ISSN 1330-3651 (Print), ISSN 1848-6339 (Online) https://doi.org/10.17559/TV-20231221001225

Original scientific paper

Fuzzy Multi-Objective Structural Optimization Design of Reducer Housing for Oil Tea
Fruit Shelling Machine

Di KANG, Longsheng CHEN, Shaofeng PENG, Wanyuan LI, Delin WU, Yang HAI, Chengji MI*

Abstract: In order to reduce the weight of the reducer housing and improve the structural performance of the housing, a fatigue-resistant lightweight design method in
consideration of multi-source uncertainties was proposed. The numerical transient response analysis was utilized to analyze the dynamic characteristics of the cast iron
reducer housing, and the simulation results were in good agreement with the experimental data. The stiffness fuzzy multi-objective topology optimization function was
constructed with three static conditions and third-order dynamic frequencies based on the fuzzy variable weight coefficients, the fuzzy multi-objective topology optimization
design was carried out on the reducer housing to obtain the new reducer housing. Then, the anti-fatigue and lightweight co-optimization design of the rebuilt reducer housing
considering multi-sources uncertainties was performed. The optimized results showed that the weight was reduced by 13.2% while under the premise of ensuring the fatigue

life.
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1 INTRODUCTION

As one of the important load-bearing components of
the reducer, the reducer housing must meet the strength and
stiffness requirements. The redundant design is utilized to
meet the performance requirements of the traditional
design method [1]. Topology optimization, based on
mathematical models and optimization algorithms, is used
to search for the best topology within a given design
domain [2]. Some researchers have carried out some work
to optimize reducer. A single objective optimization model
of the reducer is established, which includes six design
variables and takes the minimum mass of the reducer as the
objective function [3]. A method for optimizing the motor
is presented, with the objectives of minimizing its weight
and maximizing its efficiency [4], while the above studies
mainly focus on the deterministic design optimization
(DDO) of the reducer. However, they ignore the fact that
the design parameters may be affected by uncertainties
such as manufacturing deviations, assembly errors,
changes in workloads, etc. The feasibility and reliability of
the optimization results are difficult to ensure.

Many researchers have considered uncertainty in
structural optimization. A fuzzy satisfaction variable
weighting coefficients are constructed to dynamically
assign each single objective weighting coefficient for
topology optimization of the pallet [5]. A multi-objective
reliability optimization method for door design is proposed
using a probabilistic model [6]. A reliability-based design
optimization method is proposed to enhance the crash
worthiness of foam-filled asphalt conical structures by
considering the uncertainties of design variables and noise
factors [7]. An application of fuzzy set theory and
sequential multilevel approach is utilized for
multi-objective topology optimization problems of
continuum structures [8]. A fuzzy set model-based
multi-objective  topology optimization method for
reliability is proposed, which considers the uncertainties of
the structural parameters [9]. All these optimization
methods for uncertainty are based on probabilistic models.
Unfortunately, a large amount of uncertainty information
is needed to construct the exact probability distribution of
the uncertain values, which is very expensive.

The biggest advantage of interval analysis compared
to probabilistic and fuzzy analysis in uncertainty problems
is that it requires fewer samples and is simpler to express
uncertain information. A method for multi-objective
design, based on the satisfaction function, is proposed to
solve the problem of multi-objective optimal design for a
rotating guard rail with uncertain sectional parameters
[10]. An interval robust optimization method is proposed
using uncertainty structures as the object of study [11]. An
interval uncertainty optimization model considering
robustness is developed using the interval order method
and the interval probability degree method [12]. An
equivalent deterministic approach is proposed for design
optimization models based on interval uncertainty [13].

In this paper, the dynamic characteristics of the reducer
housing are investigated by finite element simulation and
compared with the experimental results. Then, a multi-
objective topology optimization function is constructed by
introducing variable weight coefficients based on fuzzy
theory, and new housing is obtained by fuzzy
multi-objective topology optimization design of the
reducer housing. Finally, considering the multi-source
uncertainty, the modified reducer housing is designed with
anti-fatigue and lightweight co-optimization.

