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Abstract

The effect of the reduction of drum brake temperature on the clamping force of the parking brake system has not been well ad-
dressed despite the fact that it may result in vehicle roll away. In view of this, parking brake model that takes into account the
temperature reduction of the drum brake has to be developed and more importantly, it must comply with the applicable standards
or regulations such as FMVSS 135. This paper develops a one dimensional (1D) model of leading-trailing drum-type parking brake
model. This brake model is then verified with experiments carried out on a test bench that has been calibrated with the hand
brake system in the vehicle. The results from the experiments show a good correlation with the predicted results from the brake
model. With the verified brake model, parametric studies can be carried out as one of the tools during the design process.
Keywords: parking brake model, torque, drum brake, temperature, roll away.

Resumen

El efecto de la reduccién de la temperatura de los frenos de tambor en la fuerza de sujecion del sistema de freno de estaciona-
miento no se ha estudiado correctamente a pesar del hecho de que puede resultar en el vuelco del vehiculo. En vista de esto, el
modelo de freno de estacionamiento que tiene en cuenta la reduccion de la temperatura del freno de tambor tiene que desarro-
llarse y, lo mds importante, debe cumplir con las normas o reglamentos aplicables, como FMVSS 135. En este trabajo se desarrolla
un modelo unidimensional del modelo de freno de estacionamiento tipo tambor. Este modelo de freno se verifica con los expe-
rimentos realizados en un banco de pruebas que se calibraron con el sistema de freno de mano en el vehiculo. Los resultados de
los experimentos muestran una buena correlacion con los resultados predichos a partir del modelo de freno. Con el modelo de
freno verificado, estudios paramétricos pueden llevarse a cabo como una de las herramientas durante el proceso de disefio.
Descriptores: modelo de freno de estacionamiento, el par, frenos de tambor, temperatura, extraible.
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BRAKE TORQUE ANALYSIS OF FULLY MECHANICAL PARKING BRAKE SYSTEM: THEORETICAL AND EXPERIMENTAL APPROACH

INTRODUCTION

The car following situations had been studied over the
years because of its importance in understanding and
predicting human behavior to accelerate and brake
(Carrillo et al., 2015). Brakes are one of the most impor-
tant safety systems in a motor vehicle. The main
functions are to decelerate, to maintain the speed du-
ring downhill operation, and finally to park the vehicle
stationary either a flat or sloped road condition. The
first two functions are related to the service brakes,
while the last function is referred to the secondary or
parking brakes (Limpert, 1999). The basic principle of
the brake system is to provide the clamping force bet-
ween the disc/pad and drum/lining. Insufficient clam-
ping force may cause the vehicle to fail to decelerate or
stop as intended. This may cause danger to the vehicle,
driver, passengers, pedestrians and other road users. In
ground vehicles, mechanical parking brake is a mecha-
nism to hold the vehicle stationary either a flat or slo-
ped road. It consists of a cable that is directly connected
to the brake unit on one end and to an actuating lever
on the other end. Several mechanical configurations
have been tested via computer simulation (Bortoni ef
al., 2013). This actuating mechanism is often a hand-
operated lever or a pull handle, or a foot-operated pe-
dal (Limpert, 1999). The European Economic Community
(EEC) regulation (U.N. Inland Transport Division,
2008) specified that the handbrake system of a laden ve-
hicle in class M1 (passenger cars comprising no more
than eight seats in addition to the driver’s seat) must be
able to hold the vehicle in 20% gradient. Thiessen (1987)
suggested that the parking brake is designed to hold a
vehicle stationary over any desired time period. In
addition, the parking brake should be able to hold a ve-
hicle stationary for 30% gradient with a maximum
applied force on the parking brake pedal of 445 N for a
vehicle with the hand-operated parking brake lever. Fe-
deral Motor Vehicle Safety Standard (FMVSS) 135 (U.S.
National Highway, 2005) specified that, for standard
passenger vehicles with weight of 3500 kg and below,
the vehicle should be able to stay stationary on 20% gra-
de road for 5 minutes in both forward and reverse di-
rections, with 400 N or less force applied at the hand
control of the parking brake mechanism. To date, a lot
of literatures have discussed the braking performance
of the service brakes (Limpert, 1999, Xiaoyan et al., 2012;
Tirovic et al., 2011; Hwang et al., 2009; Koylu and Cinar,
2012; Zhang et al., 2012; Belhocine and Bouchetara,
2012; Tao and Chang, 2003; Aleksendric and Barton,
2009; Bao et al., 2012; Mutlu et al., 2005), but only a
handful have been done on the parking brakes. For in-

