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ABSTRACT-Brake-bywire represents e replacement of traditional brake componentt siscpumps, hes, fluids, brak
boosters, and tandem master cylindey electronic sensors and actuators. The diffedesign of thes brake concef
poses new challenges for the automo industry with regard to availability and fallbalewels in compason to standa
conventional brake systems. In order taluate this, tt behaviour of 67 participants on different brakeal characteristic
was irnvestigated during a static vehicbraking simulator test. Participarwere assessed on their respz to the brakir
modes: normal brake function, boosteeakdown and brake circuit failure. The interatieh of these rsults an a nev
designed driver waing approach fecinto enother study using a dynamic vehidiest. First result suggest that
coordinated driver warning and inforrmon concept adapted to the brake failure is h¢ in bringing thetest vehicle to
safe stop.

Keywords: Brake failure, Fallback levdrake pedal characteristii, Static vehicle test

1. Introduction

The conventional brake sy2m of modern passenger cars has a hydrayout. The
main components of this stem are: a vacuum brake booster, a tandeaster brak
cylinder with fluid reseroir (TMC) and the front and rear wheel brak The braks
pedal normally forms the inrface between the driver and the brake systnd has tF
task of transmitting the foobrce on the pedal exerted by the driver to trake booste
via the push rod. Ae brakepedal characteristic is the functional relaticip betweel
pedal force, pedal travel, a deceleration. The brake pedal “feel” of auotive brake
systems is commonly undeood to be represented by the subjective evon of peda
travel, pedhforce and veicle deceleration in a brake manoe®. The vehicle
reaction during braking isnfluenced by the complete brake systemwever, the
components of brake syste have different dynamics and are partly-linear. Henc
a scientificdescription of thebrake pedal feel is very difficult. Consequel there is nc
common definition of bree pedal “feel” corresponding to a partar braking
manoeuvre and range of d:leration. The brake pedal provides feedbac the driver
on his/hercurrent braking mnoeuvre and the state of the braking systehe fallback
level for automotive brake /stems is defined as the brake performancich a brake
system achieves in the caof a partial system failure. Hydrat-mechanial fallback
levels are possible, bothfor brakeby-wire systems with hydrauliciechanica
transmission, and for stand conventional brake systems. If a failure oc within the
brake system, the driver isynfronted with a different pedal characteriswhich may
lead toan inappropriate bring respon<?. There are different interpreions of the
optimum fallback level. Lgal regulations are well understood andistitute the
minimum requirement of thbrake system performance. However, thesulations d¢
not addres the question ato whether the fallback level of the brakystem will
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subsequently be tolerable and controllable forditiners. Current research in the area of
the vehicle dynamics is not helpful as a referédnceéhe acceptance of a specific brake
pedal characteristic in a failure mode by a driliérerefore, the aim of the current study
is to achieve a better understanding of how theednieacts, perceives and evaluates
different brake pedal modes in a static brake saboultest. The results will be the
starting point for a more precise investigatiorthe area of fallback level designs for
future automotive brake systems. The overall tasthis investigation is to determine
what fallback level setup is acceptable and mardgdar an every-day-driver, and
which technical measures can be applied to incrémesacceptability. In addition to the
technical design, the investigation will determimikether the acceptance of a fallback
level is also influenced by the characteristics tié driver, e.g. gender, driving
experience or age.

2. Methods

A study was undertaken using a brake pedal simuiiategrated in a BMW 3 series car.
Participants of the study were requested to unkiergabraking task in response to each
of three scenarios representing driving situaticetuiring strong, average and slight
braking manouevres; and displayed on a visual aysphit located inside the car. The
process was undertaken statically, without motibthe car. The task was to achieve a
target deceleration force which was displayed @ndbreen. Participants were tested
under three different brake pedal mod@®srmal, booster failure and circuit failurddr
each scenario. Participants were not aware of gmeliton of the braking system in
each of the modes tested. After each braking smenparticipants were given a
questionnaire to complete with items relating te thstance, strength and comfort of
the brake pedal; and items relating to mode pretereand familiarity. Demographic
data, technical understanding, and driving expegeand behaviour were also assessed
by means of questionnaire items.

2.1 Brake scenarios
The different brake scenarios may be described|bss:

2.1.1 Slight braking

Traffic Light Braking: At a normal urban driving éhvehicle speed of approx. 50 km/h is
reduced smoothly to a standstill in front of a ficafight. Duration: approx. 7 seconds.
Deceleration: approx. 0.2 g.