2 METHODS AND EXPERIMENTAL
2.1 Boundary Conditions

The dynamic excitation force is applied to the reducer
housing through the bearing bore. The reducer housing is
subjected to the distributed radial reaction force Fr at the
bearing hole position [14] as shown in Fig. 1.

The bearing bore is subjected to both a combined radial
force Fr and an axial force F,. The expression for the
combined radial force F is given below:

F; :VFriZJrFtiZ )]

where F; denotes the radial combined force on the bearing
bore for i-th. F,; shows the radial force on the i-th bearing
hole, and F; indicates the circumferential force on the i-th
bearing hole.
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Figure 1 Diagram of radial resultant force distribution in the bearing bore

Table 1 Force at shaft support under positive rotation condition

Components Force /N Components Force /N
Fn 79,75 Fy 30,57
Fp 79,75 Fp 30,57
Fp 79,75 Fs 219,1
Fy 79,75 Fu 219,1

When the reducer works normally at the rated speed of
1455 r/min, the force at each shaft support position is
shown in Tab. 1. Among them, F;; and F» are the forces at
the input shaft support position, and Fi3 and Fi are the
forces at the output shaft support position. Then the
distributed pressure g(8) could be considered as [15]:

3

q(@)zS—Rcos(—Qj

2
2 2)
where Fy is the radial force on the bearing bore, R is the
radius of the bearing bore, L is the width of the bearing

bore, @ is the angle, and the specific angle B is equal to
120°.

2.2 Finite Element Model

In order to study and optimize the static and dynamic
characteristics of the reducer housing the SolidWorks [16]
model file can be directly imported into the HyperMesh
software [17]. The chamfers and technology holes in the
real structure are simplified, as shown in Fig. 2.

Design Domain up
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input shaft
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Figure 2 Reducer 3D geometrical model

The overall size of the mesh was controlled within 6
mm to ensure the accuracy and computational efficiency of
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the model. Finally, the model consists of 57082 hexahedral
cells and 72820 nodes, as shown in Fig. 3. The material of
the reducer housing is selected as HT200.

Figure 3 Reducer finite element model

2.3 Dynamic Response Tests

In order to analyze the dynamic characteristics of
reducer housing, the test bench is established as shown in
Fig. 4. The accelerometer used in this experiment is a
small,  high-range,  high-frequency  piezoelectric
EGAXT-50-C20104 accelerometer with a sensitivity of
approximately 2.439 mV/g, which is used to collect the
vibration acceleration response at critical points of the
reducer housing, as shown in Fig. 5. The Kenkyujo data
collector, a small multi-channel data acquisition instrument
that can simultaneously measure a combination of sensors
with a sampling frequency of up to 100 kHz, was used for
testing conditions at a rated motor speed of 1455 r/min and
an input torque of 50Nm. The acceleration sensor was
tested with a sampling frequency of 100 Hz for 10 seconds.
The test results were obtained by collecting the vibration
response of the test points, as shown in Fig. 6.

Figure 5 Acceleration measuring positions of reducer; (a) Input shaft
measurement point position; (b) Output shaft measurement point position

6
Time/s
Figure 6 Acceleration history at two measurement points; (a) Input shaft position; (b) Output shaft position
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2.4 Transient Response Simulation

In the dynamic frequency simulation, the measured
acceleration time signal is used as the transient excitation
of the input shaft position of the reducer, and the simulation
parameters are consistent with the test parameters. The
acceleration sensor is placed at the output shaft position to
obtain the acceleration time signal at the output shaft
position, as shown in Fig. 7.

