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Taking a brake drum as the research object, the finite element method is used to analyze the dynamic 
characteristics and optimize its design. In order to increase the stiffness without increasing the weight of 
the brake drum, the main design parameters are tested by Box-Behnken experiment design. A three-
dimensional model of the brake drum is established by using SolidWorks software, and then the finite 
element model of brake drum is imported into ANSYS software to perform modal analysis. On the basis 
of modal analysis, three important dimensions of the brake drum are defined as the input parameters, 
and the drum weight, the first, second and third natural frequencies are defined as the output parameters. 
The response surface model between the input and output parameters is established by using DOE (De-
sign of Experiment). Finally, the input parameters are optimized by multi-objective genetic algorithm 
and five Pare solutions are obtained. The fifth solution is chosen as the optimal solution based on the 
production technique. The weight of the brake drum does not change obviously after optimization, but 
the first, second and third natural frequencies increases by 13.07 %, 8.92 % and 12.73 %respectively, which 
provides a new idea for the design and optimization of brake drum. 
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 Introduction 

The braking system is one of the key parts of auto-
mobile chassis system, and its performance directly 
affects the safety of car. The important component of 
the braking system is the brake drum. With the high 
speed and heavy load of the automobile, higher requi-
rements are put forward for the performance. Howe-
ver, due to the bad working environment, assembly 
and application of the brake, the brake drum is prone 
to cracks and abnormal wear in use, which can cause 
damage to the vehicle and death of personnel. Thus, it 
is of great significance to design and optimize the 
structure of brake drum [1-3].  

A lot of researches on the modal analysis of the 
drum brake have been conducted [4, 5], and various 
methods and results have also been presented re-
cently. Li Han-wu used the finite element method to 
compute the brake drum of an automobile drum brake 
[6]. By modifying the structural parameters and mate-
rial parameters of the brake drum, the natural freque-
ncy range of various parts can be staggered and the 
vibration noise can be reduced. Taking DongFeng TD 
485 drum brake as the research object, Li Nai-bin ana-
lysed the force of drum brake [7]. Three dimensional 
models of main components of the drum brake, such 
as brake drum, brake shoe and friction plate are esta-
blished. The nonlinear analysis of friction contact of 

drum brake is carried out by ANSYS. The equivalent 
stress distribution and deformation of drum brake 
with small angular displacement are researched, which 
provides a reliable basis for the improvement design 
of the brake. Aiming at the vibration problem of brake 
drum during braking, the finite element method is 
proposed to optimize the brake drum. Through modal 
analysis of the brake drum, the natural frequency and 
vibration mode are obtained, and the resonance risk 
and design hidden trouble are carried out. On this 
basis, the structure optimization is carried out [8]. Xi 
Chuanpeng uses virtual prototype technology to study 
a brake. The virtual prototype model of brake is simu-
lated by ADAMS software. Meanwhile, the finite ele-
ment software ANSYS is used to analyse the surface 
stress of each friction plate. The influence of friction 
coefficient on the amplitude and frequency band of 
the brake was obtained [9]. In order to solve the squeal 
problem of disc brake and drum brake, Ibrahim 
Ahmed proposed a research method of brake squeal 
based on finite element method [10]. The natural 
frequency and mode shape of the brake are studied by 
the finite element method. Meanwhile, the squeal can 
be reduced by reducing the friction coefficient of the 
brake lining. 

At present, most of the static and modal analysis 
of brake drums uses finite element methods, and there 
are few studies on the structural optimization of brake 
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drums. Since the brake drum is an important part of 
the drum brake and, it is necessary to optimize the 
structure of the brake drum to ensure the driving 
safety. 

Taking a brake drum as the research object, the 
modal analysis and optimization design are carried out 
by using the finite element method. In order to im-
prove the dynamic characteristics of the brake drum, 
the central composite design experimental method is 
carried out. Moreover, on the basis of the experimen-
tal design, the sensitivity analysis of the design para-
meters is carried out and the response surface model 
is established. The multi-objective optimization algo-
rithm is used to optimize the response surface model. 
Combined with the brake drum manufacturing pro-
cess, the best optimization scheme is determined. 

