION: 0,152 r SQUARE: 0,347
Coefficient Independent Value of Significance Entered On T Equar;
Variabhle Coefficient Step Number Change
by Constent 3041 -
by FED .48 . 006 i 170
hg FEF -0 29 LOAD 2 141
by RED 0,14 . 383 & 011
by REY 0.14 3BT El L021
by .|:1'-'|;n::.:|2 ={b. 10 La9E 7 012
bas (¥BE)? -
B3 I:F.EI.I}E =0, 20 L 183 4 LOAZ
byg (RBF)}2 =0.55 681 12 . 005
b3 FRD, FRF T 612 10 . 007
bys FEI, REL: 0.1% 56 5 043
by FED., REF -0,87 662 1i L005
bag FRF . KRD =
bag FEF . REF 0,10 557 - 015
big RBD. HBF =0, 34 142 L0768
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TABLE K, 17
RESULTS OF 5pS85 MULTIFLE EEGRESSION ANALYSIS
MEASURE: REAR BRAKE DECELERATION IN OUICK STOP (R, m/s®)

SUBJECT: BG SIGNIFICAKCE OF RECRESSION: 0,205 r SOUARE: 0, 59]
Coefficient Independent Value of Significance Entered On r Sguare
Yariable Coefficient Step Bumber Chanpe

by Constant L.79 =
by FBD 0,08 546 9 .12
b FRF 0,19 .122 4 L056
h3 RED =1, 34 L0235 2 L0594
'h,{l_ RBEF - 20 143 3 LOF7
by (FeD)? -0.02 .839 14 001
by (FBF) 2 -0,18 .029 ! 120
by (RED) 0.11 383 8 012
by (rBP)< 0.09 448 10 008
bya FEI. FEF 0,22 172 5 076
b3 FBI. RED 0. 04 LB23 13 L00L
Byg FED.RBF . 06 o1 144 12 L03
ba3 FEF, RAD 0.24 169 6 074
bay FBF . REF 0, i 336 7 042
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TARLE E. 18
RESULTS OF SPES MULTLPLE REGREESSION ANALYSIS
HEASURE: OVERSHOOT IN QUICK STOP (05, m)

BUBJECT: MG SLGHIFICANCE OF REGEESS10N: O, 227 r SQUARE: 0,546
Coefficient Independent Value of Significance Eatered On T Square
Variable Coefficlient Step Humber Change

by Constant d.40 - o
hy FED 0,08 668 1! . 004
by FR¥ -0, 12 .537 4 010
by RRD -0,39 . 1199 3 . 13hA
by HEF -0.51 029 1 142
by (PHD) 2 12 .44 L0 .on7
by g (FBK)< 0,12 Y. 8 L012
by (rED)° (.08 L6498 12 L 4
by (KB} 0,34 .078 & L4035
by FBD, FRF -0, 28 L 299 f L0114
b13 FEL BET 0o Oy 887 13 L0
big FED, REF 0.15 L5734 7 012
bz FBF.RRD &, 30 072 2 087
bag FBF . REF -

072

T

by RBED. RBF .47 . 138
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TAHLE E, 1%

EESULTS OF 5P55 MULTIPLE REGRESSION AMALYSIS
MEASURE: REACTION TIME IN QUICE STOF (TR, ms)

SUBJECT: BG STGNIFICANCE OF REGRESSTON: 0,027 r SQUARE: D.726
Coefficient Independent Value of Significance Entered On T Sq_u:te
Variable Coefficient Step Number Change

ko Constant 396, 7 -
by FED 27,44 L0112 1 174
by FBF -11,62 . 206 5 it
by RED 38, 23 002 z .109
by REF 32,03 008 3 198
by (FED)Z —4,41 617 12 005
byg (FBF}Z -5,18 .353 8 .013
byg (REDY S 3.41 717 9 007
by (RBF)Z -4,82 .563 11 004
by o FBD, FBF 2,79 LB12 14 .00l
bjg FBD, BED =3.96 iy 13 L0
bye FBU.RBF -6, B L5377 10 004
hay FBF , RED ~19.95 125 4 108
bay FEF.REF 15,64 . 166 & .03l
by RBD, RBF 11,22 +A18 7 022
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TABLE E. 20

KESULTS OF 5SPs55 MULTIPLE REGRESSION ANALYSIS
MEASURE: FRONT BRAKE FORCE RATLING (FRFE)