1511

Acceleration/g

Time/s

Figure 7 Transient acceleration at output shaft

Finally, the acceleration time signal in the time domain
is converted to the acceleration power spectral density in
the frequency domain, and the results are shown in Fig. 8.
The first six orders of the intrinsic frequency data between
the experimental data and the simulation results are
obtained with a good agreement. The results are
represented in Tab. 2.
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Figure 8 Comparison of experimental and simulated acceleration power spectral
density at the output shaft of reducer; (a) Tested data; (b) Simulated results

0

Table 2 Comparison of dynamic frequency experimental data and finite element

single or multiple loads. This optimization approach is
expressed in optimal design as a "minimum flexibility
(maximum stiffness)" design. There are three main types
of structural topology optimization methods: the
Homogenization method, the ESO method, and the
Variable Density Method. In this paper, the variable
density method is adopted, and its mathematical model is
briefly described below. Structural topology optimization
is to detect a sub-region Q,. (concerning the material
region) of a given volume V within a design region Q and
make the optimization objective function & corresponding
to this design region obtain an extreme value. Vx € Q Itis
assumed that the density function of the material is
expressed as [18].

()= 0, (x € Qm’”) G)
1, (x c .Q/Q’”‘”)

So the mathematical model for topology optimization
can be represented as:

min ¢(p) (4)
P
s.t. j pdQ<V ®)
2
p(x)=00rl(Vxe Q) (6)

Using the finite element ideology, the design domain
of the structure Q is divided into n cells, while the
corresponding density function p is approximated as ann-
dimensional vector X = (X1, X2, ..., Xu), where X; is the
density value corresponding to each cell i. The design
domain of the structure is discretized into cells. Then the
optimization model is transformed into an integer
mathematical optimization model represented by 0 and 1:

min () a)

st. V(x)= ipl—vi <V ®)
i=1

p; =0orl i=(1, 2,3, .., n) 9)

?22 5122 Simulated data limited to the integer type Mathematical models are
Ist order 330 321 computationally difficult to solve. The problem is solved
2nd order 11,30 11,25 by making the variables continuous, transforming the 0 and
3rd order 16,81 16,77 1 integer variable optimization problem into a continuous
4th order 20,99 20,68 ; migati ; : .
<th order B19 319 variable optimization model in the interval [0, 1]:
6th order 40,47 39,85
mXin $(X) (10)
3 RESULTS AND DISCUSSION
3.1 Theory of Optimal Design of Structural Topology " -
st. V(x)=Y pv <V (11)
Structural topology optimization is the search for the i=1
best material distribution solution for objects subjected to
Tehnicki viesnik 32, 3(2025), 923-931 925
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0<6<p <1l i=(1,23, ..,n) (12)

In the above Eq. (12), J takes an extremely small
positive number for example (10™#) to avoid singularities
in the stiffness matrix. When the model after continuous
variation of the above variables is a pathological problem,
the optimized solution exhibits intermediate density values
with checkerboard phenomenon and numerical instability.
The above problems can be solved effectively by using
checkerboard control measures and intermediate density
penalty models. The commonly used density interpolation
models are the SIMP model and RAMP model, and the
SIMP material model is used in this paper. Its elastic
modulus and density can be denoted as:

Eyy (x)=p(x)" Eju (13)
st Ip(x)dQSV (14)
)

where V' is the allowable amount of material; the penalty
factor, based on engineering experience p=3 is

optimized to be closer to the black-white form; the density
function of the material 0< p(x)<1; and the design

variable x € Q .
3.2 Fuzzy Variable Weight Coefficient Method

In this paper, the objective function optimization result
ambiguity is characterized by the introduction of the
affiliation function and combined with the weighting
coefficients in multi-objective  optimization. The
mathematical expression is [19].

ﬂ'i:”/l(x):
: . < min
1 e (15)
) /;.n“n ﬁ f;max
fimm_f,-max
0 (fi(x)zfimax)
(i=1,2,...,n)

Among them, ai, a» is a setting parameter used to
regulate the trend of the affiliation function. a; takes the

value of 2, a, takes the value of 4, £™ and f™* are the

optimal value and the worst value of the single-objective,
which corresponds to the minimum and maximum values
of the strain energy in the single-objective stiffness
topology optimization and the minimum and maximum
values of the natural frequency in the single-objective
intrinsic frequency optimization.