2.1.2 Average braking

Country road: Driving on a country road with a \&ispeed of approx. 100 km/h;
driver recognizes a local sign and reduces thedspe&0 km/h. Duration: approx. 5
seconds. Deceleration: approx. 0.4 g.

2.1.3 Strong braking

Motorway driving with sudden lane change of a calnibd a lorry; speed reduction of
the vehicle from approx. 130 km/h to approx. 80 kniduration: approx. 3 seconds.
Deceleration: approx. 0.6 g.

2.2 Brake pedal characteristics
The force/distance relationship for each of theehmodes tested is illustrated in Figure
2 below.
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Brake pedal characteristics
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Figure 1: Brake pedal characteristics (normal, booster breakdown and circuit
breakdown modes)

The Brake pedal characteristics is shown withoatdffect of the reaction disc inside
the booster. It may be noted that to produce aefofca particular value requires more
pedal travel under circuit failure mode and lessapécvel under booster failure mode
compared to the normal operation; for example, tayece a force of 300 N requires a
distance of approximately 35 mm under booster failnogle and approximately 120
mm under circuit failure, compared with approxima@b/mm under normal operation.
Although forces in excess of 500 N may be theaaélfiqgenerated with a pedal travel
of approximately 40 mm under booster failure, Menaelst al® have observed that

forces in excess of this value are achievable bylgbout 2.5 % of female drivers.

2.3 Questionnaire
The questionnaire given to participants for the test seviaes divided in five different
sections:

2.3.1 Basic information

This section elicited physical attributes of the participakiey demographic variables for
statistical evaluation include, gender and age, which wesg@ased into the following
groups: 20-29 years; 30-39 years; 40-49 years; 50 years and ove
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2.3.2 Additional information

This section originally comprised two sub-sections; &y, only one sub-section was
subsequently incorporated into the analysis. This subssetticluded a number of items
used to categorise participants into the categories high, medidiow driving experience.

2.3.3 Technical understanding

One of the most important requirements of the static braftel gémulation test was, that
“normal car drivers” were to be tested and not participants Witke technology
knowledge. Hence, the extent of the participant’s technimalledge was assessed by the
inclusion of a section in the questionnaire on techniodetstanding. From responses to
items in this section, participants were given a score owt pbssible maximum of 15
points. Technical knowledge was included in the statisticellyais to evaluate the
relationship between participants.

2.3.4 The Manchester Driving Behaviour Questionad@iviDBQ)

The Manchester Driver Behaviour Questionnaire (MDBQ) inclisfeguestions designed
to evaluate driver behaviour. Items on the MDBQ instrumentcategorized as lapses,
errors, ordinary violations and aggressive violatBnBased on this test, many evaluations,
with small changes of the questions, have been conductedealthe world. The purpose
of the inclusion of the MBDQ instrument was twofold: priiyato verify that participants
had normal driving habits by reference to validated norms;sacdndarily to determine
whether there is a significant correlation between driver bebagind the validation of the
brake pedal characteristics.

2.3.5 Participant evaluation of brake manoeuvres

This section comprised a number of items; all of which vee®vered for each of the three
braking scenarios (slight, average and strong braking). Theitaaia were 5-point Likert-
styld® items with responses ranging from 1 (very short / very waakatceptable) to 5
(very far / very strong / very comfortable); assessing distatiegth and comfort of the
brake pedal:

* How far did you have to actuate the brake pedail tim¢ brake task was
fulfilled? [Distance];

* How strongly did you have to actuate the brake luthie brake task was
fulfilled? [Strength];

* How comfortable was the brake pedal feel for yaD@rpfort]

3. Statistical analysis

The tests were completed by 67 participants: 39 men ando&my with ages in groups
ranging from 20-29 years to 50 years or more. Full demographiacteristics of the
sample are summarized in Table 1.

Table 1. Summary of participats

Categorical variable Frequency (%)
Gende
Male 39 (58.2%)
Female 28 (41.8%)
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Age group
20-29
30-39
40-49
50+

20 (29.9%)
21 (31.3%)
15 (22.4%)
11 (16.4%)

Annual driving rang
Under 5000 km p.a.
5000-10000 km p.a.
10000-20000 km p.a.
Over 20000 km p.a.