SIGHIFLICANCE OF RECRESSIDN: 0,804

r SOUARE: 0,411

SUBJECT: BG
Coefficient Independent Value of Significance
Variable Cosificient

by Constant TEAT -
by FED 2,49 LB10
by FEF 0,84 .851
by KB 5.47 . 253
By, EEF -
by (FAD) 2 1.67 703
bag (FBF)® S .152
b3 (RBD}Z ~7,95 L0195
bgs (REF)* -5.74 175
bya FED,FRF {14 L2311
b3 FRI, KED ~0.7% 912
by g FED, REF -2.01 742
byq FBF. BB -5,74 . 361
by FEF. REF =5, 41 L322
bag RED. HEF -9,30 165

Entered Om r Square
Step Number Change

g L0101

12 1

2 062

10 L0085

3 4G5

1 L D47

5 K37

4 L 42

12 D00

1t « 0%

H L5l

7 L34

G LT 2
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TABLE E.Z1
RESULTS OF SP53S MULTIPLE REGRESSION ANALYSIS
MEASURE: FRONT BRAKE DISPLACEMENT RATING (FEDR)

SUBJECT: BG BIGHLFICANCE OF REGRESSLON: 0,334 r SOUARE: 0.503
Coefficient Independent Value of Significance Entered On r Square
Variahle Coefficient Step Number Change

by Constant 79,89 -
by FED 4,50 . 319 9 LG22
by FEF ~1.65 685 Ll 004
by RBD B E! . 384 3 070
by, RBF ~4.,03 .377 B 025
by (FBD)- -
byp (FBF)Z ~1.66 L 155 5 055
b3y (RBD)? ~11,64 013 i (126
by (RBF)? ~6.22 111 4 o
b2 FBD.FEF &, 04 27 h LY SO
by FBD. RBD 2,80 657 10 . 007
b4 FBD,REF =1.17 LB37 13 L CHHL
bs g FBF.RED =144 .B03 12 003
by, FEF . REF -4.88 L340 2 074
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TARLE E, 12

BESULTS (0F 5PFSS5 MULTIPLE HECRESSTON ANALYSIS

MEASURE: REAR BHAKE FORCE RATING (RBFR)

SUBJECT: BG

SIGNIFICANCE OF REGRESSTON: 0,113

r SQUARE: 0,607

Coefficient Independent Value of Significance Enterad On r Square
Variable Copfficient Step Humber Change

b Constant 33.83 -
by FAD -1, 54 . HE6 13 001
b FBF -5, 41 122 4 066
by RBD 11,27 LGOS 1 . 157
by, KEF 5. b 167 2 107
b1 (FBD) 2 1,04 . T60 11 L0003
bag (FBE)Z -0.34 (B4 1z 001
bas (xap) ~4.,88 . 182 5 L1053
bgs (RBF)Z -3.17 .329 9 L0011
by FBD. FBF 7.47 114 3 . 085
b13 FBI}. BB -5.41 L2685 8 032
bys FBD, RBF ~6.77 162 7 033
by FEF . RED -
Bo g FBF. RBF B 10 L 143 f L031
b4 RED. REF -5.23 .331 10 026
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TABLE E.23

KESULTS OF SPS5 MULTLPLE REGRESSION ANALYSTS
MEASUEE : REAE BRAKE DISPLACEMENT RATING (REDE)

SUBJECT: BG SIGHIFICANCE OF REGRESSION: 0,303 r SOUARE: O.47H
Coefficient Independent Value of Significance Entered On r Square
Variable Coafficient Step Number Change
by Constant gl.83 -
by FBD .94 L3352 7 L0286
b FEF -5.19 77 5 023
by RED %, 20 L033 L L142
bs ERF
by ) (FBD) 2 -2,35 .536 g 017
by (rBE)? 1.13 635 12 007
by (rBD)* -8.30 (044 2 L125
by (REF}Z ~2.76 442 8 .019
by 2 FBD. FBF 3.12 . 539 3 036
P13 FED. RRL -5.20 .333 4 033
by FBD. RBF ~4.05 Ladl 10 011
ba g FEF . RED
by g FEF.REF 2.62 557 11 012
b34 RBD.RBF =h.72 . 240 5 29
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TABLE E, 24
BESULTS OF EP5S MULTIPLE REGEESSLON ANALYSIL
MEASURE : NOHMAL STOP BEATING (NSR)