stance (McKinlay et al., 2003; McKinlay et al., 2006); in-
vestigated conventional parking brake performance in
term of vehicle roll away for the disc brakes through
laboratory tests and theoretical approaches. In the theo-
retical approach, one-dimensional (1-D) lumped pa-
rameter model of disc-type parking brake system using
simple linear spring element had been proposed to pre-
dict the clamping force. A laboratory parking brake test
rig was then developed to measure the clamping force
of the parking brake system, which is used to validate
the results from the 1-D model. In their study, they had
been considered the thermal effects on the braking
torque and vehicle roll away. Recently, Rozaini et al.
(2013) investigated fully mechanical parking brake sys-
tem in terms of torque performance using combined
analytical-experimental approach without considering
thermal effects. They developed one dimensional rigid
parking brake model and validated the model by com-
paring brake torque versus hand-brake lever force over
measured data. To the authors” knowledge, there is no
information available in the public domain to investi-
gate the torque performance of a drum-type parking
brake system with thermal effect. Thus, the current
work attempts to establish a theoretical model of the
drum parking brake and validate the results against
test results measured from the parking brake test bench.

PARKING BRAKE TESTS

In this work parking brake test bench (Rozaini et al.,
2013) for a typical full mechanical hand lever operated,
drum-type parking brake system as shown in Figure 1
was used. The test bench consists of a set of parking
brake mechanism connected to a pair of rear-drum
brake unit, two hydraulic pumps, an actuator, a
flywheel, a 5.5 kW DC motor with speed controller, and

© Motor Hydraulic pump

Motor inverter Dead weight

Figure 1. Parking brake test bench (Rozaini et al., 2013)
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one load cell. One of the hydraulic pumps is used to
supply brake pressure to the drum brake to simulate
the brake in normal operations, which heat up the brake
unit, whilst the other one is connected to the actuator,
which is used to pull a cable that connects to the
flywheel and the load cell. This will measure brake tor-
que produced by the drum brake unit when the hand
lever is being pulled (McKinlay et al., 2004). To engage
the parking brake, force on the hand lever is applied
using deadweight that is connected to the hand lever
using cable and pulley. The DC motor rotates the drum
brake and as the drum rotates, the friction force will
create heat and will increase it over a time period.

After the test bench is being developed, verification
and calibration process is carried out by comparing the
force of the load cell with the applied force to lift the
hand lever of an actual car. Having been satisfied with
the calibration process, the test bench was ready to be
used. In this work, the test was conducted by heating
up the drum brake for different hand-brake applied
forces until it reached the maximum temperature of
250°C. Standard initial temperature to test the effect ve-
hicle roll away phenomenon stated by McKinlay et al.
(2004) is 300°C. However, using the available motor,
that temperature level is difficult to be achieved. This is
because, during the dragging process, drum and lining
temperature will increase drastically so as the coeffi-
cient of friction at lining’s/drum’s interface. When the
friction coefficient is too high, the torque produced by
the drum brake is much higher than the torque of the
DC motor. This causes the DC motor to stop. Due to
this problem, dragging process can only be executed
until the drum surface temperature achieves around
250°C. After the dragging process, delay time is alloca-
ted to set up the cable actuator to drive wheel so that
external torque could be applied to drive shaft after the
rear drum unit heated. The delay time causes the drum
temperature drops. Therefore, this test is run with the
initial temperature at 200°C. The temperature of the ou-
ter surface of the drum is measured using a non-contact
temperature sensor (Brand: Cole-Parmer N-08406-00).
Since the outer surface of the drum is exposed to the
ambient air, it is expected that the drum will be cooled
down much faster than the shoes and hence, the drum
will be shrinking early than the shoes. Then, the par-
king brake torque was measured five minute intervals
(Day et al., 1984) up to one hour.

