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Abstract.A ZJ-type high pressure lubrication pump is analyzed by multidisciplinary design 
optimization (MDO) method, where data are sampled via optimal Latin hypercube experiments, and 
the response surface models (RSMs) for the plunger piston and cylinder body of the pump are 
built.Lightweight design of the piston mechanism is conducted by using the improved collaborative 
optimization with a relaxation factor combined with sequential quadratic programming (SQP) 
algorithm.The results show that the approximate model accelerates the opimization speed greatly, the 
mass of optimized plunger mechanism is reduced by 8.03%, and MDO can effectivelly deal with the 
coupling factors between the different components to reduce mass while the stress constraints and 
fatigue life are met. 

1. Introduction 

Traditional design methods tend to achieve a local optimum in a single discipline. With the 
increasing complexity of engineering problems, local optima can not meet the requirements to 
achieve global optima. Multidisciplinary design optimization(MDO) is such a global optimal method 
where a complex system is decomposed into different subsystems by using suitable decomposition 
optimization strategy, each subsystem using existing experience and knowledge for analysis and 
optimization, and considering the mutual restrictions and influence relations between various 
disciplines at the same time. MDO is a methodology essentially[1-3], based on concurrent engineering 
theory, by fully exploring and using the coordination mechanism of interaction between the various 
disciplines to balance the conflicts in the system, andusing multi-disciplinary optimization method 
and optimization algorithms to seek optima of the system. MDO was first used in the field of 
aerospace[4], and has undertaken a wide range of applications in aircraft, automobiles, machine tools, 
robots, etc[5-6]. This paper takes a ZJ-type high pressure lubrication pump as an example, uses the 
approximate technology for the high computational cost target, and obtains approximate model with 
response surface method to replace the original design. Based on the integration of Solidworks and 
Ansys by Isight, the lightweight design of the piston mechanism is conducted by using improved 
collaborative optimization. 

2. The Construction of Approximate Model 

This study use Isight software to integrate and drive various sub-disciplines software to achieve 
optimization of the pump. Asanalysis software calculates costly, many iterationsare 
time-consuming.In order to improve the efficiency of optimization analysis,the response surface 
methodology (RSM)is used to obtain the approximate model. The RSM was first proposed by Box 
and Draper[7], which combinesexperimental design with mathematical statistics.The RSM gets 
relatively precise approximate functional relationship in the local area through trials, and shows up 
through algebraic expression.The mathematical foundation of RSM is fully solid with good 
continuity and derivability, as it can remove value noise well and make the target response 
smoother.This approximate method compromises the fitting accuracy and efficiency well and is 

2nd International Conference on Machinery, Materials Engineering, Chemical Engineering and Biotechnology (MMECEB 2015)

© 2016. The authors - Published by Atlantis Press 204



 

effective[8]

software. T
As for th

hypercube 
property, w
space.Sam

T

Similarly
are maxim

The abo
of the resu

a) 

. The appro
The solving 
he studied c

design (O
which enabl

mples and co

Test order 
1 
2 
3 
4 
5 
6 
7 
8 
9 

10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 

y for the plu
mum stress, f
ove-mention
lts are show

Response surfa

c)Response s

oximate mod
time is sho

case of the c
Opt LHD). T

les all the t
orresponding

Tab.1 Test
d1/mm 
12.50  
12.63  
12.76  
12.89  
13.02  
13.15  
13.28  
13.42  
13.55  
13.68  
13.81  
13.94  
14.07  
14.21  
14.34  
14.47  
14.60  
14.74  
14.87  
15.00  

unger, 45 sa
fatigue lifea
ned values o
wn in Figure

ace model of plu

surface model o

Fi

dels of sub-
ortened geom
cylinder and
This design
test points t
g response t
ted resultsfo

d2/mm 
12.15  
12.02  
14.00  
13.73  
12.94  
13.34  
13.21  
12.28  
11.89  
11.63  
12.55  
13.60  
11.76  
12.42  
13.47 
12.68  
13.86  
13.07  
11.50  
12.81  

amples and 
and plunger 
of response 
e1. 

unger piston’s f

of cylinder’s vol

g.1 Parts of

-disciplines 
metrically. 
d piston,20 
n method h
to be distrib
target result
or the cylind

d3/mm 
5.52  
6.26  
5.73  
6.89  
6.57  
6.68  
5.00  
6.78  
6.36  
5.63  
5.84  
5.94  
6.05  
5.10  
5.42  
5.21  
6.47  
7.00  
5.31  
6.15  

simulation 
volume. 
targets are 

fatigue lifeb) R

lume  d) Respo

f response s

by using R

samples ar
has a very 
buted as un
ts are shown
der based on

Maximum
99

114
122
128
109
106
114
106
129
115
110
123
116
115
115
119
117
119
124
126

experiment

used to gen

Response surface

onse surface mo

urface mod

RSM reduce 

re collected 
good space

niformly as 
n in Table 1
n Opt LHD 

m stress/Mpa 
9.11  
4.31  
2.98  
8.21  
9.76  
6.46  
4.37  
6.32 
9.96  
5.38  
0.89  
3.41  
6.96  
5.80  
5.44  
9.50  
7.98  
9.96  
4.96  
6.41  
s are carried

nerate respon

e model of plun

odel of plunger p

dels 

 the time of

by using op
e-filling an
possible in

1. 
 

