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Substructuring and 

Component Mode Synthesis 

Substructuring and component mode synthesis (CMS), is a very popular method of model 
reduction for large structural dynamics problems. Starting from the pioneering works on 
this technique in the early 1960s, many researchers have studied and used this technique 
in a variety of applications. Besides model reduction, CMS offers several other crucial 
advantages. The present work aims to provide a review of the available literature on this 
important technique. © 1997 John Wiley & Sons, Inc. 

INTRODUCTION 

Finite element models of typical modem struc

tures can involve a very large number of degrees 

of freedom (DOF) and this implies considerable 

computational effort. Significant research efforts 

have been focused toward model reduction. Sub

structuring and component mode synthesis (CMS) 

techniques involve partitioning of the entire struc

ture into several substructures or components. The 

essential ideal is to derive the behavior of the 

entire assembly from its constituents. The individ

ual substructure problems are first solved and then 

the coupling of interfaces is posed. The advantage 

of breaking up a single large problem into several 

reduced order problems is the expected gain in 

such an approach. Besides model reduction, the 

following advantages accrue from such a method 

of analysis: 

• It is very useful in a design situation; for exam

ple, different teams of researchers design dif

ferent components in an aircraft or nuclear 

reactor structure. Any design changes affect 

only the particular component concerned. 
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• In an optimization setting, recomputations 

need be done only for those substructures 

involving modifications. 

• The substructure model need not be purely 

mathematical and it would be possible to in

clude the experimental results too. 

• If any nonlinearities such as plastic yielding 

are localized to a particular region of the en

tire structure, an elastic-plastic analysis based 

on sub structuring becomes handy with linear 

and nonlinear substructures. 

• Parallel processing of substructure analyses 

is possible. 

Starting from the pioneering works on this tech

nique in the early 1960s, many researchers studied 

and used this technique in a variety of applications. 

Craig (1977, 1987), Greif (1986), and Nelson 

(1979) reviewed the literature specifically related 

to substructuring and CMS. Noor (1994) discussed 

reduction methods in general wherein the main 

objective was posed as reducing a given problem 

in a large number of unknowns into a much smaller 

problem. This mayor may not involve substructur

ing and CMS. The present work is an effort to 

CCC 1070-9622/97/030199-12 

199 



200 Seshu 

summarize the state of the art in the field of sub

structuring and CMS. First, contributions to the 

fundamental methods of CMS are reviewed. 

Subsequently, modifications/refinements are dis

cussed. Finally applications of the technique to 

real life problems are presented. However, certain 

aspects such as computational strategies for CMS 

on high performance computers and sensitivity 

analysis in conjunction with CMS are not discussed 

because they are beyond the scope of the pres

ent work. 

BASIC METHODS OF CMS 

Substructure Representation 

Przemieniecki (1963), observing that " ... some 

form of structural partitioning is usually necessary 

either because different methods are used on dif

ferent structural components or because of the 

limitations imposed by the capacity of the digital 

computers," proposed the substructure method for 

static analysis. Treating the displacements as un

knowns, the complete structure was initially parti

tioned into a number of substructures, whose 

boundaries could be specified arbitrarily. In the 

first step of the analysis, each substructure dis

placements under the external forces acting on 

its interior were obtained with all the generalized 

displacements on common boundaries completely 

arrested. Subsequently all the boundaries were si

multaneously relaxed and the substructure bound

ary displacements were calculated. The total dis

placements of the structure were then obtained as 

the superposition of these displacements. 

Hurty (1965) proposed the CMS technique 

based on substructure eigenproperties for dynamic 

analysis. In this method, the entire structure was 

partitioned into several substructures or compo

nents. In the first step, a set of suitably defined 

normal modes (called component modes) were set 

up to represent each such component. These were 

then coupled to get a reduced set of equations for 

the entire assemblage. From the eigenvectors of 

this reduced order problem, the mode shapes of 

the original assemblage were synthesized. Hurty 

proposed a fixed interface CMS technique. Three 

types of component modes were used: rigid body 

modes, constraint or attachment modes, and fixed 

interface normal modes. Craig and Bampton 

(1968) subsequently modified Hurty's approach by 

using only constraint modes and fixed interface 

normal modes. To obtain constraint modes, the 

mass matrix was neglected and unit displacements 

were imposed successively on all interface bound

ary DOF. Fixed interface normal modes were de

fined relative to the constrained system, in which 

all interface DOF were restrained. They showed 

that it was not necessary to separately consider 

the rigid body modes. 

Goldman (1969) used free interface normal 

modes in the component vectors. Hou (1969) pre

sented a variant of this free interface normal mode 

method, which included the possibility of mode 

truncation; i.e., not all the eigenmodes of a sub

structure might be used in its representation. The 

most suitable choice of modes could be made using 

an error index based on convergence of the eigen

values. MacNeal (1971) subsequently proposed a 

hybrid method wherein fixed-free interface nor

mal modes were used; i.e., some connection coor

dinates were free and others were restrained. Ru

bin (1975) extended MacNeal's approach in the 

sense of approximating the free-free modes not 

retained in the formulation. MacNeal's method 

only accounted for the static contribution of ne

glected modes. in this work, an inertial and possi

bly dissipative contribution to the residual effects 

were also included. Following these ideas, Craig 

and Chang (1976) presented a method wherein 

residual flexibility was incorporated into the free 

interface substructure coupling procedure. Sig

nificant improvement in the accuracy was demon

strated. Hintz (1975) used a statically complete 

interface mode set. Thus, the interface boundary 

conditions on component normal modes could be 

either free or fixed. Equivalence of the two stati

cally complete interface mode sets, constraint 

modes and the attachment modes, was demon

strated. 

