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COMPUTATION OF COMPLEX STIFFNESS OF
INFLATED DIAPHRAGM IN PNEUMATIC SPRINGS BY USING FE CODES
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ABSTRACT

Accurate modeling of complex dynamic stiffness of the pneumatic springs is crucial for an efficient design of vibration
isolation tables for precision instruments such as optical devices or nano-technology equipments. Besides pressurized air itself,
diaphragm made of rubber materials, essentially employed for prevention of air leakage, plays a significant contribution to the
total complex stiffness. Therefore, effects of the diaphragm should be taken care of precisely. The complex stiffness of an
inflated diaphragm is difficult to predict or measure, since it is always working together with the pressurized air. In our earlier
research, the complex stiffness of a diaphragm was indirectly estimated simply by subtracting stiffness of the pressurized air
from measurement of the total complex stiffness for a single chamber pneumatic spring. In order to reflect dynamic stiffness of
inflated diaphragm on the total stiffness at the initial design or design improvement stage, however, it is required to be able to
predict beforehand. In this presentation, how to predict the complex stiffness of inflated rubber diaphragm by commercial FE
codes(e.g. ABAQUS) will be discussed and the results will be compared with the indirectly measured values.
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Figure.l Schematics of pneumatic spring
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Figure.4 Experimental setup for the static tension test
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Figure.5 Experimental results of static tension test
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Figure.7 Measured complex modulus E’, £5=11%; Storage modulus : Re[E"], loss factor : Im(E J/Re[E"]
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Figure.10 Comparison between measured- and calculated- complex stiffness of inflated diaphragm k;
real part : Re[Kq], loss factor : Im[K}/Re[K ]

W) A7F 4 p2 F

Z7% 29 A Y(Table

2 Z1)ye f4o R % E =(Hydraulic actuatlon)
E 2 A 8 A ¥ 7|(INSTRON 8502)¢] #&e€gn
2¢t ¥ A& LVDT(Linear Variable Differential
Transformer)i} 3 AAM(Load cel)Z 72t FA 3}“

) 2348 AZEL AE
d:%“éﬁl £ A7) S8 32

Z2471& 3 ¥
Hroh Flgure 9

AAM #HE H2 ¥ %A (Pneumatic transmission line)

& oujsie,
Bl R e
dck. s g
kel dahe s s
Z, Table 14 7|A 9 =
R e
& =33k
AE
= BAgHL

371 3 dHAE

Figure 100 A4

W G, 5, 44 AL el

A3

*.Jﬁé G slo A, Ho] 2 =(100
S Y AxY Q71E

24 Alge st 270
sto] Fob AxEe] B

olgdte] BHHoE FHE tholo}
(Real part,

Re[Kep))SH &4 A4 (Loss factor, Im[Kepl/Re[Kexp])

o FE e,
& ojulsttt. $4, thololmag)
g B FH dge 9z

Aee & & e, RAGHE, AgRo

jTid
o

A

<

[e]
-

shrol sl T gko] Rz Z7kske FAol
o, BH WAsE Fohdel QoiME 2 gol

Z-” Aoz %

Azt A Softemng phenomenon)[8]°]
Atk 2Eln
3Tho thA 7‘7}

l__E}\-]

2 0% o & 30 r{r
mlo B % m[o
of O
2

Hole AL
];\1 e ) (:}o]o].ﬁau_,] B 74
4 wgel o J4=
< Y Az AwpEi

232 N

22k 34 R A B
247 A5
=l A

I 3t &, 4 dlel diaA
R A
&4 AFE Foks
y_olﬁ
Aol disfi = 1 ghel 57}

ge1g 4= gk ﬂ%%ﬁl

o5 u|Fo], AR AL A ofiF-iol
tholofZ S TS 1T AR SHoEHY
Z1Q1gk FAYE FFE 4 9lon, tlojojx o
BAAANE HHHACE 95 F A HOE AR
"k e, o] A ECA AFd uisel ol
DRAHE A Ades 1HHA $2 FEAQ
g 2T £ 9 7] o, 2 ARG "AHL
2 tjolotz el HAPNCR UFE &= vk

27804 Ed @ﬂ”ﬂ ulg}, LS
23 A2 rtlojolzmAMe EAZFAE Figure 100
ARo= T"\lﬁ}“‘:} ATl A5 A% A
A Azl AntAel Aojrt 3~15%(HF 8%)

BE2A, Fo5 D FF WA did &4
vz z "éxlo}" itk 2, &4 ASe] A
= 1 Aol7F A 4% EEEA i BEuEA
2l A%E Holn QU gutd oz, e A
84 Aol glojA &4 Algel dial Qs o
A3E d= A2 o$ sgze Ror o4
2 e AL 1 R9), B AFdME AF
i éuroﬂ iRt wEsgich gk, HFAA
g AR A5 7H*W7I7l 2l

34& AAACk st
Al & 4%
ARk
3ol A
#HaE

JlN

l:l

%
X
Ir
b
(s}
[>
|H
ot
lo
N
v
m{o

Bl B oo
i
N

[
[o & fo do

=
B
o *
ok (i



o553 20060 EASE Y =83

olg3te] B A2 u) tholoprate] WA
& wEshs el el Rt w4Y 3
A4 % 4Y BRAN T A BAR ol
A Qe 4E d3g HHes de Ay Av
o mmsgom, B¢ Azze BA 4Ee )
Asted QoA i Fed BapAd A5y
2 03} 5% 8% AEZ oI 2 dns
Agith wehd, B Aol Ash ol
BAYYY HE S oF PHE BYE Ao
MBS, B 2T WA BANARY ol B
aRHoR BEY 5 Yok daact
= 7|

o] d7e FIFNALTLY YrHFtERY
2 Z1EME A A dE vl FAESF T

ik
o

o=

[1] C. G. Gordon. (1991) Generic criteria for vibration-sensitive
equipment. Proceedings of SPIE, San Jose, CA.

[2] H.Amick, M. Gendreau and C. G. Gordon. (2002) Facility
Vibration Issues for Nanotechnology Research.
Proceedings of the Symposium on Nano Device
Technology, Hsinchu, Taiwan.

[3]1 C. M. Harris and C. E. Crede (1961) Shock and Vibration
Handbook. McGraw-Hill.

[4] D. B. DeBra (1984) Design of laminar flow restrictors for
damping pneumatic vibration isolators. CIRP Annals 33(1)
351-356.

[5] C. Erin, B. Wilson and J. Zapfe (1998) An improved model
of a pneumatic vibration isolator: Theory and experiment.
Journal of Sound and Vibration 218(1), 81-101.

[6] J.H. Lee and K.J. Kim (2005) Complex stiffness of
diaphragm in pneumatic springs for vibration isolation
tables. Proceedings of 11th Asia Pacific Vibration
Conference, Langkawi, Malaysia.

[71 ABAQUS Theory Manual(1997) Hibbitt, Karlsson Inc.

[8] A.D. Nashif, D. I. G Jones and J. P. Henderson (1986)
Vibration damping. New York: John Wiley & Sons, Inc.

[9] Y.H. Shin, H.J. Lee and K.J Kim(2005) Consideration of
static-strain-dependent dynamic complex modulus in
dynamic stiffness calculation of mount/bushing by
commercial finite element codes. SAE 0SNVC-61



