Steel and Composite Structures, Vol. 25, No. 4 (2017) 403-413
DOI: https://doi.org/10.12989/scs.2017.25.4.403

403

Multi-objective durability and layout design of fabric braided braking hose
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Abstract. The fabric braided braking hose that delivers the driver’s braking force to brake cylinder undergoes the large
deformation cyclic motion according to the steering and bump/rebound motions of vehicle. The cyclic large deformation of
braking hose may give rise to two critical problems: the interference with other adjacent vehicle parts and the micro cracking
stemming from the fatigue damage accumulation. Hence, both the hose deformation and the fatigue damage become the critical
issue in the design of braking hose. In this context, this paper introduces a multi-objective optimization method for minimizing
the both quantities. The total length of hose and the helix angles of fabric braided composite layers are chosen for the design
variables, and the maximum hose deformation and the critical fatigue life cycle are defined by the individual single objective
functions. The trade-off between two single objective functions is made by introducing the weighting factors. The proposed
optimization method is validated and the improvement of initial hose design is examined through the benchmark simulation.
Furthermore, the dependence of optimum solutions on the weighting factors is also investigated.
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1. Introduction

Fabric braided composite hoses are widely used for
various industrial applications to convey high-pressure oil
and gas. Braking hose used in automotive hydraulic braking
system which delivers the driver’s braking force to the
brake cylinder without oil leakage becomes a representative
example (Entwistle 1981). In braking hose, fabric braided
composite layers are inserted between pure rubber layers to
suppress the excessive radial expansion of rubber hose that
is subjected to high internal braking pressure. In usual, two
fabric braided layers are inserted into three pure rubber
layers, that is, braking hose is in five-layered lamination.
Fabric braided layer is woven with polyester cords in a
specific micro structures that is composed of warp and fill
tows. Due to the woven structure of fabric braided layers,
the entire braking hose exhibits the remarkable anisotropic
behavior to external loading (Li et al. 2011). And, the
anisotropic behavior is influenced by the helix angle
between warp and fill tows as well as the hose length and
the geometric and material properties of base cords.

Meanwhile, braking hose undergoes a cyclic motion
according to a combination of steering and bump/rebound
motions of vehicle, and the anisotropically large
deformation is accompanied by this cyclic motion. The hose
cyclic motion is not unique but diverse depending on the
hose cyclic path, hence the hose deformation configuration
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is also dependent of the hose cyclic path. Here, the hose
cyclic path is meant by the cyclic trajectory of hose
movable end which is attached to the tire wheel of vehicle.

The cyclic motion-induced large deformation causes
two critical problems; one is the interference between
braking hose and other adjacent vehicle parts and the other
is the accumulation of fatigue damage within braking hose.
The frequent sliding contact of braking hose with other
adjacent vehicle parts may cause wearing down of the outer
rubber layer, while the fatigue damage accumulation may
trigger the micro cracking (Kwack and Choi 2009, Malagi
et al. 2015). Both the wearing down and the micro cracking
not only weaken the structural strength of braking hose but
also may lead to the function loss of braking hose owing to
the oil leakage.

In this regard, the interference-free hose deformed
layout and the suppression of fatigue damage accumulation
(Ghazijahani et al. 2015) are currently a hot issue in the
automotive industry, according to the worldwide
intensification on the safety regulation of key automotive
parts (Mayyas et al. 2012). However, the attempt to resolve
the above mentioned two problems has been traditionally
made by experiment that is not only cost- and time-
consuming but also trial and error. The reliance on the
experimental method was mainly owing to the difficulty in
the geometric and material modeling of fabric braided
layers in complex micro structure. One may simplify the
fabric braided layers as isotropic solid because the modeling
of warp and fill tows in micro structure is not only
painstaking but also impractical (D’Amoto 2001, Sun et al.
2003, Zhang and Xu 2013, Yang et al. 2015). However,
such a simplified model cannot represent the inherent
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anisotropic out-of-plane deformation (Annie Peter et al.
2016) of fabric braided layers, and furthermore the effect of
design parameters of fabric braided layers, such as the helix
angle, cannot be taken into consideration.

