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Finite Elements Analysis and Topology Optimization of Parking
Brake Lever and Ratchet

Park Freni Kolunun ve Circirinin Sonlu Elemanlar Analizi ve Topoloji
Optimizasyonu

Highlights
«+ Topology optimization
< Finite elements analysis
«» Parking brake lever and ratchet weight reduction by redesign
Graphical Abstract
This study aims to obtain light-weighting design of parking brake lever and ratchet through topology optimization.
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Figure. Topology optimization process flowchart
Aim
This study aims to contribute to the reduction in vehicle weight by applying topology optimization. In addition, it also
purposes to promote sustainability in manufacturing by reducing material usage and energy consumption.
Design & Methodology
The topology optimization was performed based on finite element analysis. The static analysis results were used as
input data for topology optimization.
Originality
The originality of this study is indicated that using topology optimization contributes to minimizing emissions and
environmental effects by increasing material utilization efficiency and manufacturing sustainability.
Findings
After topology optimization the maximum equivalent (von Mises) stress for the parking brake lever is 230,29 MPa,
and for the ratchet is 11,559 MPa. The final mass for the parking lever is 0,22622 kg and for the ratchet is 0,061911
kg. The parking brake lever mass decreased by 18,48%. The ratchet mass decreased by 34,85%.
Conclusion
The initial geometry is modified according to the topology optimization results. Light-weighting is achieved through
topology optimization.
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ABSTRACT
Topology optimization is known as one of the basic categories of structural optimization. Topology optifgigation is received
increasing attention in many engineering disciplines. Topology optimization contributes to minimiz missions and
environmental effects by increasing material utilization efficiency and manufacturing sustainability. T, ing brake
is still used in many vehicles. This study aims to contribute to the reduction in vehicle weight b® i y Optimization.
In addition, it also purposes to promote sustainability in manufacturing by reducing materiaP gy Consumption. A

nalysef were performed using
a finite element analysis program. The results of this analysis were used as input data for to ization. In the topology
optimization, the response constraint mass was increased by 5 increments from 50%,
j . maximum total deformation
value for the brake lever is 0,95853 mm and for the ratchet is 0,0079482 mm: The panking dake lever mass decreased by 18,48%

from 0,27751 kg to 0,22622 kg. The ratchet mass decreased from 0,095042 y 34,85%.
Keywords: Topology optimization, finite element analysis, sustaina , parking brake lever and ratchet.

Park Freni Kolunun ve Sonlu Elemanlar
Analizi ve To timizasyonu

n teme orilerinden biri olarak bilinir. Topoloji optimizasyonuna birgok
mithendislik disiplininde ilgi artmaktadit. Topoldy optimizasyonu, malzeme kullanim verimliligini ve tiretim stirdiiriilebilirligini
artirarak, emisyonlarin ve gevresel Imasimna katki saglamaktadir. Mekanik park freni hala birgok tasitta

amaglamaktadir. Ayrica malze
istenmektedir. Mevcut park frgni di alinaggak CAD model olusturulmustur. Park freni kolunun elemanlar1 sonlu eleman analizi
yontemleri ile analiz edilmi i
kullanilmigtir. Statik angli@ oloji optimizasyonu igin girdi verileri olarak kullanilmigtir. Topoloji optimizasyonunda,

’e kadar artirllmigtir. Sonug olarak, park freni kolu i¢in maksimum esdeger (von Mises)

iitlesi %34,85 oraninda azalarak 0,095042 kg’dan 0,061911 kg’a diigmiistiir.
ptoji optimizasyonu, sonlu elemanlar analizi, siirdiiriilebilir imalat, park freni kolu ve circir1.

Design engineers need innovative design ideas to
develop lightweight eco-friendly solutions. Topology
optimization as a powerful design optimization tool for
sustainability purposes has a much capability (Azad et
al., 2022 [1]; Rosen and Kishawy, 2012 [2]).

Innovative technologies and engineering knowledge are
intensively used in the automobile industry. Nowadays,
automobile manufacturers consider constantly changing

Sustainable manufacturing focuses on maintaining the
future of the world by avoiding wasteful manufacturing
approach that overexploitation resources in a way that
will not meet the requisitions of succeeding generations.

Today, sustainability is crucial in many fields such as
engineering, and manufacturing, it can be incorporated
into design, during all phases of the design process.