 Material and Methods 

2.1 Structure of brake drum 

Automobile braking system has three main functi-
ons [11]. The first is to slow down or stop a moving 
car. The second is to keep the speed of cars going 
downhill stably. The third is to keep a stopped car still. 
The brake is a part of the braking system that is used 
to produce the force to hinder the car. The braking 
torque of the brake used in automobile comes from 
the friction between the working surface of the fixed 
parts and rotating parts. Friction brake is divided into 
disc brake and drum brake [12]. Drum brake is mainly 
composed of brake drum, brake plate, brake shoe (le-
ading shoe and trailing shoe), brake wheel cylinder and 
return springs. 

The physical picture of brake drum is shown in Fi-
gure 1. 

 
Fig. 1 Physical picture of brake drum 

 
The three-dimensional model of brake drum is es-

tablished by SolidWorks. Figure 2 shows the three-di-
mensional model of the brake drum. 

 

Fig. 2 Three-dimensional model of brake drum 
 
Gray cast iron is commonly used as the material of 

brake drum, which has good tensile strength, abrasion 
resistance and damping. In this paper, the gray cast 
iron used for brake drum is HT250, and its density is 
7800kg/m3, elasticity modulus is 2.10e+11 Pa and Po-
isson ratio is 0.27. 

2.2 Modal analysis of brake drum 

When the brake drum is meshed, the tetrahedron 
is used to generate meshes quickly and automatically. 
The tetrahedral mesh has the characteristic of equidi-
rectional refinement. The size of the grid element is 
6mm, the number of divided grid nodes is 331110, and 
the number of grid elements is 194761. Figure 3shows 
the finite element model of the brake drum. 

 

Fig. 3 Finite element model of brake drum 
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Modal analysis is mainly used to determine the 
structural vibration characteristics [13]. It is the most 
basic and important type of structural dynamic analy-
sis. It is usually used to solve the natural frequencies 
and modal vibration shapes of structures. Natural 
frequency and modal shape are one of the important 
parameters in the design of structures with dynamic 
loads. Modal analysis is the basic type of dynamic 
frequency domain analysis. Through the modal analy-
sis of structure, resonance can be avoided in the 
structural design. ANSYS based modal analysis 
belongs to linear analysis, and there are seven modal 
analysis methods in ANSYS. They are Block Lanczos 
method, subspace, PCG Lanczos, super node, un-
symmetric, damped and QR damped method. Modal 
analysis is carried out in ANSYS, including modelling, 
loading and solving, expanding modal, observing ana-
lysis results and post-processing. The dynamic analysis 
formula is shown in equation (1). 

 [ ]{ } [ ]{ } [ ]{ } ( ){ }M x C x K x F t+ + =} [ ]{ } [ ]} [ ]{ } [ ]{x C x K x} [ ]{ } [ ]{C x K xC[ ]{ } [ ]{   (1) 

Here,[M] is the mass matrix;[C] is the damping 
matrix, and[K] is the stiffness matrix or coefficient 
matrix. When calculating the mechanical properties of 
finite element body, the stiffness matrix is a very im-
portant coefficient matrix that connects the force and 
deformation.{x} represents the displacement vector. 
And {F (t)} represents the force vector. 

In undamped modal analysis, equation (1) does not 
consider the effect of damping, and then equation (1) 
degenerates to equation (2). 

 [ ]{ } [ ]{ } 0M x K x+ =} [ ]x K} [ ]K[ ]   (2) 

For the linear system, the form of the free vibra-
tion displacement solution is equation (3).

 { } { }cosi ix tw= F
  

(3) 

iw represents the ith order natural vibration freque-

ncy.{ }iF represents the eigenvector of the ith order 

mode shape. 
The vibration characteristic equation of the 

structure is obtained as equation (4). 