5 (7.5%)

15 (22.4%)
21 (31.3%)
26 (38.8%)

Numerical variable Mean (SD)
Technical knowledge score (max 10.2 (4.11
MDBQ sub-scale scoré¥
Lapses 1.93 (0.48)
Errors 1.63 (0.40)
Ordinary violations 2.46 (0.62)
Aggressive violations 1.77 (0.62)

The sample was summarized descriptively. Repeateasunes analyses of variance
(ANOVA) were conducted on the data, to assessitimfisance of variation irtomfort
scores across different braking modes, and diffeesking strengti8. The effect of
the assumption of interval-level data on the qoesiiire items relating to brake
distance, force and comfort was assessed by satysithalyses in which corresponding
non-parametric analyses using Friedman’s test w@neucted, and the results obtained
from these tests compared against those obtainmu frorresponding parametric
procedure®. The effect of factors and covariates on outconeasures was assessed
using multiple regression analysis. For each ofritvenal, booster failureandcircuit
failure modes, in each of the braking modes, a main affesgression analysis was
conducted, with the outcome measure considered théresponse to the questionnaire
item comfort Meancomfort scores (SD in brackets) for each of the 3 brakimgles
measured in each of the 3 braking strengths arensuimed in Table 2 below.

Table2. Mean (SD) comfort scoresfor normal, booster failure and circuit failure
modes measured under strong, average and slight braking

Mode Braking strength

Strong Average Slight
Norma 3.52 (0.76€ 3.43 (0.67¢ 3.48 (0.72&
Booster failur 1.66 (0.78¢ 1.81 (0.941 1.76 (0.922
Circuit failure 1.97 (1.18) 2.28 (1.14) 2.37 (1.18)

It may be observed that imormal and booster failurebraking modes, comfort scores
were fairly static across different braking strdrsgtin circuit failure braking mode,

comfortscores were substantially higher for slight andrage braking than for strong
braking. It may also be observed timtrmal mode comfort scores were consistently
higher tharbooster failureandcircuit failure braking mode scores. Sixty five out of the
67 participants (97.0%) reported that they would e brake pedal imormalmode to

drive on public roads during strong braking; 66tiggrants (98.5%) reported that they
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would use the brake pedal mormal mode to drive on public roads during average or
slight braking. Sixteen out of the 67 participa(28.9%) reported that they would use
the brake pedal ibooster failuremode to drive on public roads during strong brgkin
17 participants (25.4%) during average braking a8dparticipants (17.9%) during
slight braking. Twenty out of the 67 participan2®.0%) reported that they would use
the brake pedal igircuit failure mode to drive on public roads during strong brgkin
26 participants (38.8%) during average braking &mdparticipants (55.2%) during
slight braking. Fifty five out of the 67 participan(82.1%) reported that their preferred
braking mode during strong braking waarmal 52 participants (77.6%) reported that
their preferred braking mode during average orhsligraking wasnormal All
participants in all braking tests who did not statemalas their preferred braking mode
reported it to be the second choice mode. Thregcmmnts (4.5%) reported that they
preferred thebooster failurebraking mode during strong, average or slight ioigak
Nine participants (13.4%) reported that they prefgithecircuit failure braking mode
during strong braking; 12 participants (17.9%) mé@d that they preferred th@rcuit
failure braking mode during average or slight brakingtyrgight of the 67 participants
(86.6%) reported that theormal braking mode was most similar to that of the brake
pedal in their own car (if they owned a car) durgtigong and slight braking. Fifty nine
participants (88.1%) reported that thermal braking mode was most similar to that of
the brake pedal in their own car (if they ownecs during average braking.

3.1 Repeated measures ANOVAS - comparison acra$ssmo

Comfort scores did not differ significantly acrostrong averageand slight braking
under thenormal braking mode K, 137~0.547;p=0.580), or thebooster failurebraking
mode F2137=0.838; p=0.435). Howevercomfort levels were significantly different
acrossstrong average and slight braking under thecircuit failure braking mode
(F2,1375.03; p=0.008). In this mode, pairwise comparisons, inocaping a Sidak
correction® for multiple comparisons revealedmfortscores undestrong braking to

be significantly different teomfortscores undeaveragebraking ©=0.046) andslight
braking £=0.020), with scores being lower undgtrong braking (1.97) than under
average braking (2.28) orslight braking (2.37) (Table 2). However, there was no
evidence for a significant difference betwemmfortscores measured undaverage
and slight braking. Friedman’s tests conducted on til@mal booster failureand
circuit failure modes across all levels of braking strength gageifstance levels which
were closely comparable with those obtained froendbrresponding repeated measures
ANOVAs. The corresponding-values obtained were 0.501 for thermal braking
mode, 0.541 for thdooster failurebraking mode and 0.001 for tharcuit failure
braking mode. Hence in all cases no changes toeinées would arise from the use of
parametric analysis, suggesting that the assumgiatrthe ordinal scores approximated
well to interval-level data would be valid.