In the multi-objective topology optimization of speed
reducer, there is ambiguity between single objectives of
multiple working conditions and the weight coefficients of
sub-objectives are dynamically assigned by the fuzzy
variable weight coefficient method. The mathematical

expressions of fuzzy variable weight coefficients w; and w;
are [19, 20]:

W= tTH (16)

wy = an
Z}(l_’l/)
=

3.3 Fuzzy Multi-Objective Topology Optimization
Mathematical Function

According to the compromise planning method, the
static stiffness under three working conditions of the
reducer housing and the first three orders of the inherent
frequency of the reducer are taken as the optimization
objective. The volume fraction and fatigue stress are taken
as the constraints, so as to establish the static-dynamic
multi-objective topological optimization mathematical
model of the reducer housing as shown in the following
equations:

2 >
n Ci P _Cimm
az {Wi C_r(nax)_ C‘min *

(18)
N

Jj=1 ‘///‘max - l///'min

where is the total number of loading conditions, w; is the
weight factor of the i-th condition, Ci(p) is the strain energy

objective function of the i-th condition, C;"™ and C,"" are
the maximum and minimum values of the strain energy of
the i-th condition. y(p) is the j-th order intrinsic frequency

objective function, ¥, and ¥, are the maximum and

minimum values of the j-th order frequency optimization
of the reducer under the free vibration condition; a is the
weight of the strain energy objective in the multi-objective
optimization, 1—a is the weight of the intrinsic frequency
objective in the multi-objective optimization, and in this
paper, a is taken as 0,5.

3.4 Topology Optimization Parameter Settings

The process of optimal design is to find the design
variables that satisfy the constraint function to make the
objective function optimal, therefore, the elements need to
be determined. The density of each unit in the blue area of
the design domain shown in Fig. 3 is used as the design
variable; the upper limit of the constraint of the volume
ratio is set to 0,4 as the constraint function; and the
maximum stiffness of the forward, reverse and start-up
conditions and the maximum frequency of the first three
orders are used as the objective function.

In addition, topology optimization-related parameters
also have a greater impact on the optimization results in the
optimization process. Some important parameters are set as
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follows: DESMAX means that the maximum number of
optimization iterations is set to 80; the discretization
parameter is set as DISCRETE 3.0; the CHECKER tab of
the checkerboard control parameter is set to 1. In addition,
to meet the demand of manufacturing, the left-right face
symmetry constraint and the left-right face extraction
constraint can be added to make the result easier to
manufacture.

3.5 Topology Optimization Results

After setting the optimization parameters, the final
fuzzy multi-objective topology optimization structure of
the reducer housing is obtained after 71 iterations, as
shown in Fig. 9, which is submitted to OptiStruct for
calculation. A "herringbone" reinforcement structure is
present on the front side of the reducer housing, with
transverse reinforcements on the left, right, and rear sides,
which are symmetrically distributed due to symmetrical
constraints. This structure improves the housing stiffness
and inherent frequency and reduces the stress level at the
connection between the housing and the bottom mounting
position. Detailed information is shown in Tab. 3. The
maximum deformation under each working condition was
reduced by 28.6%, —4.5%, and 14.1%, and the third-order
frequency under the constrained modes was increased by
13.2%, 11.3%, and 33.1%, respectively. According to the
optimized geometry, the modified reducer housing is
shown in Fig. 10. The optimized reducer housing structure
can be used as a reference basis for further lightweight
design of the reducer housing.
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Figure 9 Fuzzy multi-objectives topology optimization structure of reducer
housing

Figure 10 Structure diagram of the new reducer housing

Table 3 Comparison of initial and optimized reducer housing

Initial Optimized Variation

Dfax / ¥10™*mm 9,774 6,979 —28,60%
Drpay / X10* mm 7,034 7,354 4,50%

DSimax / x10* mm 11,271 9,679 —14,10%
Fri/Hz 262,2 302,1 13,20%
Fri/Hz 561 632,5 11,30%
Fri/Hz 591,3 883,4 33,10%

4  ANTI-FATIGUE AND LIGHTWEIGHT CO-OPTIMIZATION
DESIGN
4.1 Optimization Method

In general, the material properties of reducer housing
in the manufacturing period are uncertain because of
process inconsistency, as well as geometrical structure
size. In order to fully take uncertain factors into account,
the interval multi-objectives optimization function could
be described as [21, 22].