 [ ] [ ]( ){ }2 0i iK Mw- F =   (4) 

There are several reasons for modal analysis of 
drum brake. Through modal analysis, the drum brake 
can avoid resonance, reduce noise and be safe and re-
liable. The deformation of the drum brake will aggra-
vate the vibration of various parts of the car, accelerate 
the damage of these components, and shorten its 
effective working time. Brake drum is mounted on the 
connecting flange of the wheel hub by ten bolts. They 
are set as fixed supports. After setting the constraint 
conditions for brake drum, modal analysis can be 
carried out by using ANSYS. The analysis results show 
the distribution of vibration intensity and the weak 
area of brake drum. It provides the fundamental basis 
for the optimization design of brake drum. The first 
to six natural frequencies and the mode vibration sha-
pes are computed by ANSYS. Table 1 shows the re-
sults of the first to sixth natural frequencies and mode 
vibrations of the brake drum. 

Tab. 1 The first to sixth natural frequencies and mode vibrations of the brake drum 

Order Natural Frequency/Hz Mode vibration shape descriptions 

1 446.67 
The brake drum is elliptical in the XY plane and has 
four maximum deformations. 

2 665.92 
The brake drum is round in the XY plane and has two 
maximum deformations. 

3 894.79 
The brake drum is triangular in the XY plane and has 
six maximum deformations 

4 1217 The brake drum moves back and forth along Z axis. 

5 1639 
The brake drum is quadrilateral in the XY plane and 
has eight maximum deformations. 

6 1898 The brake drum moves back and forth along Z axis. 

 
The first to the third mode vibration shapes of the 

brake drum are shown in Figure 4.Based on the calcu-
lation results, the first natural frequency of brake drum 
is more than446.67 Hz. The lower natural frequencies 

of the brake drum are mainly concentrated in 500Hz -
1000 Hz, and the analyzed frequency is also within this 
range. Therefore, it needs to avoid these lower natural 
frequencies by optimization design. 
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a) The first mode vibration 

 
b)The second mode vibration 

 
c) The third mode vibration 

Fig. 4 The first to third mode vibration shape of brake drum 

2.3 Optimization design of drum brake 

The optimization design method is based on 
mathematical programming solution and the response 
surface model is established to optimize the dimensi-
ons of the brake drum. The specific optimization steps 

and procedures are summarized as follows. 
Response surface methodology integrates the 

theoretical knowledge of mathematics and statistics. It 
uses reasonable experimental design methods and ob-
tained corresponding data through experiments, and 
uses multiple quadratic regression method to simulate 
and calculate the relationship between design variables 
and output response [14].Response surface design inc-
ludes experimental design, response surface model bu-
ilding, model adaptability checking, optimal combina-
tion scheme searching and more. The corresponding 
secondary response surface model is used to draw 
three-dimensional response surface and two-dimensi-
onal contour line, which can quickly obtain the corre-
sponding response values under different elements. 
Furthermore, more and more prediction models are 
established for response surface design methods and 
good results are obtained. 

The quadratic polynomial response surface model 
with n design variables is expressed as equation (5). 

1
2

0

1 2 1 1

n n i n

i i ij i j ii i

i i j i

y x x x xb b b b
-

= = = =

= + + +å åå å  (5) 

In equation(5), y is the output response value;b0, bi, 

bij and bii are undetermined polynomial coefficients; 

b0 is the constant; bi is the linear effect of design vari-

able xi.;bij is the linear interaction effect between de-

sign variable xi and xj; bii is the quadratic effect of de-
sign variable xi; and n is the variable number of design. 

In general, the probability of quadratic response 
surface modelling is 93%, and there are too many de-
sign variables. Therefore, it is decided to adopt qua-
dratic response surface modelling and take all quadra-
tic terms, primary terms and the interaction between 
factors into consideration. 

Define design parameters of brake drum 

In the experimental design, the first thing is to set 
the range value of each size parameter, with reference 
to the provided parameter variation range. 

The central composite design is used for the expe-
rimental design, with three design parameter variables 
and fifteen sample points. Considering the working 
condition of brake drum, the three dimension parame-
tersd1, d2 and d3 are selected as the design parameters 
as shown in Figure 7. 