Volume/m
14016.5
13828.0
13437.5
13175.7
13378.6
13203.2
13535.4
13293.2
13416.8
13571.8
13270.5
12944.3
13266.2
13257.6
12893.6
13050.2
12438.4
12429.3
13081.2
12556.4

d out. Respo

nse surface

nger piston’s str

piston’s stress 

f the calling

ptimal latin
nd balanced
n the design

mm3 
9  
1  
8  
7 
1  
5  
4  
0  
8 
3  
7  
2  
8  
7  
6  
6  
7  
5  
6  
7  
onse targets

s, and parts

 
ress 

 

g 

n 
d 
n 

s 

s 

205



 

3. The imp

Collabo
optimized 
optimizatio
subsystem-
coordinate
approach i
engineerin
be difficult
optimizatio
factor εis a
equality co

The syst

subject to  

The ith s

subject to  
where F

sub-discipl
ith subsyst

4. Lightwe

Collabo
to its physi
subsystem 
optimizatio
discipline m
response v
tosatisfy c
differences

The plun
of the plun

proved Col

orative opti
object can

on by the 
-level. The
d by the co
is that sub-
g can be em
t to achieve
on approach
added, and a
onstraint, so
tem-level: 

   J୧
∗ ൌ ∑ୱ౟

୨ୀଵ

subsystem: 

     	c୧ሺx୧ሻ ൑
F(z) is syste
line level co
tem, and ݏ௜ i

eight Desig

orative optim
ical compon

levels(spo
on model). T
must meet i

values of su
consistency 
s between d

nger mecha
nger’s large 

llaborative 

imization(C
n be transfo

CO appro
e linking v
onsistency c
-disciplines 

mbodied. Ho
e convergen
h based on 
an inequalit
o the conver

mini
ሺz୨ െ x୧୨

∗ ሻଶଵ

mini

൑ 0	(2) 
em-level obj
onstraint, ݖ௝
is the numb

gn of the Plu

mization(CO
nents, a two
ool-spring 
The design 
its size cons
ub-disciplin

constraint
disciplines. 

a) 

Fig.2
anism and it
end face D1

Optimizat

O) approac
ormed into
oach. Diffe
variables an
constraint co

can be op
owever, its 
nce results i

the relaxed
y constraint

rgence rate i

imize          
൏ ε, i ൌ 1

imizeJ୧ሺx୧ሻ

jective func
௝is system-l
ber of design

unger Mec

O) approach
o-level optim

optimizati
goal is to m

straints and 
nes and allo
ts. Consiste

The plunger m

c)The cylinde

2 The plung
s parts are s
and small e

tion 

ch is a kin
o a system-
ferent sub-d
nd sharing 
onditions of

ptimized ind
convergenc
in some cas
d consistenc
t is applied 
is speed up.

Fሺzሻ 
1,2, … n(1) 

ൌ ∑ ሺx୧୨
ୱ౟
୨ୀଵ

ction, Jiis sy
evel design
n variables 

chanism 

h is applied 
mization mo
ion model
minimize th
d stress cons
ocated desig
ency const

mechanismassem

erd) The unidir

ger mechani
shown in Fig
end face D2,

nd of two 
-level optim
disciplinesa

variables 
f the system
dependently
ce has not b
ses. In this 
cy constrain
as consisten

.Mathemati

െ z୨
∗ሻଶ 

ystem-level 
n variable, ݔ
in the ith su

in the plung
odel is estab
, plunger 
e total mass

straints,and 
gn variables
traint of sy

mbly  b) The pis

rectional spool 

ism and its 
gure 2. Desi
 the length o

level optim
mization an
are optimiz

in differen
m-level. The
y, so that th
een rigorou
paper, an im
nt is adopte
ncy constra
cal represen

compatibili
௜௝ is the jthݔ
ubsystem. 