COOLING MODEL

Temperature change AT is the increment of drum tem-
perature T, at the specific time t in relation to its initial

temperature, too, which is the temperature when the
hand-brake lever was initially applied. Thus, the tem-
perature change will be

AT =T -T, (1)

With the assumption of convection is dominant in the
cooling process (Wolff, 2010), the temperature at cer-

tain times 7 is

{ nAt }

pe,V

Tt :(’To _Tumb)e ' +T;zmb (2)
where

T = ambient temperature

h = the heat transfer coefficient

A = the surface area where heat being transferred
P = the density of the drum

c, = drum specific heat capacity per unit mass

1% = volume of the drum

ANALYSIS OF BRAKE TORQUE

In the parking brake analysis, two models are used, i.e.
parking brake model and on-slope vehicle model. The
first model is employed to calculate brake torque pro-
duced by the parking brake system whilst the vehicle
model is used to determine torque that needs to hold
the vehicle stationary. The vehicle is said to be rolled
away if the torque from the vehicle model exceeds the
torque from the parking brake model.

PARKING BRAKE MODEL

Figure 2 shows the arrangement of a parking brake sys-
tem used in this work. This arrangement is schematica-
lly represented as one dimensional model using linear
spring as shown in Figure 3. The model is based on Mc-
Kinlay model (McKinlay et al. 2004) and it has been mo-
dified to suit this study. The derivation of the parking
brake torque starts from hand-brake lever and it is
transmitted through the brake cable. Engagement of
the hand-brake lever cause tension F. in the cable (Figu-
re 4), which always depend on the force applied F,, to
the lever and the hand lever arm length, .. This is reac-
ted by the force in the cable and the cable lever arm
length, [,. Figure 4 illustrates the forces on the hand-
brake lever, the length of hand lever arms, /, and the
length of the cable lever arm, /,
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Figure. 2. Typical parking brake system
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Figure. 4. Forces at hand-brake lever (A is the pivot point and B
is the cable attachment point)

©

(2)

Figure. 5. Forces at a) secondary brake shoe, b) strut, and
c) parking brake lever

Ly

Figure. 3. One dimensional model of
parking drum brake system

Then from Figure 5, ratio of reaction forces at the brake
shoe is

L )
E le uS

When the brake shoe pushes the drum brake, the defor-
mation of the lining (1,) and the drum (u,) will be occu-
rred. This deformation can be used to find the relationship
between the force and the deformation of the lining and
the drum. The force of deformable component is genera-
lly given by

Fc — AClECé‘C (4)

c
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where

F (N) =cableload

A, (m% = cross sectional area

E. (Nm™) = modulus of elasticity

0.(m) =linear deformation and

[.(m) = is the initial thickness of the component

When the reaction force between the brake lining and
drum brake interface is equal and the deformation of
both parts formed due to force reaction and thermal
effect, the force between the interfaces will be derived as

2 F =2F )

where ZF ", is described as the summation force reac-
tion on the drum surface and zF, is described as the
summation force reaction on the lining surface.

When the radial load F 5 and thermal load F, s, are
taken into account, Eq. (5) will transform into Eq. (6) as
shown below

D(FX (S +8)+FY8,) =D (FY.6,+FY.8,) (©

By substituting F from Eq. (4) into Eq. (6), the equation
will expand to

|:AIEI +AdEd:|é‘ +

1 1 Ld

ol od

where

515 4 and 5T’ 4 = drum displacement due to radial load
and thermal reactions respectively

51’1 and 5” = displacements of lining due to radial
and thermal loads, respectively

Asillustrated in Figure 3, the radial deformation against
the lining is 1, and the radial deformation at the drum/
lining interface is u,. Assuming that the drum and lin-
ing are homogeneous, the deformations of both compo-
nents in relation to the thermal change 3T is proportional
to both the temperature change and the thickness of the
component. Hence

5, =a(AT) (8)

where o is a constant characteristic of the material, ca-
lled the coefficient of thermal expansion.