The initial value and variation range of design va-
riables of brake drum is shown in Table 2. The modal 
characteristics of the brake drum are analyzed under 
the initial design parameters, and the obtained first, se-
cond and third natural frequencies are defined as the 
output parameters, they arey1, y2 and y3. y0 was defined 
as the initial weight of the drum. Table 2 lists the de-
sign scheme and the final result of the experiment by 
using central composite design (CCD) method. 
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Fig. 7 Design parameters of brake drum 

Tab. 2 Initial value and variation range of design parameters 

Design para-
meters/mm 

Initial value / 
mm 

Variation range 
of parameters / 

mm 
d1 10 9~11 
d2 15 13.5~16.5 
d3 100 90~110 

 
Table 3 gives the design scheme and the final result 

of the experiment when the central composite test de-
sign method was used for the experiment design on 
the drum. 

Analysis of response surface methodology 

The sample points obtained in the experimental 
design are analyzed to some extent with input parame-
ters and output parameters, and the relationship 
between the input parameters and output parameters 
of the brake drum is expressed in figure form, namely 
the response surface analysis method [15].It can be 
seen from Figure 8 that when the input parameters are 
d1 and d2 respectively, the change of the input para-
meters will increase the value of the first natural 
frequency (y1) of the brakedrum. It can be concluded 
form Figure 9 that when the input parameters are d1 
and d2 respectively, the weight and the quality of the 
brake drum would change with the input parameters. 

Through the above analysis and combined with the 
results of DOE experiment design, a parallel graph of 
sample parameters between input parameters and out-
put parameters can be obtained, as shown in Figure 
10. The corresponding input and output results of 
each group of sample points are clearly given in Fi-
gure10.

Tab. 3 CCD design scheme and experimental results 

No. 
Factors/mm Weight/Kg 

First natural fre-
quency /Hz 

Second natural fre-
quency /Hz 

Third natural 
frequency/Hz 

d1 d2 d3 y0 y1 y2 y3 
1 9 15 100 27.8 457.6 684.6 929.9 
2 11 15 100 26.7 459.8 650.1 955.9 
3 10 13.5 100 28.9 456.7 718.7 904.0 
4 10 16.5 100 26.9 429.0 676.9 876.9 
5 10 15 90 28.7 488.0 694.0 982.4 
6 10 15 110 26.2 485.2 689.8 993.3 
7 9.1 13.7 91.8 29.4 435.1 682.7 880.7 
8 10.8 13.7 91.8 25.0 456.2 655.0 959.9 
9 9.18 16.2 91.8 26.6 453.5 709.9 916.2 
10 10.8 16.2 91.8 26.4 510.1 672.0 1051.6 
11 9.18 13.7 108.1 28.0 502.8 725.3 871.3 
12 10.8 13.7 108.1 27.4 417.8 647.8 829.3 
13 9.18 16.2 108.1 29.3 418.2 709.5 829.3 
14 10.8 16.2 108.1 28.8 463.9 659.9 952.9 
15 10 15 100 30.7 460.2 719.2 907.7 
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Fig. 8 Response surface curves of d1 and d2vs y1 

 

Fig. 9 Response surface curves of d1 and d2vsy0 

 

Fig. 10 Parallel graph of sample parameters 
 
After the response surface analysis of the input and 

output parameters of the sample points, the sensitivity 
histogram of the natural frequencies of the three input 
parameters can be obtained as shown in Figure 11. 

 

Fig. 11 Sensitivity analysis diagram of input parameters 
 
By analyzing the values of each input parameter, it 

can be concluded that the changes of input parameters 
d1, d2 and d3 have a certain impact on the weight and 
the natural frequency of brakedrum. Thus, a reasona-
ble size change of these dimensional parameters can 
change the effect of natural frequency of the brake 
drum. 

Comprehensively, the content of the structural size 
change of the brake drum must be appropriately de-
signed in accordance with the principle of lightweight, 
not to reduce the quality of parts to improve the dy-
namic performance of the structural strength, but to 
reduce and increase the quality of the brake drum to 
improve the dynamic performance [17]. Therefore, an 
appropriate modification of the drum size is most im-
portant. Based on the establishment of response sur-
face and sensitivity size analysis, the restraint setting 
and size optimization of the brakedrum structure can 
be performed. Taking the quality of the brake drum in 
the initial state as the constraint condition, at least 
make the optimized value of this variable equal to or 
less than the initial value [18]. 