To overcome the demerits of experimental approach and
to effectively model the fabric braided layers, the
application of the analytical and computational methods has
been made by several investigators. Sugiyama and Otaki
(1992) analytically predicted the hose deformed layout
using a mathematical model that is constructed with the
beam elements and particles and compared the analytical
solution with the experiment. Keil et al. (2002) simulated
the cyclic motion of braking hose by utilizing the CAD
system and compared the hose deformed layout with the
simulation using ADAMS. Cho et al. (2006) introduced a
homogenization approach to model the fabric braided layers
as a homogenized orthotropic solid and performed the large
deformation and fatigue analyses using 3-D nonlinear finite
element method.

Nevertheless, the design of interface-free and durable
braking hose was not made by a reasonable approach but
through trial and error. This implies that a systematic design
method is highly desirable. In this context, the purpose of
this paper is to introduce a multi-objective optimization
method for the durability and layout design of fabric
braided braking hose. The helix angles of braided layers and
the total length of braking hose are chosen as the design
variables, and the maximum hose deformation and the
critical fatigue life cycle are defined as individual objective
functions. Two single objective functions are approximated
using the response surface method (RSM), and the weighted
multi-objective optimization problem is solved by the
progressive quadratic response surface modeling (PQRSM)
(Nguyen et al. 2010). The proposed optimization method is
validated and the improvement of initial hose design is
confirmed through the benchmark simulation. In addition,
the variation of optimum solutions to the trade-off between
two single objective functions is investigated.

2. Problem description
2.1 Fabric braided braking hose in cyclic motion

A typical fabric braided braking hose used in the
automotive hydraulic braking system is represented in Fig.
1(a), where one end is fixed to the main body of vehicle
while the other end, called the movable end throughout this
manuscript, is attached to the tire assembly using a strut.
Hence, the hose movable end is to be moved along with the
tire motion, and hence the entire braking hose is forced to
be deformed. As shown in Fig. 1(b), the vehicle motion
could be decomposed into the horizontal steering mode and
the vertical bump/rebound mode. Here, the bump/rebound
mode is resulted from the relative vertical motion of tire
with respect to the vehicle at quick stop and start, or when
the vehicle is running over cleats. The hose deformation is
not only large and complicated but also repetitive, and
furthermore the deformed braking hose may contact with
other adjacent automotive parts and the hose durability

deteriorates in proportional to the repetition number of
cyclic motion.

The path of hose movable end is not easy to identify
because it is not unique but diverse according to a
combination of the steering motion and the bump/rebound
motion of wvehicle. In fact, its realistic and exact
identification would be possible only by either the motion
measurement using the vision system or 3-D multi-body
dynamics (MBD) simulation. However, even if possible,
such measurement or MBD simulation requires the
painstaking job for processing the numerous motion data.
For this reason, the path is rather simply defined using nine
extreme positions shown in Fig. 1(b) that are determined by
the tensor product of three positions in the steering mode
and three positions in the bump/rebound mode. The neutral
position corresponds to the straight driving without bump
and rebound, and the left and right positions indicate the
maximum steering in the left and right directions.
Meanwhile, the bump and rebound indicate the maximum
compression and stretching of tire in the vertical direction
with respect to the vehicle. Referring to Stalnaker and
Turner (2002), the driving conditions are divided into nine
modes and those are identical with the above-mentioned
nine extreme positions. A number of paths could be defined
by choosing three among nine extreme positions, but the
significance of defined paths should be examined based on
the real driving conditions of wvehicle. The most
representative is the horizontal path 2-1-3 which
corresponds to the left-neutral-right handling in cruising.
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Fig. 1 Fabric braided braking hose: (a) steering and
bump/rebound motions and (b) nine extreme positions of
hose movable end
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Fig. 3 Braided composite hose

