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Nomenclature
ci = damping coef� cient
D = displacement
gi = nondimensionalfrequency
Ipp = unit matrix
K = stiffness matrix
k = stiffness ratio
ki = stiffness
m = mass ratio
m i = mass
R = coordinate vector
T = displacement transmissibility
´ = loss factor
»i = damping ratio
8 = modal matrix
! = excitation frequency
!i = natural frequency

Subscripts

d = modal coordinate
i = structure number
p = physical coordinate at boundary

Introduction

I N space industries two important challenges are the minimum
structural mass of a spacecraft and the maximum market of a

launch vehicle.A major factor, which determineswhether these tar-
gets can be reachedor not, is the dynamic environment that a launch
vehicle can provide to its payloads.The launch stage is the most se-
vere dynamic environment that a spacecraft will experience during
its normal mission life. To survive the launchstage, the strengthof a
spacecraft structurehas to be suf� ciently high, and this is translated
into some extra mass that will be useless in the orbiter for a normal
mission.As there are more and more launch service providersin the
world, spacecraft owners now have more choices than ever before.
From such aspects as reliability and economics, the dynamic envi-
ronment is a major factor considered in choosing a launch vehicle.

Because the concept was proposed, the whole spacecraft vibra-
tion isolation (WSVI) technologyhas been successfullyapplied for
many times.1;2 The purpose of the WSVI is to improve the dynamic
environment signi� cantly by adding vibration isolators or damping
treatment to the payload adaptor � tting (PAF). Currently, the WSVI
is considered as the most effective and economic approach for im-
provingthe dynamicenvironment.A direct bene� t of theWSVI is to
enable a spacecraft,quali� ed for being launchedwith a launchvehi-
cle, to � y using another launch vehicle.A major differencebetween
two differentlaunchvehiclesusually is theirdynamicenvironments.

The theory and technologyof vibration isolation have been stud-
ied formanyyears,and the vibrationisolationhas becomea standard

Received 23 November 2002; revision received 1 April 2003; accepted
for publication5 May 2003. Copyright c° 2003 by the American Institute of
Aeronautics and Astronautics, Inc. All rights reserved. Copies of this paper
may be made for personal or internal use, on condition that the copier pay
the $10.00 per-copy fee to the Copyright Clearance Center, Inc., 222 Rose-
wood Drive, Danvers, MA 01923; include the code 0001-1452/03 $10.00 in
correspondence with the CCC.

¤Professor of Applied Mechanics, School of Astronautics; also Professor
of Applied Mechanics, Department of Space Engineering and Applied Me-
chanics, Harbin Institute of Technology, Harbin 150001, People’s Republic
of China; gtzhengtu@yahoo.co.uk.

technologyin manyengineeringareas,suchas mechanicalengineer-
ing and civil engineering.3 In space engineeringisolators are widely
applied to isolate vibration transmitted from a spacecraft structure
to its instruments.4 Besides studieson activevibrationisolation5 and
isolator optimal designs,6 the coupling effect of the isolation struc-
ture with a � exible base was studied extensively.7;8 In contrast to a
rigid base, the � exible base will introduce more degree of freedoms
to the system. This will in� uence the design of an isolation system
with or without active control. There is a similar conclusion for the
case of a � exible isolated body.9

A feature of the WSVI is that the vibration isolation structure is
between two � exible structures, that is, the launch vehicle and the
spacecraft. The � exibility of these structures has signi� cant in� u-
enceon theperformanceof the isolation.To ensurethe effectiveness,
the analysis and the design of the isolator should be coupled with
the whole launch-vehicle isolator spacecraft system.

There are several methodsavailablefor the analysis and designof
vibrationisolationstructures.Among them are vibratorypower � ow
method,8 modal synthesismethod,10 and graphicmodel technique.11

As the � nite elementmodels of the launch vehicleand the spacecraft
are usually given and the corresponding reduced-order models are
also often available, modal synthesis method is a better choice for
the analysis of the WSVI. In space industries, when integrating
the launch vehicle model and the spacecraft model together for the
whole system modal synthesis, the super-element model is often
used.12 This is a feature of the launch-vehicle spacecraft-system
vibration analysis.

The purpose of this Note is to study in� uences of design param-
eters, especially parameters related to the coupling of the isolation
and the isolatedstructure,on the isolationperformance.Experiences
obtained from this study are used in the design process of adding
vibration isolation function to an existing PAF for improving the
dynamic environment of a launch vehicle.