min f;(X, U)
st g (X, U)<b! =[5, b}]
i=1,2,..,5XeQ" (19)
veu' =[ut, ut] v, eu! =[U}, UF ]
i=12,..,q

where f,(X,U) and g /(X,U) denote the objective

function and the constraint function, respectively; X is an
n-dimensional design variable with the value range Q"; U
is a g-dimensional uncertainty variable, and its uncertainty
is described by a g-dimensional interval vector U7, where
L and R are the lower and upper bounds of the interval; b;
denotes the permissible interval for the i-th uncertainty
constraint, which is a continuous function of U within the
interval.

Then, the interval uncertain optimization function can
be transformed into an interval certain optimization
function, and is rewritten as [21-24]:

min(f*(X), /" (X))
e () = i (X U) + max(f (X, V) 20)
2
v yy = ax(f (X, U)) —min(f(X,U))
JH(X)= 3

where f(X) and f*(X) is the interval midpoint value and
radius value of the objective function. Further, the interval
multi-objectives poetization function could be transformed
into an interval single-objective optimization function, and
is rewritten as [21-24]:

min f(X) = af*(X)+(1-a) f"(X) 2D

where a is weight coefficient within 0 < a < 1, and is
considered as 0,5 in this paper.

4.2 Determination of Optimization Function

In order to conduct the anti-fatigue and lightweight co-
optimization design, the weight and minimum fatigue life
of topology-optimized reducer housing are considered as
the optimization objectives. The width and thickness of
four reinforcing ribs are treated as design variables. The
modulus of elasticity, Poisson's ratio, and density are taken
as the uncertain factors. Then, the optimization function
can be described as [25]:
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max N(x,,x,,x;,X,)
min W (x,,x,,x;,X,) (22)
stxie Xi,i=1,2,3,4

where N(x,,x,,x;,x,) and W(x,,x,,x;,x,) are fatigue life
optimization objective and weight optimization objective,
respectively. xi, x, x3 and x4 are the thickness of the
cross-beam in the upper-end cover, the width of the
cross-beam in the upper-end cover, the width of the
longitudinal stiffening rib in the upper-end cover, and the
width of the cross-beam in the lower-end cover.

Based on the Latin hypercube sampling method, five
sets of uncertain variables are listed in Tab. 4.

Table 4 Sample data of uncertainty quantity

E/GPa u p /103 Kg/m®
No.1 107 0,26 7,2
No.2 110 0,25 7,7
No.3 114 0,29 7,1
No.4 115 0,27 7,1
No.5 119 0,28 7,7

The 20 sets of design variables are shown in Tab. 5,
and the corresponding fatigue life response values and
weight response values are shown in Fig. 6. By 5 groups of
uncertainty variables with 20 groups of design variable
samples, 100 groups of sample values are obtained. These
100 sets of data are used to operate the finite element
model, and the corresponding fatigue life response and
weight response values of the reducer housing can be
derived.

Table 5 Design variables data

No. x; / mm X, / mm X3/ mm X4/ mm
1 2,0 3,9 13,0 5,2
2 2,2 5,2 13,6 2,6
3 2.4 5,0 11,7 3,7
4 2,6 3,1 11,1 2,2
5 2,8 54 8,5 4,1
6 3,1 6,0 15,5 2.4
7 3,3 3,7 14,8 5,0
8 3,5 4,5 10,4 4,5
9 3,7 3,5 17,4 33
10 3,9 5,6 6,0 3,9
11 4,1 2,4 7,3 3,5
12 4,3 4,3 9,2 5,6
13 4,5 4,1 12,3 5,8
14 4,7 5,8 16,7 4,3
15 5,0 33 6,6 2,0
16 5,2 2,2 14,2 4,7
17 5,4 2,6 16,1 5,4
18 5,6 4,7 9,8 2,8
19 5,8 2,0 18,0 3,1
20 6,0 2,8 7,9 6,0