*Corresponding Author
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and evolving consumer demands to sustain their
competitiveness in the global market. The automobile
industry plays a major role in the growth of the country’s
economy, including many types of manufacturers.
Besides, the automotive industry in developed countries
is the main category of the manufacturing industry
(Saberi, 2018 [3]).

The recent sophisticate approaches and methods
increased the progression of manufacturing technologies.
Advancements in additive manufacturing technologies
ensure considerable alterations in the design and
manufacturing of components (Vlah, Zavbi and
Vukasinovi¢, 2020 [4]). The complex geometries
optimized with topology optimization can be made
manufacturable without production constraints by
additive manufacturing, unlike traditional manufacturing
methods. During the last decades, growing interest in
additive manufacturing reveals the limits of the available
CAD tools therewithal is underlined the so far under-used
potential of topology optimization and generative design
tools (Barbieri and Muzzupappa, 2022 [5]). Nowadays,
not all CAD software but many programs such as
SolidWorks, Fusion 360, and Creo add extra features and
tools for topology optimization while the design phase to
give ideas to the designer. The incorporation of
optimization methods in the concept design phase
contributes substantially to the emergence of even qu
innovative solutions.

Finite element analysis (FEA), is attained numerou
achievements in many fields of engineering. Utj
of FEA along with the improvement in computer(gcien

applications, which need to re
calculations. Therefore, FEA turned into a
modern design in engineering. FEA:

Structural opti tion aims to minimize mass, weight,
and design cost, maximize stiffness, and control the
vibration or combination of these requirements.
Structural optimization is separated into subcategories
such as size optimization, shape optimization, topology
optimization, topometry optimization, and topography
optimization. Structural optimization problems, with
defined constraints such as geometry, boundary
conditions, and initial conditions, can be analyzed with
FEA.

Topology optimization is a computational method.
Topology optimization aims to optimize material
distributions in the structural layout. Topology

optimization, an up-to-date optimization approach in
design, produces innovative configurations that are both
lightweight and effective. Nonetheless, the production of
some designed models is difficult by conventional
methods.

The parking brake (Figure 1) is a secondary brake system
in vehicles operated by hand or foot and is also defined
as an emergency brake or hand brake. The parking brake
is utilized to prevent a parked vehicle on a sloping or flat
road surface from slipping or rolling. Additionally, in the
event of a service brake fault, it is used to securely slow
down and stop the wvehicle (Lunia et al., 2015 [6];
McKinlay, 2007 [7]; Toyota, n.d. [8]) There are three
main components as parking brake
equalizer in the parking brake system
2016 [9]). The parking br%e
the sheet metal manufaoturi
[10]). The manual pagki

(2019) [11] presented modern
optimization. Barbieri and

Figure 1. Mechanically controlled parking brakes a) stick type,
b) central lever type, c) pedal type (Toyota, n.d. [8])

Matsimbi et al. (2021) [13] shared a study which
topology optimization techniques and applications for
automotive body structures. Kahraman and Kiigiik
(2020) [14] evaluated reduce weight through topology
optimization for the automotive sector. They mentioned
that topology optimization is a useful approach to
designing lighter components in the automotive industry.
Kogak and Korkut (2023) [15] applied topology
optimization in the design of the landing element
component of an unmanned aerial vehicle. Kara, Tagkin
and Demirhan (2022) [16] applied topology optimization
to a steering system support element. Under the
determined boundary conditions, they observed the
maximum von Mises stress as 97,3 MPa, and total
deformation as 0,015 mm. The initial model weight
decreased from 2332,5 g to 577,9 g after topology



optimization. Demir et al. (2021) [17] studied lighter
mobile transportation robot design with shape
optimization, and energy efficiency improved, using
topology optimization and structural analysis. They
obtained robotic system weight %20 reduction under the
desired safety limits.

Studies on parking brakes are evaluated and summarized.
Dalfidan and Erol (2020) [18] conducted design
optimization under the fatigue behavior of the connection
elements used in parking brake cables. Deshpande,
Badadhe and Khan (2021) [19] presented an assessment
of topology optimization applied on a hand brake that is
made from glass fiber composite material. Isitan, Eroglu
and Binici (2020) [20] studied topology optimization on
handbrake components, which are utilized in light-duty
vehicles and attained 43,82% lightening. Sasane and
Burande (2019) [21] investigated the existing handbrake
lever with FEA analysis and experimental. According to
the study, they attained close results from numerical and
physical tests. Top et al. (2019) [22] and Top et al. (2020)
[23] achieved the optimized form of a brake bracket to be
manufactured using selective laser sintering (SLS), one
of the additive manufacturing methods, by applying
topology optimization. Patel, Sarawade and Gawande
(2017) [24] reported an experimental and topology
optimization study for existing and optimized a parking
brake handle to reduced weight by 10% later &O
optimization. Patel and Sarawade (2017) [25] conduc
finite element analysis and topology optimization for
parking brake handle, changed material from st
steel (S235) to Aluminum alloy (A356), andfappli