Parametric Studies
From the aspect of a practical isolation design process, the � rst

stage usually is the determination of the overall isolation structure
stiffness and damping based on some spacecraft structure parame-
ters, such as mass, overallvertical stiffness, and horizontalstiffness,
which are available to the launch service provider.This stage is also
called primary design that is followed by the detail design stage.
In this stage to study the parameters that decide the isolation per-
formance, the isolation spacecraft system can be modeled as a two-
degree-of-freedomsystem that is shown in Fig. 1. Subscripts1 and 2
denotethe spacecraftand the isolation,respectively.The in� uenceof
the launch-vehiclestructureis representedby the base displacement.

The dynamic equation of motion of the model is

m1 Rx1 C c1 Px1 C k1x1 ¡ c1 Px2 ¡ k1x2 D 0 ¡ c1 Px1 ¡ k1x1

C m2 Rx2 C .c1 C c2/ Px2 C .k1 C k2/x2 D c2 Pu C k2u (1)

The displacement transmissibility from the base to the isolated
structure is
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Fig. 1 Simpli� ed model for the primary
isolation design.
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By substitutingtheparametersmass ratio m D m1=m2 , stiffnessratio
k D k1=k2, and damping ratio »i D ci =2!i m i into Eq. (2), a equation
of the transmissibilitywith the preceding parameters is obtained as
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(3)

where gi D j .!=!i / is nondimensionalfrequencyand!i D
p

ki =m i .
It can be seen from Eq. (3) that the stiffness ratio k plays an

important role in the isolationperformance.Generally, there are two
types of isolation: “soft ride” and “hard ride,” which are de� ned by
the stiffnessratioof the isolatedstructureand the isolationk. If k > 1,
the isolation is a soft ride, and if k < 1 the isolation is a hard ride.
With a different type of isolation, in� uences of design parameters
are different, especially that of the damping ratio. In engineering
applications there are three approaches toward realizing the WSVI,
that is, replacing the PAF with an isolator, installing an isolator
on the top or at the bottom of the PAF, and adding damping to
the PAF. The � rst two approaches are soft ride. Although, strictly
speaking, the last approach is a way of vibration attenuation, it is
often consideredas an important techniqueof the WSVI, especially
when there is strict restriction on the payload room inside a fairing
or any decrease in the stiffness of the PAF is not allowed. This
approach is a typical hard ride.

With this model for the primary design, by numerical analysis
some conclusions about the parameters can be deduced as follows:

1) With a hard ride, damping can signi� cantly decrease the trans-
missibility at the resonance frequenciesof the isolated structure but
might increase it at some other part of the frequency axis.

2) A large mass ratio can decrease the transmissibility from the
base to the isolated structure. This indicates that a lightweight iso-
lation is of bene� t to the vibration isolation.

3) If the stiffness of an isolation is lower than that of the isolated
structure (soft ride), the transmissibility is less than one almost ev-
erywhere.

4) In the case of soft ride, the damping will increase the transmis-
sibility at any frequency.

Practical Application
When a satellite, which was quali� ed for being launched by an

old type of launch vehicle, was going to be launched with a new
type of launch vehicle, there was a margin in the dynamic envi-
ronments, especially in the horizontaldirection,which these launch
vehicles can provide. To ensure the reliability of the satellite during
the launch, the WSVI was proposed.For ensuring the payload room
and also because of the shape of the satellite as shown in Fig. 2, a
constraint of the isolation is that the overall stiffness of the exist-
ing PAF should not be decreased, and for reducing the design and

Fig. 2 Finite element model of
the PAF-satellite structure.

Fig. 3 In� uence of the damping on the transmissibility in the vertical
direction.

manufacture cost the original structure also should not be varied.
As the existing PAF has a very high stiffness compared with that
of the satellite, it requires that the WSVI has to be a hard ride. It is
known from the precedingdiscussion that with a hard ride damping
can decrease the transmissibility effectively at the satellite natural
frequencies. Therefore, an increase in the PAF damping was cho-
sen as the approach.The damping increase was realized by putting
a constrained viscoelastic layer (CVL) on the outer surface of the
PAF to increase the damping.