The identification of nine extreme positions is much
simpler and easier than that of the whole trajectory of path,
and it is made by measuring three translation co-ordinates
and three rotation angles of the strut (i.e., the hose movable
end) with respect to the fixed co-ordinate system positioned
at any reference point on the vehicle body. Once a path is
defined in terms of three extreme positions, its whole
trajectory could be approximated by the numerical
interpolation method. For the sake of explanation, let us
consider the path including the neutral position, as
illustrated in Fig. 2. Three co-ordinates and three rotation
angles of the hose movable end on the trajectory are
interpolated using second-order polynomials, and the

corresponding coefficients a; and b; are determined by
solving the following two linear equation systems given by
X(t) all a12 a13 1 ax (t ) bll blZ b13 1
y(t) =8y 8y aAy[tp at(t) = b21 bzz b23 t (1)
Z(t) aSl a32 a33 t ? 92 (t) b31 b32 b33 tz

with the known values at three extreme positions and the
parameter te[0,1]. Here, the values of parameter t

i,neut

for each co-ordinate parameter X, at the neutral position

are calculated by
X

ineut —

ineut — Xi,||

t - 1
|Xi,ll - Xi,||

, Xi :le7'"!‘92 (2)

where the subscripts | and Il indicate two positions
shown in Fig. 2. The interpolated co-ordinates and rotation
angles are used as the displacement boundary condition for
the incremental large deformation analysis of braking hose.

2.2 Material models

Fig. 3(a) shows a five-layered braided composite hose
composed of three rubber layers and two fabric braided
layers, where the layers are assumed to be perfectly bonded.
The unfold configuration of braided layer is represented in
Fig. 3(b), where warp and fill tows are woven with the
specific helix angle «, . Each warp and fill tow are
composed of three polyester cords, and the interfaces
between warp and fill tows are also assumed to be perfectly
bonded. We let A7, and d be the material properties and

the diameter of base cords, and Cr be the total number of

bundles (i.e., warp and fill tows) within a pitch p. Then,

the equivalent material properties M., of fabric braided
layers are characterized by
Mg :MFB(aH ,MB,d,p,Cr) 3)

in terms of these parameters.

The microstructure of fabric braided layer is to be
reoriented (lvanov and Tabiel 2002) with the negligible
strain during the deformation of braided composite hose up
to the critical strain value. The reorientation causes the
change of helix angle, which in turn results in the change of
equivalent material properties of fabric braid. The
reorientation phenomenon is a highly nonlinear problem
because the change of helix angle cannot be known until the
numerical simulation is completed. In fact, the strains of
fabric braided layers are much smaller than those of rubber
layers, so this phenomenon is ignored for the current study
and the anisotropic behavior is modeled as a small-strain
homogenized orthotropic solid, that is, the St. Venant-
Kirchhoff model. With the setting of material co-ordinates
shown in Fig. 3, two fabric braided layers are modeled as an
orthotropic material with the constitutive relation (Daniel
and Ishai 1994) given by

01 Su S S5 0 0 0 || &
0, Su Sp S 0 0 0 |lg
O3 | _ Sy Sy Sy 0 0 0 || &
o[ [0 0 0 S, 0 0|l @)
Ty 0 0 0 0 Si 0 ||y
t,) |0 0 0 0 0 Sg|lre

with Six diagonal terms defined by
S;i :(l—vjkvkj )/ E,E,4 and S;5,;=G;. The other six
off-diagonal terms are defined by

Vi + VeV,
Sy =———"L (i>]j—k)
E,E 4
5)
Vik ViV . .
=— " (k> ji>i
4 E.E,4 (k= j—i)

with A:(l_V12V21_V23V32_V31V13_2V12V23V31)/ EEE; .
Where, subscripts 1, 2 and 3 stand for x,y and z,

respectively.
Meanwhile, the incompressible hyperelastic behavior of
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Fig. 4 (a) ¢—N curves of the inner and outer rubber layers and (b) rubber specimens for the fatigue test

three rubber layers is modeled by a four-term Mooney-
Rivlin material model which is expressed by the strain
energy density functional W(I,,1,,1,) defined by

W(|1,|2,|3)=C10(|1 _3)+C01(|2 _3)+Czo(l1 _3)(|2 _3)+§(|3 _1)2 (6)

In which, I

are the invariants of Green-Lagrange
strain tensor and C;; are the material dependent Mooney-

Rivlin constants. The incompressibility of rubber is
enforced by the last term on the right hand side of Eq. (6),
where the incompressibility enforcement becomes higher in
proportional to the value of parameter x. The Mooney-
Rivlin constants which were determined by the uniaxial
tension test of rubber specimen are given in Table Al in
appendix.