a new design concept for the parking brake
replace the traditional connections

unit. Mansor et al. (2014) [27] d brake
lever rather using kenaf fibe sites than
existing steel material, angdrin a@ is, aimed to

functionality in perfoff@g Z
utilized Henry GagySolUig imization Algorithm
gation of automotive brake
[29] employed topology
gptimization, and design of
decrease the weight of the brake
s. Akcay and Ilkilic (2023) [30]
on topology optimization for weight
reduction of the brake pedal. Then, they conducted shape
optimization by genetic algorithm from artificial
intelligence methods. Savran et al. (2023) [31] used
numerical analysis methodology to characterize the
mechanical behaviors of the front bumper middle bracket
of automobile. Altinel et al. (2023) [32] examined the X-
arm which used in heavy commercial vehicles for
connecting the axle and the chassis in suspension
systems, under the service conditions by finite element
model according to two different analysis scenarios.
Zhong et al. (2023) [33] conducted a statistical analysis
of papers about structural topology optimization over the

past 20 years in the CNKI and WOS databases. The
design requirements for a parking brake lever is
illustrated in Figure 2.

Density

|_SewSe |

Strength
Stiffness

Figure 2. Product design requirements (Mansor et al., 2014

[27])

A parking brake lever mechanism component is
evaluated using topology optimization and finite element
analysis methods. This present study aims to both
reductions of wvehicle weight and contributes to
sustainability in manufacturing with a reduction of used
materials amount and consumed energy.

2. MATERIAL AND METHOD

Parking brake systems are divided into three types of
control mechanisms. They are named fully mechanical
parking brake (traditionally used), electro-mechanical
parking brake (EMPB) and electronic parking brake
(EPB) systems. A mechanically controlled parking brake
mechanism was chosen for this study.

Parking brake lever mechanisms are similar in function,
although they have different designs according to the
manufacturing companies. The basic elements of a
parking brake mechanism are the pawl, ratchet and lever,
the other elements are considered as accessories and
assembly elements. The parts that make up a typical
parking brake lever are shown in Figure 3. In this study,
parking brake lever and ratchet elements were studied.
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Figure 3. Parking brake lever mechanism parts

An existing parking brake lever and ratchet were
measured and modeled in a CAD program. The 3D
models are shown in Figure 4.

ng processes due to the

productio eometries. Recently, new
manufa prits is added to the topology
optimizatio S for conventional manufacturing
methods. ology optimization study based on

finite element analysis. Firstly, FEA analysis is run
according to the determined criteria. The data obtained
from FEA analyses such as static structural, modal, and
thermal analyses constitute the input data of the topology
optimization study. After the topology optimization, a
verification analysis is performed to determine whether it
meets the requirements. The flowchart summarizing this
process is depicted in Figure 5. At the end of this process,
a new geometry is generated. The geometry obtained
after a topology optimization should not be considered as
the final model. The designs can vary according to be
selected manufacturing method traditional or additive
manufacturing, and customer requirements. Topology

optimization gives new ideas to the designer to further
improve the existing designs.
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Figure 5. Topology optimization flowchart

The designed 3D models were imported to the static
analysis module, generated the mesh, and defined the
loads and supports. Static structural analysis was solved
in the program. AISI 1020 steel was assigned from the
software material library. Table 1 shows the mechanical
properties of the assigned material.

Table 1. Mechanical properties of the assigned material

AISI 1020
Density kg/mm? 0,00000787
Young's Modulus MPa 185860
Poisson's Ratio 0,29070
Bulk Modulus MPa 148000
Shear Modulus MPa 72000
Tensile Ultimate MPa 420
Strength
Tensile Yield Strength  MPa 350

In the parking brake lever meshing, the element size was
selected as 1,29 mm and obtained the number of nodes
was 126134 and the number of elements was 62225. In
the ratchet meshing, the element size was selected as 0,7



mm and the number of nodes was 97543 and the number
of elements was 18960. Both for the parking brake lever
and for the ratchet, the mesh was created within
acceptable limits. Table 2 and Table 3 summarize the
mesh metrics according to the four criteria. The FEA
mesh models are shown in Figure 6.