3.2 Repeated measures ANOVAs — comparison acrakmbrstrengths

Comfort scores were significantly different betweaormal booster failureand circuit
failure modes measured undgrongbraking £213=67.1;p<0.001), undeaveragebraking
(F213=45.4; p<0.001), and underslight braking §213=55.5; p<0.001). Pairwise
comparisons, incorporating a Sidak correction for multiple coisgas, revealed that under
all braking strengthsyormalmode was scored significantly differently from eitheoster
failure mode orcircuit failure mode $<0.001 in all cases); withormal mode having the
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consistently higher scores (Table 2). However, the differencgebatcomfort scores in
booster failureandcircuit failure modes was not significant under any braking strength.

3.3 Regression analyses — normal braking mode

For strong braking, the sequential modelling strategy exbirt a final model including the
distancevariables, therrors subscale score of the MDBQ, and Hyge rangevariable; with
the strongest association being indicated bydiktancevariable. For average braking, the
sequential modelling strategy resulted in a final model diotythedistancevariables, the
lapses subscale score of the MDBQ, and thge rangevariable; with the strongest
association being indicated by thepsesvariable. For slight braking, the sequential
modelling strategy resulted in a final model including thistance variables and the
technical knowledgscore; with the strongest association being indicated byittance
variable. The adjustedzRtatistics of 0.13 to 0.21 indicated that all modetsenfairly good
fits to the data.

3.4 Regression analyses — booster failure brakingem

For strong braking, the sequential modelling strategy esbitt a final model including the
Force variable only. For average braking, the sequential modelliagesgty resulted in a
final model including théorce andannual drivingvariables; with the strongest association
being indicated by théorce variable. For slight braking, the sequential modelling styat
resulted in a final model including tlierce, age rangeandannual drivingvariables; with
the strongest association being indicatedabg rangeand annual drivingvariables. The
adjusted Rstatistics indicated some disparity in goodness of fith ilie model being a
very good fit to the data undslight braking (adjusted £0.455); but a poor fit to the data
understrong braking (adjusted £0.083), and an adequate fit to the data urderage
braking (adjusted R0.142).

3.5 Regression analyses — circuit failure brakingd

For strong braking, the sequential modelling strategy esbitt a final model including the
distanceand force variables, all four subscale scores of the MDB&ghnical knowledge
scores,gender age rangeand annual drivingvariables; however, none of these variables
indicated statistical significance in a controlled model. Foramee braking, the sequential
modelling strategy resulted in a final model including distanceandforce variables, the
errors subscale score of the MDBQ, and teehnical knowledgscores variable; with the
strongest association being indicated bytgwihnical knowledge scoreariable. For slight
braking, the sequential modelling strategy resulted ima fnodel including thelistance
technical knowledgscores andge rangevariables; with the strongest association being
indicated by thalistanceandtechnical knowledge&ariables. The adjustedzRtatistics of
0.14 to 0.27 indicated that all models were fairly goaitbtthe data.

4. Conclusions

The broad term of an optimal fallback level should be reducedibyg @& static braking test
with probands. Therefore, the test was performed with twagomfallback levels of a
conventional braking system (brake booster breakdown ke [girquit failure) aside from
the normal brake pedal characteristic of the used test vehicle. Titnalrend failure brake
modes where simulated in three different driving or rather bgaldcenarios. This
simulation setup was tested with 67 participants. The adhiessults were statistically
processed and evaluated. Three conclusions can be recorded geitd te the static
braking test:
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The choosen approach for the evaluation on human behawiiifestent brake pedal
characteristics is useful. The statistic results clearly showtliegbrobands are able to
distinguish the different brake pedal conditions.

Factors related to the brake pedal itself (distance, foreregrglly appear to be more
significantly associated with comfort. This suggests watem-based measures to
manage brake failure may be more effective than measures targete@cdic sp
demographics, and is in line with findings of Jamson amithSe) who studied the
responses of 48 drivers to booster and hydraulic brakedajlfinding that servo failure
was more challenging than circuit failure to most drivers.

For further dynamic braking tests with brake failures, a waraomgept responding to
the new distance and force behaviour of the fallback level dmutbnstructive.
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