3. Durability and layout design of braking hose
3.1 Hose fatigue life and deformed layout

The braking hose is subjected to the cyclic motion with
the presence of mean strain and stress, and the fatigue
damage is to be accumulated within braking hose as the
number of cyclic motion increases. For the fatigue life
evaluation, only the outer and inner rubber layers are
considered because both rubber layers play an important
role in preventing the oil leakage. For the current study, the

fatigue life cycle N, of rubber layers is evaluated by the
modified Morrow fatigue model (Smith et al. 1970) given
by

e, =(K, —&, )2N, ) @

which can consider the effect of mean strain ¢,, of rubber
hose on the fatigue damage. Two material-dependent
parameters K, and b in Eq. (7) were determined from
&—N curves shown in Fig. 4(a) which were obtained by
the uni-axial tension test using the rubber specimens shown
in Fig. 4(b) under the displacement control (Cho et al.
2015). The fatigue strength exponents b and the fatigue

parameters K; which were determined from &—N

curves are as follows: -0.8754 and 30.7003 for the inner
rubber layer and -0.9067 and 18.1773 for the outer rubber
layer, respectively

For a given hose cyclic path, the fatigue life evaluation
is performed node by node within rubber layers. Since the
strains at each finite element node exhibit the complex time
histories composed of a number of harmonic cycles, the
Palmgren-Minor cumulative damage law (Palmgren 1924)
given by
Ny,

N, ), ®)

e

is employed to compute the total fatigue damage D; . Here,
N, is the total number of distinct harmonic strain cycles,

S

and n; and (Nf)i are the repetition number and the

fatigue life cycle of the i-th strain cycle. The repletion
numbers n, of each distinct harmonic strain cycle are

counted by the rainflow cycle counting method, then finally
the fatigue life cycle N, (cycles) at each finite element

node is calculated using N, =1/D;.

Meanwhile, the sliding contact of the hose with other
neighboring vehicle parts wears down the outer rubber layer,
which may not only weaken the structural strength of hose
but also trigger the fatal oil leakage. In this context, the
prediction and design of hose deformed layout have been
considered as important subjects. However, both have been
traditionally made based on the trial and error experiment
because the inherent anisotropic hose deformation cannot
be accurately predicted by the conventional simple isotropic
hose model. In fact, the layout prediction and design is a
troublesome task because the hose deformed layout is
dependent of cyclic path and continuously varying with the
hose movement. Hence, the designer should evaluate a huge
amount of hose deformation data at every moving stage for
various cyclic paths to extract the characteristic deformation
magnitude. Here, the characteristic deformation magnitude
is usually meant by the maximum deformation.

In this regard, the numerical approach employing an
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appropriate anisotropic hose model can successfully resolve
the above-mentioned problems of the traditional
experiment-based approach, because it can accurately and
quickly obtain and evaluate the huge amount of hose
deformation data. Nevertheless, the definition of
characteristic deformation magnitude is still essential for
the numerical approach. In fact, the choice of characteristic
deformation magnitude depends on the design standard of
car maker. Referring to Fig. 5, two principal maximum
deformations, the maximum in-plane and out-of-plane
deformations, would be usefully used to identify the
deformed configuration of braking hose. Both of the
maximum deformations are measured with respect to the
straight line a—a’ which connects both ends of hose. The
largest normal distance between the deformed hose and the
straight line a—a’' always becomes the maximum in-
plane deformation, while the other on the plane normal to
the in-plane becomes the maximum out-of-plane
deformation.