Table 2. Mesh metrics for parking brake lever
Parking brake lever

Mesh Min Max Average
Metrics

Skewness  1,87421e-3  0,82878 0,29538
Element 0,42253 0,99996 0,79888
Quality

Aspect 1,19141 4,68771 1,95761
Ratio

Orthogonal  0,17122 0,99295 0,70408
Quality

Table 3. Mesh metrics for parking brake ratchet

Ratchet
Mesh Min Max Average
Metrics
Skewness  5,27163e-5  0,77482 0,09906
Element 0,27478 0,93225 0,71382
Quality "
Aspect 1,38761 4,49071 2,13081
Ratio
Orthogonal  0,64947 1,00000 0,987
Quality

A

a
b

Figure 6. FEA mesh models a) parking brake lever, b) parking
brake ratchet

The force applied to the parking brake lever varies
according to the driver's gender, age, etc. According to

the US Federal Motor Vehicle Safety Standards, the force
applied to the parking brake lever of a light passenger
vehicle less than 3,500 kg is 400 N (Anonymous, n.d.
[34]; U.S. Department of Transportation, 2005 [35]). In
this study, 400 N force was applied to the lever (Figure
7). This value was determined by considering the studies
in the literature (Noble, Frampton, and Richardson, 2014
[36], 2016 [37]; Noble, 2018 [38]; Wakchaure and
Borkar, 2013 [39]). A force of 100 N was applied to the
ratchet (Figure 7) (Wakchaure and Borkar 2013 [39];
Isitan, Eroglu and Binici, 2020 [20]). Cylindrical support
is defined at the connection points.
<

& Parking brake lever 1
Statc Sl
Time: 1,5

B e foce 4

A: Ratchet
Statc Structural
Tine: 1,5

z
b 000 500 5000 (me) u
3 » e

1250 3150

Figure 7. Forces and supports a) parking brake lever, b)
parking brake ratchet

3. RESULTS AND DISCUSSION

Static analysis for parking brake lever and ratchet 3D
models was conducted with Ansys Static Structural
Module. Static analysis results are shown in Figure 8 and
Figure 9. The maximum total deformation value for the
brake lever is 0,88047 mm and for the ratchet is
0,0043836 mm. The maximum Equivalent (von Mises)
Stress for the parking brake lever is 229,24 MPa and for
the ratchet is 10,458 MPa. The initial mass for the
parking lever is 0.27751 kg and for the ratchet is
0,095042 kg. The initial volume for the parking lever is
35261 mm?, and for the ratchet is 12077 mm?.



A: Parking_brake_lever _1
Equivalent Stress

Type: Equivalent (von-Mises) Stress
Unit: MPa

Time: 1

229,24 Max

q 203,78
178,31
152,85

127,38
101,92
76,452
50,987
25,522
0,056178 Min

z
L 4
a 0.00 50,00 100,00 (mm)

A: Parking_brake_lever _1
Total Deformation

Type: Total Deformation
Unit: mm

Time: 1

= 0.88047 Max
| 078266
| 068486

0,58705

0,48925
039145

b 0,29364
0,19584
0,098034

0,00022969 Min

z
b e
0,00 50,00 100,00 (mm)

25,00 75,00 o

Figure 8. Result of static analyses of parking brake lever a) equivalent (von Mises) stress, b) total deformation

A: Ratchet

Equivalent Stress

Type: Equivalent (von-Mises) Stress
Unit: MPa

Time: 1

= 10,458 Max

9,2969
8,1355
6,974

m 58126
4,6511

3.4897

23282
. 1,1668
0,0053119 Min

2
a 0,00 25,00 50,00 (mm) - |

12,50 37,50

A: Ratchet

Total Deformation
Type: Total Deformation
Unit: mm

Time: 1

0.0043836 Max
= 0,0038965
0,0034094
0,0029224
= 0,0024353

0,0019482

| 0,0014612
0,00097412
. 0,00048706

o Min

b : |
0,00 25,00 50,00 (mm) -

12,50 37.50 X

Figure 9. Result of static analyses of parking brake ratchet a) equivalent (von Mises) stress, b) total deformation

In the topology optimization analysis, were set final volume as output parameters. The response
parametric analysis to monitor the final mass and volume  constraint mass is increased in 5 increments from 50% to
change at different percentages of retained mass. Percent ~ 95%. The final mass and volume change according to the
to retain is chosen as the input parameter, final mass and  percent to retain is shown in Table 4 and Table 5. The



iteration number to reach the solution is also shown. The
iteration number increases with the removed mass
percentage increases.