Temperature change AT is the increment of drum tem-
perature T, at the specific time ¢ in relation to its initial

temperature, too, which is the temperature when the
hand-brake lever was initially applied. Thus, the tem-
perature change will be

AT =T, -T, ©)

With the assumption of convection is dominant in the
cooling process (Wolff, 2010), the temperature at cer-

tain times 7 is

{ hm}
)e LT

T; = (Tu 7’1—:1mh amb (10)
where
T,., =ambienttemperature

h =heat transfer coefficient
A =surface area where heat being transferred

p  =density of the drum
¢, =drum specific heat capacity per unit mass
V' =volume of the drum

After all the deformations in Eq. (7) are substituted, the
equation becomes

AE AE AE
J[45,45] 4 (s

AL + AE,
l l )

(adATlud)=u{ ] ]

ol od od ol ol

(11)

To cancel out the denominators in Eq. (11), [, [, is mul-
tiplied to the equation. A new force equation is formed
as follows

UAAELAFAEL)FAE AT L )=uAEL+AE(GATLL,)
(12)

By rearranging Eq. (12) to solve for u, which is the dis-
placement between brake shoe/drum brake interfaces,
can be represented by

o= uAEl  +AE(aATl ] )—-AE (a,ATI L) (13)
’ (Al Ellod + AdEdlul)

With equation of deformation, the radial force at the
frictional interface is represented by

R S R NCRRIEKLL) YO (14)

By replacing the thermal deformation and force defor-
mation into the equation, the force at the interface beco-
mes
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uAEL,

AE
F ="t qATl +

1
od

+ AE(aATLL,)~ AE (a,ATLL,)
(AEL,+AE]L)

1 d™~d"ol

(15)

Cancelling out the original drum thickness in the equa-
tion, the normal force without installation gap will be
given as

F_AE {a AT+uﬁA,E,+Allsl(oc,ATlul)—Adlsd(adATlo,)}
1 d—d d

(AlEllod + AdEdlol)
(16a)

If the installation gap (I, is appeared between the lining
and drum then the normal force becomes

Foar {adAT+ uAE, + AE (aAT(, +1))- AE, (a,AT(, + zg)}

(AEL +AE((,+1)

(16b)

In order to calculate the torque generated at drum
brake, Ty,,, the radial force at the interface, F; is multi-
plied by the radius of the drum brake, 7,

quen = Ff Ty (173)
quen =My FI rd (17b)
where, F=u,F, 17¢)

Due to design configurations of the drum brake, the
applied force at the handbrake lever is different when
the vehicle is parked facing uphill or downhill. This can
be seen from the forces acting on the brake shoe as de-
picted in Figures 6a and 6b.

3

Figure 6. Forces acting on the brake shoe: a) vehicle facing
downhill, b) vehicle facing uphill

From the figures 6a and 6b, it can be formulated that the
total moment at point 0 is

For vehicle facing downhill F/, = F)l, - F/l, (18)

For vehicle facing uphill Fl,=Fl, +F/l, (19)
By substituting Egs. (1), (2) and (3) into Egs. (18) and
(19), The hand-brake applied force F,, can be given as

E(l, —pl
For vehicle facing downhill F, = MU—C] (20)

e d

E(l +ul
For vehicle facing uphill E, = M(;—C] (21)
e d

VEHICLE MODEL ON A SLOPE

Figure 7 shows a vehicle of certain mass m is parked on
gradient 0. The weight (mg) of the vehicle is located at
the centroid of the vehicle. The weight (mg) of the vehi-
cle acts through its center of gravity (CG). Depending
on the incline angle, the weight pulls the vehicle to the
ground and pulls it either backward or forward. The
weight and the reaction forces are resolved along the
road, x” direction and perpendicular to the road, y’ di-
rection. Normal force, N, at each tyre is perpendicular
to the road. The frictional force is assumed only at the
rear tyre because the parking brake system is attached
at the rear wheels. Thus, the force equation in x” direc-
tion is

Pﬁ'ic = “’;'Fr = (mg)SIH 9 (22)

As the braking torque of the tyre is equal to the multi-
plication of frictional force at the tyre and the radius of
the wheel, the torque required at the center of the rear
wheel to hold the vehicle stationary is

(23)

wheel

TL]VW = l'LVFVlzwheel = (mg) sin 9 x R

Figure 7. Vehicle on a slope in the uphill direction (Rozaini et
al., 2013)
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where
b, = friction coefficient between road and tyre,
F, =normal force at the rear tyre and

R eq = radius of the tyre.

wheel

RESULTS AND DISCUSSION

In this section, the results are discussed; starting with the
verification of the test bench, followed by the prediction
of temperature and torque generated by the drum brake.
Finally, the parametric study is carried out.