3.1 Formulation of
problem

multi-objective  optimization

The fatigue damage and the deformed layout of fabric
braided braking hose is influenced by several parameters
such as the cyclic path, the hose length and diameter, the
helix angle and the material properties of base cords.
According to our preliminary parametric study to the cyclic
path, it has been found that the horizontal path (i.e., path 2-
1-3 in Fig. 1(b)) is critical in aspect of the fatigue damage
and deformed layout. Based on this fact, the horizontal path
is taken for the durability and layout design. Meanwhile,
among other parameters affecting both performances, the
hose length and the helix angle are importantly considered
by the designers. Thus, in the current study, the design
variable vector X is defined by the total length L of

braking hose and two helix angles «;, and a,, Of
inner and outer fabric braided layers such that

X = {aH,in’aH out ’L} (9)

The fatigue damage of braking hose is evaluated in

terms of the critical fatigue life cycle N{"of inner and

outer rubber layers. On the other hand, the hose deformed
layout is evaluated by the maximum in-plane deformation

O max Tor the horizontal path. It is because the magnitude
of maximum out-of-plane deformation &, is much
smaller than the maximum in-plane deformation.

maximum in-plane
deformation

Fig. 5 Maximum in-plane and out-of-plane deformations

So, we choose &, ., and N{* to define two

objective functions f,(X) and f,(X) for the current
study. However, in case of N{", some modification is
required because the magnitude of N¢" is much larger

than that of &, and N{* should be maximized
through the minimization process. For this reason, the
second objective functions f,(X) are redefined by
1/ Iog(N?"), instead of N{". And, furthermore, two single
objective functions are normalized as following

: f, -

f, —W, =12 (10)

With the setting of two normalized single objective
functions f, and f,, the multi-objective function F(X)
is defined by

F(X)=w, f,(X)+ow, f,(X) (11)

with the weighting factor w, and the scaling factor c.

The weighting factor is introduced for trade- off between
two normalized single objective functions, while the scaling
factor which is defined by

c:max|f_1|/max|fz| (12)

is introduced to maintain the balance between the
magnitudes of two single objective functions.

Then, the constrained multi-objective optimization
problem for minimizing the deformed layout and
maximizing the durability of fabric braided braking hose is
formulated as follows

Find X ={X; ", (13)
Minimize F(X) (14)
. . 0 {0
Subject to: I OSij(u)eij(V)dV =j ,pbav +j ,Givids (15)
o fes o0y
Xin <X <Xy, 1=1-Ny (16)

with N, =3 and X; ,X;, being the lower and upper
limits of design variables. Here, S;(u) and e;(v) are the
second Piola-Kirchhoff stresses and the Green-Lagrange
strains, b, the body force of braking hose, and t° is the
traction force converted to the initial hose configuration
0Q° with the traction boundary 0£2] .

4. Numerical experiments

Fig. 6 represents a numerical example of five-layered
braking hose with the initial length L of 245mm and the
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outer diameter D, of 10.5mm. The thicknesses of five
layers are as follows: 1.25,0.30 and 110mm for the

outer, middle and inner rubber layers and 0.45mm for two
fabric braided layers. The fabric braided layers are
manufactured with PVA (poly vinyl alcohol) and the initial
helix angles «y, , pitch and C, are as follows:

18.5mm,24 and 53° for the outer layer and

14.0mm,20and 55° for the inner layer, meanwhile, three

rubber layers are manufactured with EPDM (ethylene-
propylene-diene-monomer). The homogenized orthotropic
material properties of two fabric braided layers are given in
Table A2 in appendix. The reader may refer to our previous
paper (Cho et al. 2013) for the detailed material properties
of PVA cords and the detailed derivation of homogenized
orthotropic material properties by the superposition method
incorporated with the unit-cell finite element analysis.

4.1 Meta models of two single-objective functions

The meta models of two normalized single objective
functions f,(X) of &, .., (X) and f,(X) of N°(X)
are approximated by making use of the response surface

method (RSM) and the full factorial design (FFD) (Altinkok
2016) with 27 experiment cases. The lower and upper limits

of three design variables are set by 0° < X,,X, <90° and
230mm < X, <260mm , and the three levels for FFD are as
follows: 35°,55° and 75° for X,, 33°,53° and 73°

for X,,and 235,245and 255mm for X, respectively.