With the CVL any increase in the damping will be at the cost
of PAF mass increase. The design process is to choose a proper
increase in the damping level.

Because thedataof the satellitewereprovidedin the formof super
element, in conductingthe couplinganalysisand designingthe CVL
the � nite element model of the PAF is � rst transformed to a super-
elementmodel. Only physicalcoordinateson the interfacesbetween
the satellite and the launch vehicle were retained; the number of the
modal coordinatesare determined by the model order.

Let the new coordinate vector be

R D
©

RT
d ; RT

p

ªT

then in generating the super elements the transformation matrix of
the coordinate has the form of

8 D
µ

8dd 8dp

0 Ipp

¶

where p denotes the retained physical coordinates at boundaries
and d denotes the modal coordinates. In the study the damping
is expressed with the loss factor ´ in the complex stiffness that
is de� ned as NK D .1 C ´ j/K . The displacement transmissibility is
from the bottom to the top of the PAF.

It is known from the parametric study that by the damping treat-
ment, with a hard ride, the displacement transmissibility can only
be reduced at the natural frequenciesof the structure. It can be seen
from Figs. 3 and 4 that a loss factor 0.5 can signi� cantly reduce the
transmissibilityclose to one. In addition to the decreaseof the trans-
missibility,an important contributionof the damping treatment is an
increase in the damping level of the whole PAF-satellite structure.
This can attenuate the satellite structure vibration at its resonance
frequencies. However, a penalty of increasing the damping level is
an increase in the mass of the PAF. With a constraint on the mass
increase, the damping increase should be limited in a given range.

In this application the vertical and the horizontal transmissibility
were used to evaluate the performanceof the WSVI. Figure 3 is the
vertical transmissibility that is de� ned as

TV D
­­­­

DV

Dbase ¡ V

­­­­ (4)
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Fig. 4 In� uence of the dampingon the transmissibility in the horizon-
tal direction.

where DV is the displacement on the top of the PAF in the vertical
direction and Dbase ¡ V is the displacement at the bottom of the PAF
in the vertical direction. The de� nition of the horizontal transmissi-
bility shown in Fig. 4 is

TV D
­­­­

DH

Dbase ¡ V

­­­­ (5)

where DH is the displacementon the top of the PAF in the horizontal
direction.

When the loss factor is about 0.1, the dynamic environment of
the new launch vehicle is better than that of the old type, and the
satellite is quali� ed for being launched. Together with some other
factors such as launch cost and technical feasibility, the loss factor
was � nally chosen as 0.1. By this damping treatment the satellite
was quali� ed to be launched with the new launch vehicle.

Conclusions
The WSVI is a direct and effectiveapproach toward the improve-

ment of the dynamic environment that a launch vehicle can provide
to its payload. Although effect of adding damping to the PAF for
generating a hard ride is not as good as other methods, it is cheap
and fast, especially when there is strict constraint on the spacecraft
room inside the fairing.

Coupling analysis is essential in designing the WSVI, especially
when the damping is involved. In the primary design for choosing
the overall stiffness and damping of the isolation the study can be
carried out with a simpli� ed model, as shown in Fig. 1.

The soft ride can signi� cantly decrease the transmissibility. Al-
though in the case of soft ride, the damping of the isolator will
increase the transmissibility, because of the coupling effect damp-
ing can have an important contribution to the vibration isolation.
Moreover, damping is essential to the isolation of shocks. With a
hard ride the dampingcaneffectivelyreduce the vibrationamplitude
of the isolated structure at resonance frequencies.
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I. Introduction

I N this work we deal with the design optimization of the sus-
pension plates of a high-speed optical pickup used in DVDs

or CD-ROMs. Figure 1 shows a typical pickup assembly with the
bobbin and the suspension plates. The four suspension plates are
made identical to minimize unwanted motions. The structural de-
sign issues and related references on this subject can be found in
Kim et al.1 and Kim and Lee.2 The speci� c design target here is
to increase the torsional eigenfrequency of the pickup as high as
possible while keeping the focusing eigenfrequency between 25
and 35 Hz and the tracking eigenfrequencybetween 43 and 57 Hz.
These frequency ranges are set to meet design constraints such as
servocontrollability.To � nd an optimal plate shape, we employ the
topology optimization methodology.3;4 Speci� cally, the multiscale
topology optimizationmethod5 will be used to enhance the solution
ef� ciency.
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