VERIFICATION OF THE TEST BENCH

Prior to carrying out the experiment on the test bench,
the test bench must closely behave as the actual parking
brake performance. This is done by comparing the
applied force on the actual hand lever in the vehicle
with the dead weight applied on the test bench. The
applied forces on both hand-brake levers were based on
the number of ratchet teeth the arm went through. The
in-vehicle hand-brake force is measured using a spring
scale, which is hooked to the handle of the hand-brake
and the scale is positioned perpendicular to the lever.
The reading was taken once the ratchet pawl slips. In
the test bench, deadweight is used to pull the hand-
brake lever up to 340N. Figure 8 shows result of the two
tests and the results show there is a close correlation
between them. This indicates that the test bench can be
used in replacing the vehicle test.

PREDICTION OF TEMPERATURE AND PARKING BRAKE TORQUE

Predictions of temperature and parking brake torque
are made based on Eq. (10) and Eq. (17), respectively.
All the parameters and their values used to predict the
temperature and torque are given in Table 1. Most of

---- Vvehicle

Test Bench

Applied force, Fhb {N)

T T T T T
(¢} 1 2 3 4 5 6 7 8 9 10
No. of ratchet teeth

Figure 8. Experimental results of applied force on hand-brake
lever

the parameters are measured values of the brake com-
ponents and some of them are taken from other resour-
ces as stated in Table 1.

Figure 9a shows that the temperature varies with
cooling time after the wheel was run with the brake
applied until a temperature of 200°C was reached. It is
seen that a quick temperature drop occurs at the start of
cooling time before 500s and then, the temperature
drop is more gradual. It is also observed that there is no
significant difference in the cooling temperature curve
for all cases of hand-brake applied forces. In addition,
similar temperature curves are also predicted for the
downbhill and uphill direction. These prediction results
are almost identical to the results obtained in the expe-
riment as shown in Figure 9b. From the cooling tempe-
rature curve, the normal force in Eq. (16) can be
calculated and later, the parking brake torque can also
be predicted. From the experiment, it is found that u, in
Eq. (16b) can be represented by

u,=3.89 x 107 *Fhb - 1.5 x 10° (24)

Having known the relationship of temperature change
and cooling time, the torque generated by the parking
brake can be obtained for various hand-brake applied
forces. Figure 10 depicts parking brake torque curves
calculated from Eq. (17) in the downhill direction and
it can be seen that a good correlation is achieved
against measured data. From this correlation, parking
brake torque for F,,C = 400N can be predicted using
the same equation. A good correlation is also achieved
for the uphill direction as plotted in Figure 11. From
these two plots, it shows that the parking brake torque
generated is much higher in the downhill direction
than the uphill direction with the same applied force of
F,;, =400N. This is due to the design of the drum brake
leading-trailing shoe mechanism (Limpert, 1999) and
is also supported by Egs. (20) and (21). The significant
observation in the results as shown in Figure 10 and
Figure 11 is that the drum brake torque is not very
much affected by temperature variations of the brake.
This is differed with the finding of McKinlay ef al.
(2004) for the disc brake. The reason can be due to the
curved shape of the brake shoes and drum compared
to the flat shape of the brake pads and disc. The brake
pad can easily be detached from the disc surface du-
ring the cooling process. Another possible reason is
that the normal brake pad movement is much smaller
compared to the brake shoes, thus would have a larger
ratio of disengagement when the disc cools off. For the-
se two reasons, the clamping force and brake torque
will be reduced significantly.
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Table 1. Parameters and values used in the parking brake model

Parameters Value Unit Parameters Value Unit
Ambient Temperature, o . 2.1x 10° (Wolff et >
T 27 C Modulus Young of lining, E, al,, 2010) Nm
Mass of vehicle, m 1250 kg Surface area of drum, A, 2.2x10° m’
Mass of driver, m, 70 kg Surface area of lining, A, 4.8x10° m?