The approximated meta models of two normalized
single objective functions are as follows

f,(X)=-23.93779+0.00293X, +0.01691X, +0.15212X,
~3.7x107° X, X, —4.060x107° X, X5-7.213x10" X, X, 17)
~1.704x10° X2 -6.211x10° X2 —0.00022X ?

f,(X)=23152948-0.03136X, —0.36576X , —1.75832X ,
~3.334x10°° X, X, +0.001624X , X, +0.00037X,X; (1g)
—0.00056X 7 —0.00042X 3 +0.00329X 2

Design variables:

- Hose length L

) (deformed)
- Helix angles ¢, 7 e

Objective functions: (neutral) 1

(undeformed)

L
- Max, in-plane deformation &,
" I o horizontal path
- Critical fatigue life cycle N e

Dy=#10.5 = =

z trajectory of hose
movabel ens

Y
x#

Fig. 6 A numerical example of braking hose

It was found that the R® values are 0.999 for f,

while 0.880 for f, . The reason why the R? value of f,

is lower than one of f, is because the fatigue life

evaluation is more complex and its numerical accuracy is
more sensitive to the associated parameters.
Fig. 7 represents the sensitivity of the normalized

maximum in-plane deformation f, to the design variables.
First of all, it is found that the sensitivity of f, is
dominated by the hose length X, such that f, uniformly
increases in proportional to X,. On the other hand, the
other two design variables X, and X, (i.e., the inner and

outer helix angles) lead to the convex- and concave-type
sensitivity. In case of the normalized critical fatigue life

cycle f,, its sensitivity to the design variables is quite
different from that of f,, as represented in Fig. 8.
Reminding that f, is defined by the reverse of the critical

fatigue life cycle, it is found that the critical fatigue life
cycle as a whole increases in proportional to the hose length
X; . Meanwhile, to the helix angles X, and X,, the
critical fatigue life cycle as a whole does not show the
apparent variance, except for the its remarkable increase at
high and low helix angles.

10
fios

0 '
35 ~ 33

§5 53 -
x5 *X,
50

(a) With respectto X, and X,

55
X5

35 Ta3s

(c) With respectto X, and X,

Fig. 7 sensitivity of the normalized fatigue life cycle
f, to the design variables
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Fig. 8 sensitivity of the normalized fatigue life cycle
f, to the design variables

4.2 Optimization results

The multi-objective optimization was carried out using
the progressive quadratic response surface modeling
(PQRSM) (Nguyen et al. 2010), which is one of the SAO
(sequential approximation optimization) algorithms, for
constrained nonlinear optimization problems. The initial
values of three design variables are set as follows:

Qo =557, @y =53 and L=245mm. The iteration

history of objective function F(X) is represented in Fig. 9,
where the objective function gradually decreases to near
0.14. The iteration terminates in twenty two iterations.

The optimization results are summarized in Table 1,
where the results of initial hose model are also given for the
comparison purpose. It is noted that the out-of-plane
deformation &, and the peak equivalent values were
obtained by the direct large deformation analysis using the
initial and optimum design variables. It is found that two
helix angles become larger while the hose length becomes
shorter. The maximum in-plane deformation &, .., Is

reduced by almost 5mm(5.4% in the relative sense) and
the critical fatigue life cycle N§" is significantly improved

near 4x10° cycles. And, it is also found that both the peak

equivalent strain and stress are reduced at the same time.
However, the maximum out-of-plane (O-O-P) deformation
Somax 18 reversely increased, because it was not chosen as

objective function.
Next, the optimization was performed for different
combinations of weighting factors w, of two single

objective functions. Table 2 contains the optimization
results for three different combinations of weighting factors.
It is clearly found that the maximum in-plane deformation