Concerning Eq. (20) and Eq. (21), combined with the
data in Tab. 5, the uncertainty problem is transformed into
a deterministic problem solving, and the corresponding
optimization objective function of fatigue life and weight
of the reducer housing is established, whose mathematical
expression is shown in Eq. (23) and Eq. (24) [21-24].

max N(X)=aN‘(X)+(-a)N"(X)

NE(X) = min(N(X,U))-;max(N(X,U)) (23)
N*(X) = max(N(X,U))—-min(N(X,U))
2
minW(X)=aW(X)+(1-a)W"(X) 24
We(X) = min(W(X,U))-;max(W(X,U)) ( )
W (X) = max(W (X,U)) ; min(W(X,U))
Table 6 Response values
No. | Nfmin/*107cycle | Nfma/%107cycle Wain! kg Wna! kg

1 1,3 1,6 43,8 44,9

2 1,6 2,0 42,8 44,9

3 1,6 1,9 42,8 44,9

4 1,2 1,5 42,6 44,7

5 1,7 2,1 43,0 45,1

6 2,0 2,5 43,0 45,1

7 1,3 1,6 43,0 45,1

8 1,5 1,8 43,0 45,1

9 1,3 1,6 42,9 45,0

10 1,8 2,3 43,1 45,2

11 1,2 1,4 42,8 44,9

12 1,5 1,8 43,2 453

13 1,4 1,8 43,2 453

14 2,0 2,5 43,3 45,5

15 1,3 1,6 42,9 45,0

16 1,2 1,5 43,1 452
17 1,2 1,6 43,2 453

18 1,6 2,0 43,2 453

19 1,2 1,5 43,0 45,2
20 1,3 1,6 433 454

Then the approximate model of the design variables
and the two optimization objective functions max N(x) and
min W(x) is established by the second-order response
surface method with the following mathematical
expressions:

N(x)=1,05-3,6x107-x,-1,77x107" - x, —
-1,32x107 - Xy -1,3x107* X, +3,6x107 -
X7 +3,59x107 x> +4,29x107 - x” +
+3,57x107 -x,” +5,91x107 - x, - x, +1,55x
x107™* - x, - x, —4,26x10™ - x, - x, +8,9x
x107™ - x, - x, =3,13x107 - x, - x, +2,147*-

Xy X,

(25)

W(x)=21,9-%—6,41><10’2 -X, +2,38x1072 X, +
+1,92x107 - x; +2,96x107 - x, —8,34x10™* -
X7 +2,28x107 - x,” +1,28x107" - x;7 +3,3x
x107 - x,” +3,92x107 - x, - x, +2,98x107* -

X 2, —1,64x107 - x, - x, —2,36x107 - x, -

X, —2,4%x107 - x, - x, — 4,62x107 - x; - x,

(26)

where N(x) is the fitted fatigue life objective function
response value of the reducer housing; W(x) is the fitted
weight objective function response value of the reducer
housing, and x, x2, x3, x4 is described in the previous
section.

In Fig. 11, the main effect relationship between the
design variables and the fatigue life objective function
response of the reducer housing is demonstrated. Based on
the results presented in the figure, all four variables (x, x»,
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X3, x4) have a positive effect on the value of the fatigue life
objective function response of the reducer housing. In
particular, the slope of the contribution factor increases
gradually and has the highest impact.

In Fig. 12, the main effect relationship between the
design variables and the reducer case weight objective
function response is demonstrated. The four variables (x1,
X2, X3, x4) also have a positive effect on the value of the
reducer case weight objective function response. Among
them, the contribution factor of x; has the highest impact.
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Figure 11 Main effect diagram of design variables and fatigue life objective of

reducer housing
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Figure 12 Main effect diagram of design variables and reducer housing weight
objective
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Fig. 13 shows the relationship between some of the
design variables and the fatigue life objective function
response values of the reducer housing. There is a clear
non-linear relationship between the design variables xi, x3
and the fatigue life objective function response value of the
reducer housing. Especially for the variables x; and x3, their
effects on the fatigue life objective function response
values are more significant than the other variables. In
addition, the effect of the variable x; on the fatigue life
objective response value is significantly greater than that
of the variable xs.
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Figure 15 Accuracy validation of approximate model; (a) Fatigue life midpoint value; (b) Fatigue life radius value; (c) Weight midpoint value; (d) Weight radius value