. - 5
Volume of drum, V 775 10% o’ Thermal expansion coefficient of . 1.1x10 o
drum, a, (Limpert,1999)
. . : -5
Radius of drum, 7, 0.09 m Thfermal expansion coefficient of 1.2 x 107 ( see. oc
lining, o, ref,1998)
e . 1
Specific heat capacity of 586 ( see.ref,1998) J Okg] Drum thickness, [, 0.008 m
drum, c, C
Density of drum, p 7100 (Day ef kgm®  Lining thickness, I, 0.004 m
al., 1984) °
Radius of wheel, R, 0.3 m Friction coefficient (shoes/drum) 0.3~0.6
1.1 x 10" (Wolff et
xﬁﬁllgs Young of al., 2010) Nm?  Initial gap between lining and drum 1 mm
7 =d
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According to FMVSS 135 (U.S. National Highway,
2005), a vehicle weighing 3500 kg and below should be
able to remain stationary on 20% or 11.3° grade roads
for 5 minutes in both forward and reverse direction
when 400N or less force is applied at the hand control
mechanism. From Figure 12, the torque generated by
the parking brake in the downhill and uphill direction
at F,, = 400N is much higher than the torque required
for a slope of 11.3°. This indicates that the current par-
king brake design that is used in this work complies
with FMVSS 135 regulation.

PARAMETRIC STUDIES

After the parking brake model is validated, the model
can be used to predict brake torque performance due to
changes in some of the parameters of the brake compo-
nents and the vehicle. They are the drum/lining coeffi-
cient of friction and the vehicle weight. The effect of the
installation gap between the shoes and the drum is not

FhbC=calculated)

considered because the motivation of this work is to in-
vestigate thermal effect which is required the shoes
always in contact with the drum. To ensure a vehicle in
a stationary state, the torque generated by the parking
brake must always be higher than the torque required
for certain road slope (Tgen > Treq). This is shown in
Figure 13 that the vehicle is in a stationary condition on
the slanting road when the friction coefficient between
drum and lining is above 0.2.

Figure 14a and Figure 14b show the brake torque
performance with various vehicle weights in the down-
hill and uphill direction, respectively. As stated in Table
1, the weight of the vehicle is 1250 kg and the passenger
weight is assumed to be 70 kg per person. It shows that
the vehicle will not roll away in the uphill and downbhill
direction, even though there are five passengers inside
the vehicle. This is because the torque generated by the
parking brake is much higher than the torque required
with five passengers.
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Figure 12. Calculated parking brake
torque performance

Figure. 13. Brake torque performance for
different friction coefficients
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This paper attempts to find the validated parking
brake model in order to predict its torque performan-
ce with the aim to avoid vehicle roll away phenomena
from the parked condition. In doing so, parking brake
test bench was firstly developed with the intention to
validate the parking brake model. To ensure the vali-
dity of the bench, a comparison was made against ve-
hicletest data and abetter agreement was demonstrated
between them. Then, one dimensional parking brake
model with consideration of the temperature effect is
proposed. A good correlation of temperature change
and parking brake torque between the model and the
test bench was also demonstrated. In addition, the
parking brake unit used in this work was identified as
comply with the FMVSS 135 regulation. The result
also shows that the torque generated by the parking
brake in the downhill direction is much higher than in
the uphill direction. This is due to the leading-trailing
shoe type used in the drum brake mechanism. It is ob-
served that the drum brake torque is not very much
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Figure. 14. Brake torque performance in
various vehicle weights

affected by temperature reduction. Thus, temperature
effect on the drum parking brake is not an issue for
vehicle roll away. From the parametric studies, it is
seen that the vehicle will not roll away when the fric-
tion coefficient of the brake lining is above 0.2 and that
the parking brake can hold the vehicle stationary with
five occupants inside it.
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