8, mx Uniformly decreases as its weighting factor w;
increases. This trend is also observed for the critical fatigue
life cycle N§" such that it monotonically increases as the

second weighting factor w, increases. In case of the

design variables, the optimum value of hose length
decreases in proportional to w, but two helix angles are

kept unchanged. Thus, it can be realized that two single
objective functions are in the conflicting relation and their
trade-off is dominated by the hose length, which is
consistent with the sensitivities shown in Figs. 7 and 8 to
the design variables. Meanwhile, it is also found that the
maximum out-of-plane deformation &g, Uniformly

decreases in proportional to the weighting factor w;, as in

the maximum in-plane deformation. In addition, the peak
equivalent strain and stress decrease with the increase of the
second weighting factor w,, which is consistent with the

fact that the critical fatigue life cycles increases in
proportional to w,.

In order to evaluate the reliability of optimum solutions
obtained using RSM meta models in Egs. (17) and (18),
both the maximum in-plane deformation &, ., and the

critical fatigue life cycle N$" were also obtained by the

direct finite element analysis using the optimum design
variables. Two single objective functions that were obtained
using RSM meta models and the direct finite element
analysis are compared in Table 3. It is found that the
relative errors of the critical fatigue life cycle are much
larger than those of the maximum in-plane deformation.
The maximum relative difference is 8.29% that is occurred
at the critical fatigue life cycle. In the second case (i.e.,
w, =w, =0.5). By considering the fact that the accuracy of
fatigue life evaluation is affected by many factors, it has
been justified that the present numerical optimization
method using RSM meta models provides the reliable
optimum solutions.

1.0

Objective function F(X)
(=] o [=]
= (=] @

=]
o

o
1 5 10 15 20
Iteration number

Fig. 9 Iteration history of the objective functions
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Table 1 Comparison of two single objective functions between the initial and optimum models (w, =w, =0.5)

Design variables

Maximum

deformation (mm) Qritica_l Peak equivalent values
lems  pelixangle (deg)  Length  In-pl 0-0-P fatlgu? e
elix angle engt n-plane -O- cycle .
Strain Stress (MPa,
Ay in Ay out L(mm) O ax 0 max (Cycles) ( )
Initial 55 53 245.00 86.284 11.673 58,876 0.296 1.883
Optimum 75 73 239.54 81.582 14.338 447,217 0.251 1.822
O-0O-P: Out-of-plane, (*): The values obtained by the direct finite element analysis
Table 2 Optimum results according to the change of weighting factors
Weighting Optimum design variables Maximum deformation (m m) Critical fatigue Peak equivalent values
factors life cycle
Helix angle (deg)  Length In-plane 0-0-P crt
(g w ) L N'T" (cycles) Strain  Stress(MPa)
ay in ay out mm) §I max 50 max
(0.25,0.75) 75 73 245.12 85.018 14.961 976,337 0.208 1.524
(0-5,0.5) 75 73 239.54 81.582 14.338 447,217 0.251 1.822
(0.75,0.25) 75 73 235.00 78.018 14.303 160,534 0.299 2.143

(*): The values obtained by the direct finite element analysis

Table 3 Comparison of the optimum results with the direct finite element analysis

Weighting factors

Objective functions

(g, W, ) Method Maximum in-plane deformation Critical fzcirttigue life cycles
S max (MM) N ™ (cycles)
9 )
9 0
- 0, - 0,
(0.75,0.25) ';Em 78-01788 .(5(5)-768 2) 160,51374; (2 2.382 %)

(*): The relative differences of RSM with respect to FEM

O7 max

00, max

SOLID STRN
VON MISES , None

2.51421E-01

2.21460E-01

1.76692€-01

1.26238E-01

1.58775€-02

2.54166E-02

2.65575E-03

(a) Maximum in- and out-of-plane deformations

FATIGUE
LIFE CYCLE

1.00000E+09

8.33336E+08

6.6667 1E+08

5.00007E+08

3.33342E+08

1.66678E+08

4.12991E+05

(b) Fatigue life profile

Fig. 10 Finite element analysis results obtained using the optimum design values (w, =w, =0.5)



Multi-objective durability and layout design of fabric braided braking hose in cyclic motion 411