 Results 

After fitting the response surface model, multi-ob-
jective optimization can be achieved by using MOGA 
(multi-objective genetic algorithm) in ANSYS 
Workbench [16]. MOGA is an algorithm based on 
NSGA-II (Non-dominated Sorting Genetic Algo-
rithms II). It can be quickly optimized in a large space 
of design variables. It is suitable for calculating the glo-
bal maximum or minimum value and can avoid the 
trap of local optimum. It can find the non-dominated 
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solution through fast sorting, retaining the elite popu-
lation and maintaining the diversity of the population.
In this paper, MOGA algorithm is used to optimize 
the design parameters of the drum. The weight of bra-
kedrum in the initial design state is set as a constraint 
condition, so that the optimized weight is not higher 
than the initial value. To maximize the first, second 
and third natural frequency, a series of Pareto optimal 
solutions are obtained through multi-objective genetic 
algorithm. In Figure 12, feasible points represent the 
feasible solutions. 

The samples given in Figure 12 are all reasonable 
optimization solutions, which can be selected accor-
ding to different requirements of output parameters. 
Five sets of local optimization solutions are given in 

Table 4. 

 

Fig. 12 The graph of Pareto set.

Tab. 4 Locally optimization solution 

 Optimal set 1 Optimal set 2 Optimal set 3 Optimal set 4 Optimal set 5 

d1 /mm 10.79 10.93 10.83 9.72 9.91 

d2 /mm 16.26 16.17 16.06 16.1 16.38 

d3 /mm 91.49 93.35 97.58 91.08 92.99 

y0/ Kg 28.03 28.42 28.96 26.86 27.45 

y1 /Hz 505.04 497.10 483.19 509.93 507.19 

y2 /Hz 725.32 726.96 721.59 689.84 695.70 

y3 /Hz 1008.66 989.11 959.63 1040.52 1027.42 

 Discussion 

The sample points given in Table 3 are all reasona-
ble optimization solutions. According to different 
requirements of the output parameters, the resear-

chers can choose among them. After analysis, the se-
cond set of sample parameters are selected as the op-
timization results and the manufacturing process 
requirements are considered comprehensively. The re-
sults of rounding the set of data are shown in Table 5. 

Tab. 5 Design parameters comparison before and after optimization 

Design parameters /mm Before optimization/ mm After optimization / mm After rounding / mm 
d1 10 10.79 11 
d2 15 16.26 16 
d3 100 91.49 92 

 
After comprehensive analysis, the fifth solution is 

finally selected as the optimal solution. After opti-
mization, there is no significant change in the weight 
of brake drum, but its first, second and third natural 
frequencies are improved by 13.07 %, 8.92 % and 
12.73 %respectively, which can achieve the purpose of 
optimization. 

 Conclusions 

Through the finite element modal calculation of 
brake drum, the natural frequencies and vibration 
mode can be obtained. On the basis of modal analysis 
and the design of experimental, the main design para-
meters of brake drum are optimized. Thus, the 
following conclusions can be obtained. 

Based on the three-dimensional solid model cre-
ated by SolidWorks and imported into ANSYS soft-
ware, the finite element model is obtained, which has 

high modelling efficiency and saves a lot of modelling 
time. On the basis of modal analysis, three important 
dimensions of brake drum are defined as input para-
meters, and the weight, the first, second and third na-
tural frequencies are defined as the output parameters. 
The response surface model between the input and 
output parameters is established according to the de-
sign of experiment. The input parameters are optimi-
zed by multi-objective genetic algorithm and five Pare 
solutions is obtained. The fifth solution is chosen as 
the optimal solution based on the production tech-
nique. The weight of brake drum does not change ob-
viously after optimization, but the first, second and 
third natural frequencies are increased by 13.07 %, 
8.92 % and12.73 %respectively, which provides a new 
idea for the design and optimization of the brake 
drum. 
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