Table 4. Final mass, and volume with iteration numbers
according to percentages of retained mass of
topology optimization for parking brake lever

Parking Brake Lever

Percentto Iteration Final Final
Retain Number Mass Volume

(%) (kg) (mm?)
50 31 0,09966 12663
55 28 0,10452 13281
60 21 0,10893 13841
65 20 0,11216 14251
70 18 0,11553 14680
75 18 0,11925 15152
80 17 0,12212 15517
85 13 0,12407 15765
90 11 0,12735 16182
95 10 0,13162 16724

Table 5. Final mass, and volume with iteration numbers

according to percentages of retained mass .(’

topology optimization for ratchet

Ratchet
Percent to Iteration Final Final
Retain Number Mass Volume
&) (kg) (mm?)
50 23 0,055014 6990,
55 18 64,4
60 17 6
65 15 8603,7
70 14 00,5
75 13 9738,4
80 10258
85 10764
90 11287
11821

Obtaine
shown in

revised in a CAD environment (Figure 11) according to
the attained geometry after topology optimization.
Considering of the topology optimization process, the
excess materials was removed by cutting in the CAD
models. The sheet metal thickness of initial CAD models
of components was kept constant in this process.

b

Figure 11. CAD model after topology optimization a) parking
brake lever, b) parking brake ratchet

Static analysis was applied to the revised geometry for
validation (Figure 12 and Figure 13). The maximum
equivalent (von Mises) stress for the parking brake lever
is 230,29 MPa and for the ratchet is 11,559 MPa. The
maximum total deformation value for the brake lever is
0,95853 mm and for the ratchet is 0,0079482 mm. The
final mass for the parking lever is 0,22622 kg and for the
ratchet is 0,061911 kg. The final volume for the parking
lever is 28745 mm? and for the ratchet 7866,7 mm3.



C: Static Structural

Equivalent Stress

Type: Equivalent (von-Mises) Stress
Unit: MPa

Time: 1

o 230,29 Max
204,7
179,12
153,54

127,96
F 102,38
| 76,797

51,216
. 25,634
0,05288 Min

a 0,00

100,00 (mm)

25,00

C: Static Structural
Total Deformation
Type: Total Deformation
Unit: mm

Time: 1

=1 0,95853 Max

0,85203
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0,53252
0.42602

- 031951

0,21301
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3,5736e-6 Min

b
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Figure 12. Result of static analyses of parking brake lever a) equivalent (von Mises) stress, b) total deformation

C: Static Structural
Equivalent Stress
Type: Equivalent (von-Mises) Stress
Unit: MPa
Time: 1

= 11,559 Max
10,276
8,9932
7,7104

6,4275
H 5,1447
- 3.8619

2,579
. 1,.2962
0,013337 Min

a

40,00 (mm)

=1

10,00

C: Static Structural
Total Deformation
Type: Total Deformation
Unit: mm

Time: 1

m 0.0079482 Max
0,0070651

0,006182
0,0052988
0,0044157
! 0,0035326
- | 0,0026494
0,0017663
. 0,00088314

o Min

b

0,00

30,00

o

40,00 (mm)

10,00

30,00 x

Figure 13. Result of static analyses of parking brake ratchet a) equivalent (von Mises) stress, b) total deformation

4. CONCLUSION

In this study, topology optimization was applied to a
parking brake lever and ratchet. In the first step, a CAD
model of the existing elements was created, and static
analysis was applied. The results of the static analysis

were used as input data for topology optimization. In the
last step, the static analysis was repeated for changed
geometry under the same conditions for verification. As
a conclusion, the maximum equivalent (von Mises) stress
for the parking brake lever is 230,29 MPa, and for the



ratchet is 11,559 MPa. The maximum total deformation
value for the brake lever is 0,95853 mm and for the
ratchet is 0,0079482 mm. The parking brake lever mass
decreased from 0,27751 kg to 0,22622 kg among
18,48%. The ratchet mass decreased from 0,095042 kg to
0,061911 kg among 34,85%.

To enhance cost efficiency and performance in redesigns,
it is important to consider the potential for reducing the
amount of material used or replacing it with lighter
materials.
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