Fig. 10 represents the deformed layout and the fatigue
life profile that were obtained by the finite element analysis
using the optimum design variables. The deformation and
fatigue analysis was carried out using a commercial
software midas NFX (2011). The fixed end of braking hose
is the left side in the deformed layout, while it is top side in
the fatigue life profile. One can see the apparent out-of-
plane deformation from the deformed layout owing to the
anisotropy of fabric braided layers. Meanwhile, it is
observed from the fatigue life profile that the fatigue
damage is concentrated in the vicinity of two hose ends. It
is because these two regions are in the relatively high state
of combined bending, torsion and tensile stresses. The
critical fatigue life cycle is occurred near the upper fixed
end.

However, unfortunately the comparison of the
maximum in-plane deformation and the critical fatigue life
cycle between numerical and experiment was not made
owing to the difficulty in changing the helix angle of
braking hose in mass production and the difference of
standards for judgment of the fatigue life cycle between

numerical and experiment. But, in case of helix angles 55°

and 53°, the reader may refer to our previous paper (Cho
et al. 2013), where the deformed layout are compared
through the twisting test of a U-shape braking hose.

5. Conclusions

In this paper, a multi-objective optimization method has
been introduced for the deformed layout design of high-
durable fabric braided automotive braking hose. The
maximum in-plane hose deformation and the critical fatigue
life cycle were defined by the single objective functions and
their meta models were approximated by the response
surface method. The trade-off between two single objective
functions was implemented by adjusting the weighting
factors. Based on our preliminary study, the helix angles of
two fabric braided layers and the hose length were selected
as the design variables. The proposed optimization method
and its reliability were validated and verified through the
benchmark experiments. According to the optimization, the
durability and the deformed layout of the initial hose model
have been successfully and remarkably improved. The
maximum in-plane deformation has been reduced by 5.4%
and the critical fatigue life cycle has been increased by

4x10° cycles. And, it has been justified that the proposed
method successfully implements the trade-off between two
single objective functions. The maximum in-plane
deformation uniformly decreases with the increase of its
weighting factor, and the critical fatigue life cycle does also
uniformly increase in proportional to its weighting factor.
Meanwhile, from the comparison with the direct finite
element analysis, the reliability of proposed optimization
method using RSM meta models has been verified such that
the maximum relative difference in the critical fatigue life
cycle is 8.29%. However, the present method is limited to
the multi-objective optimization problems in which the
number of single-objective functions is two.
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Appendix

Material properties of five layers and co-ordinates of
three extreme positions

Table A1 Mooney-Rivlin constants and bulk modulii of three rubber layers
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Rubber layer Cio Co1 Cy K
Inner -1.86902 418478 0.41739 1,744.02150
Middle 0.15109 -0.14348 0.38478 7.84270
Outer -2.46630 4.74565 0.48043 1,225.42264

Table A2 Homogenized orthotropic material properties of two fabric braided layers ( a, ;, =55°, &} o =53°)

Young’s modulus Poison’s ratio Shear Modulus
E E, E; V12 Va3 V31 G Gy Gy
Outer 819.2 733.1 1,128.4 0.05 0.16 0.16 14.6 6,490.8 8,2415
Inner 915.3 801.0 1,547.1 0.03 0.15 0.18 17.8 6,832.7 8,816.2

Table A3 Co-ordinates and rotation angles of the hose movable end at three extreme positions

Center co-ordinates (mm) Rotation angles (deg)
Positions
X y z 0, 0, 0,

1 -29.143 181.788 226.513 112.900 6.277 55.898

2 -34.787 152.647 224.121 107.916 -17.090 29.548

3 -37.039 206.245 232.331 112.454 28.343 78.412
List of nomenclature
X the design variable vector
X, individual design variables
Ay in helix angle of the inner braided layer
ay o Nelixangle of the outer braided layer
L total length of braking hose

F(X)  multi-objective function
f,(X) individual single-objective functions

f,(X)  normalized single-objective functions
O\ mex maximum in-plane deformation
Oomex ~ Maximum out-of-plane deformation
Nt critical fatigue life cycle

W, weighting factors

c normalization factor