Similarly, a similar non-linear relationship can be
observed based on the relationship between some of the
design variables and the response values of the reducer
case weight objective function presented in Fig. 14. Among

them, the effects of x; and x, on the reducer case weight
objective function are more significant. The variable x; has
a greater effect on the reducer case weight objective
response value than the variable x,.
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To wverify the accuracy of the established
approximation model, ten sample points within the total
design variable space that were not sampled by the Latin
hypercube sampling were selected and substituted into the
finite element model for analysis and the approximation
model for prediction, respectively, and the data of the two
were compared, and the results of the validation are
displayed in Fig. 15.

4.3 Results of Interval Multi-Objectives Optimization

In this paper, a Non-dominated Sorting Genetic
Algorithm with Elite Strategy (NSGA-II) is used for
optimal design. Using insight software, the number of
populations is set to 20, the number of iterations is 100, and
the weights of the two objective functions of fatigue life
and the weight of the reducer housing are both set to 0,5.
Then, the optimal result is obtained, as listed in Tab. 7.

Table 7 Design variables and maximum and minimum optimized objective
response values

Initial | Optimized | Variation
X1/ mm 4,0 2,0 -2,0
X, / mm 4,0 6,0 1,2
X3 /mm 12,0 6,0 —6,0
X4 /mm 4,0 2,0 -2,0
Fatigue life / x 107 cycle 1,13 1,44 0,31
Weight / kg 49,46 42,92 —6,54

As we can see from Tab. 7, except for x, , the design
variables x1, x3, x4 are reduced from the original values and
the amplitude change of all the variables reaches about
50%. The fatigue life of the reducer housing is slightly
increased. At the same time, the weight of the reducer
housing has been reduced by 6.54 kg (13.2%) which meets
the design requirement.

5 CONCLUSIONS

An anti-fatigue and lightweight design method for
reducer housings that takes uncertainties into account is
proposed through static and dynamic analyses of the
reducer housings. The method takes into account the
material properties and the uncertainties that may exist in
the processing and manufacturing process, and by
combining finite element analysis with topology
optimization and size optimization techniques, a reducer
housing structure with high strength and lightweight
characteristics is obtained. The details are as follows:

(1) The reducer housing is modeled by solid elements
and transient response analysis is carried out. The first-
order frequency of simulated result is 3.21 Hz, which was
in good agreement with the experimental data.

(2) A fuzzy multi-objective topology optimization
model of the reducer housing is established based on the
fuzzy variable weight coefficient method, and the
optimized reducer housing is reconstructed according to
the iterative results. The optimized results show that Dryax
is increased by 4.5%, and the first to three-order frequency
is increased by 13.2%, 11.3% and 33.11%, respectively.
However, Dfmax and Dsmax are decreased by 28.6% and
14.1%, respectively.

(3) A collaborative optimization design study of
anti-fatigue and lightweight of the reducer housing is

carried out based on the genetic algorithm, while the
fatigue life is increased by 27.4% and the weight is reduced
by 13.2%. This suggested method may be helpful for the
optimization design of engineering structure, especially in
mechanical parts.

Nomenclature

Dfinax - Maximum deformation of the reducer housing
under positive rotation conditions

Drmax - Maximum deformation of the reducer housing
under reversing conditions

Dsmax - Maximum deformation of the reducer housing
under starting conditions

Fr) - 1st order intrinsic frequency

Fr; - 2nd order intrinsic frequency

Fr3 - 3rd order intrinsic frequency

E - Elastic modulus (GPa)

1 - Poisson's ratio

p - Density

Nfmin - Minimum uncertain fatigue life

Nfmax - Maximum uncertain fatigue life

Wnin - Minimum uncertain weight

Wmax - Maximum uncertain weight
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