EUBJECT: BOG SICHIFICANCE OF REGRESSION: 0,056 r SOUARE: 0,654
Coefficient Independent Value of Significance Entered Omn r Square
Variable Cocfficient Step Humber Change

b Constant g4.3% -
by FRD A LB L0 1 » G
ho FRF 300 1B & 027
by REED 12,57 LaL0 1 . 183
by REF 2.74 52l 4 012
b {an}1 =1.03 B2 L3 .002
byg (FRE}E
b3 (RED) ~12,10 007 2 L 176
by g (RBF)? ~7.87 037 3 056
bia FBD. FBF .63 L1154 4 . 058
byg FAI. RED =-9.52 121 6 L037
byg FBED, RRF -3.95 L6l 11 . 006
bag FEF ; KED 7ot} + 1A4 7 M
bag FBF . REF 1.05 922 12 009

g KBD. REF -7.2% . 233 5 057
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TABLE E.253
RESULTS OF 2P55 MULTTIPLE REGRESSION ANALYSIS
MEASURE: QUICE STOP RATING (0QS5R)

SUBJECT: BG SIGHIFICARCE OF REGREZSTIDN: 0.081 r SQUARE: 0.558
Coefficient Independent Value of Significance Entered Om F Square
Variable Copfficient Step KNumber Change
by Constant b6, 40 =
by FED -
bg FEF 1.78 719 10 L03
b3 RED 19,02 003 i .38
by EBF 7.32 194 2 L OBY
b1y (FBD) 2
bos (FBF)Z -1.73 L5686 9 006
b33 (BB} ® -4, 84 071 4 057
by g (RBF)* -6.23 . 185 6 4G
blg FED.FBF 11,86 084 3 LOE2
Byq FED. BED
h1¢ FED.ERF -5.55 £ 391 ! 020
bay FB¥. RED 4,56 LA477 8 .015
bag FBF.REF il T L916 11 . 000

byg RBD. REF -12,22 125 5 025
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TAELE E. 26
BRESULTS OF SPES HULTIPLE REGERESEION ANALYSIS
MEASURE: OWK MOTORCYCLE COMPARLSON RATING (OMCR)

SUBJECT: BG SLGNLFLCARCE OF REGHESSLION: 0,352 r SOUARE: 0,333
Coefficient Independent Value of Significance Entered On r Squars
Variable Confficient Step Bumber Change

bo Constant 72.21 =
by PRI —4,09 504 11 010
by FEF 2.7% 617 12 008
by HED 12,25 0.67 | RED
by KBE 1.98 .515 7 L0153
b1y (FAD) ~4.17 450 9 L0149
bas (¥BrF)® ~2.85 L410 10 014
b4 (RBD) ~12.16 ,051 2 E
by 4 (RB¥}Z ~11.13 044 5 043
bli FRD. FRF 11,34 « 134 4 L0352
by FEU. RED ~6.39 455 B 013
bpa FED. RBF -11.13 . 158 3 051
bagy FREF.HBD 2,42 AT | 4 L0003
bog FEF, REF 2,40 725 13 .00z

118

L=l



APFENDIE F

OPTIMUM PROPORTIONING OF BRAKING EFFORT

In Juniper and Good (1383} it was determined for a decelerating

motorcycle that the normal foree at Che front and rear wheela was

pRiven by:

Hf = mfE.{gh + Dh) {F.1)
Hr = mfi.(ga - Dh) {F.2)
where: BNy = front wheel normal force

B

N, = rear wheel normal force
= motoreyvele mass
= deceleration

m
1]
E = gravitaticnal acceleration
h

= sea Figure F,]

Figure F.1 Basic dimensions of motorcycle, front and rear

brakes applied.

237



The friction force which is "available' at each wheel with
these normal loads is Hy and He, Optimum utilization of the
available friction force at each wheel is made when they are in

the same proportionm, o of the respective mormal leads,

ilEl H "l:l:'l.i-Ht- {Flﬁ}

i {F.&)

F
=
=

51

and Hr = m K

where F = optimum deceleration contribution at the
front whesl

B = optimum deceleration contribution at the

rear wheel
then He # A =m(F +R) =mD { F.5)
80 F=wapgih+ Dhi/g)le (F.f)
R=npgla-Dhig)lt (F.T}
therefore: F+ R =oaug="D (F.&
from which: F = D(b + Dh/gl/L (F.9
R = D{a - Dhig)/i { F.l)

The optimum rear wheel deceletation comtributfon, B has been
plotted against the optimum fromt wheel deceleration
contribution, F with the total deceleratiom D as a parameter in
Figure 4,18,

238



	View Summary
	Next Page
	Previous Page