ger mechan
blished: one 

optimizati
s of the plun
the differen

s of the sys
ystem leve

ston 

parts 
ign variable
of the plung

mization m
nd several 
zed separat
nt sub-disc
e advantage
the idea of 
usly proved,
mproved co
ed, where a
aint instead 
ntation is as

ity constrain
h design var

nism design.
system lev

ion model
nger mecha
nce between
stem must b
el can coor

es include: th
ger rod L1, th

method. An
subsystems

tely in the
ciplines are
e of the CO

concurrent
, and it may
ollaborative
a relaxation
of the strict

s follows: 

nt, ܿ௜ሺݔ௜ሻ is
riable of the

. According
el and three
l, cylinder
anism. Each
n optimized
be smallest
rdinate the

 

 

he diameter
he length of

n 
s 
e 
e 

O 
t 
y 
e 
n 
t 

s 
e 

g 
e 
r 
h 
d 
t 
e 

r 
f 

206



 

unidirectio
d2and d3, an
the spring 

Geomet
andx6areth
as a numer
0.001, and
3.The syste

 

Optim
decreased f

onal spool r
nd the wire 
stiffness co

X ൌ ሺܦଵ

tric constra
e shared de
rical optimi

d the minim
em level co

Tab
D

Fig.3 

Tab

ization resu
from 0.1150

rod L2 and 
diameter of

oefficient Ka
ଵ, ,ଶܦ ,ଷܦ ݀ଵ

aints of des
sign variabl
ization algo

mum absolut
nverged aft

b.2 Initial va
Design variab

 ଵݔ
 ଶݔ
 ଷݔ
 ସݔ
 ହݔ
 ଺ݔ
 ଻ݔ
 ଼ݔ
 ଽݔ

Integratedo

Fig.4 Optim
b.3 Optimiz
Design varia

࢞૚	
࢞૛	
࢞૜	
࢞૝	
࢞૞	
࢞૟	
࢞ૠ	
࢞ૡ	
	࢞ૢ	

ults of desig
0kg to 0.10

diameter of
f check valv
are system l
ଵ, ݀ଶ, ݀ଷ, ,ଵܮ

sign variabl
les in system
orithm, whe
te step 10-4.
ter 253 itera
alue and geo
le/mm Init

optimization

mization res
ation variab
able/mm 

gn variable 
58kg after o

f end face D
ve spring f. G
linking vari
,ଶܮ ݂ሻ 	ൌ 	 ሺ

les are sho
m level.Sequ
ere converg
. Integrated 
ations, and t
ometric con
tial value 
8.00 
5.50 
9.10 
12.50 
11.50 
5.50 

31.00 
19.00 
1.50 

n framework

sults forPlun
bles and res

Initial valu
8.00 
5.50 
9.10 

12.50 
11.50 
5.50 

31.00 
19.00 
1.50 

are shown 
optimization

D3, three in
Grease press
ables. 
ሺݔଵ, ,ଶݔ ,ଷݔ ݔ

own in Tab
uential quad
ence precis
optimizatio

the results a
nstraints of d
Lower limit 

7.00 
5.00 
8.00 
11.50 
10.00 
5.00 
29.00 
15.00 
1.00 

k for the plu

nger mechan
ults of plun

ue Optim

in Table 3
n, and there

nner diamet
sure P, the p

,ସݔ ,ହݔ ,଺ݔ ଻ݔ
Y ൌ ሺܲ,

ble 2.The su
dratic progr
ion is set to
on framewo
are shown in
design varia

Upper lim
9.00 
7.00 

10.00 
15.00 
14.00 
7.00 
32.00 
22.00 
1.90 

unger mech

 
nism’s mass

nger mechan
mization resu

7.00 
5.21 
9.52 
15.00 
14.00 
5.08 
29.00 
15.28 
1.06 

.The mass o
e is a reducti

ters of the c
plunger rod 

଻, ,଼ݔ  ଽሻݔ
ሻܭ,ܨ ൌ ሺݕ
ubsystem v
ramming (S
o be 10-6, r
ork is show
n Figure 4. 
ables 
mit 

 
hanism 

s  
nism 
ult 

of plunger 
tion of 8.03%

cylinder d1,
force F and

,ଵݕ ,ଶݕ ଷሻ(3)ݕ
variables x2

QP) is used
elative step

wn in Figure

mechanism
%. 

 
d 

) 

2 
d 
p 
e 

m 

207



 

5. Conclusion 

The plunger mechanism of lubrication pump is used as a case of study, and response surface 
approximation model is adopted to improve the efficiency of optimization. After the optimization of 
the plunger mechanism, the overall mass is reduced by 8.03%. The purpose of optimization is 
achieved. In this study, the MDO method is first used in the plunger mechanism of lubrication pump, 
which can provide a new approach for the design of other plunger mechanisms. 
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