While Przemieniecki (1963) and Hurty (1965) 

pioneered the development of the techniques of 

substructuring and CMS, Gladwell (1964) inde

pendently developed a technique called branched 

mode analysis, the basic process being again modal 

synthesis. Benfield and Hruda (1971) developed a 

method essentially similar to the branched mode 

method. Effects of loading by a component on its 

neighbors, called interface loading, was studied. 

Both stiffness and inertial loading were considered 

in what could be termed loaded interface CMS. 

Hurty et al. (1971) established several criteria for 

comparison. The different techniques were evalu

ated against these criteria. Curnier (1983) com

pared the accuracy of the three variants viz., fixed, 

free, and loaded interface CMS techniques. While 

presenting a unified formulation of the three meth-



ods, a formal proof of the exactness of these meth

ods (in the absence of mode truncation at the 

substructure level) was also given. 

Ookuma and Nagamatsu (1984a) developed a 

CMS technique called multiple CMS (MCMS), in 

which a structure was initially divided into a few 

"first-divided" components. Each first divided 

component was then subdivided into "second-di

vided" ones. Repeating this process n times, the 

structure was finally divided into "n-divided" com

ponents. The natural modes of an (n-1 )th divided 

component were analyzed using the natural modes 

of the nth divided components by using the ordi

nary CMS method. This procedure was repeated 

for all system components and the vibration char

acteristics of the total structure were ultimately 

analyzed. This approach could be useful, particu

larly if the structure were made up of several "simi

lar components." 

Ookuma and N agamatsu (1984b) compared the 

CPU time and accuracy of calculation by CMS 

and MCMS with those of MSC-NASTRAN con

cerning the natural frequencies and dynamic re

sponses of two model structures. The first model 

structure was made up of several plates. Two kinds 

of division into components were used: one with 

nine components and the other with 13 compo

nents in the conventional CMS technique. In 

MCMS, the model structure was divided into 

seven first components and these first components 

were divided into 18 second components. Alterna

tively, the model structure was divided into five 

first components and these components were di

vided into 18 second ones. Also, three different 

numbers of adopted natural modes of the compo

nents were tried. It was demonstrated that it took 

much less CPU time (a factor of 6-10) to analyze 

the vibration by CMS and MCMS than that of 

MSC-NASTRAN. MCMS needed much less 

memory compared to CMS (about 65% in some 

cases). The division into the number of compo

nents or the number of modes used did not have 

much influence. An example of a cylinder block 

with six cylinders was also discussed. 

All the methods discussed so far require the 

computation of eigenpairs of the substructures. 

Use of normal modes for mode superposition anal

ysis of dynamic response of structures is well estab

lished. However, in the spirit of Rayleigh-Ritz, 

what is necessary is just a set of admissible func

tions and not necessarily the normal modes of 

vibration. This could mean a significant difference 

in the computational effort because the normal 

modes have to be extracted using an iterative ei-
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genvalue algorithm. Thus, in general the compo

nent Ritz vectors could, but not necessarily, in

clude the eigenvectors of the component under 

consideration. In this context, the term "mode" 

should be understood as a general Ritz-type dis

placement vector defined in some specific manner. 

Normal modes (eigenvectors) constitute a special 

case. Hale and Meirovitch (1980) proposed a gen

eral method of eMS wherein each substructure 

was modeled using admissible functions. This obvi

ated the need for the solution of the substructure 

eigenvalue problem. Using a bracketing theorem, 

they discussed the nature of convergence of the ei

genvalues. 

The Wilson-Ritz vector algorithm was pro

posed and used by Wilson et al. (1982) and Arnold 

et al. (1985) as an alternative to normal mode 

superposition in the general dynamic response 

analysis of structures. Later on Wilson and Bayo 

(1986) and Abdallah and Huckelbridge (1990) 

used this in fixed interface CMS for each substruc

ture. Craig and Hale (1988) used block Krylov 

Ritz vectors (generated from recurrence relations) 

in place of component normal modes. Accuracy 

was shown to be comparable to the conventional 

CMS while the computational effort was signifi

cantly less. Lou et al. (1993) modified the recursive 

approach of Ritz vector generation given in Wilson 

et al. (1982) and Arnold et al. (1985) and studied 

the formulation of fixed as well as free interface 

CMS using the Wilson-Ritz vector algorithm. The 

set of basis vectors for model reduction was gener

ated based on successive reduction of residual er

rors in governing equilibrium equations by Hagg

blad and Eriksson (1993) in a process analogous to 

the Lanczos algorithm. A posteriori error bounds 

were also presented. 

It might sometimes be very difficult to select 

suitable admissible vectors for a complicated struc

ture. Wang and Chen (1990) proposed a method 

of calculating the expansion base vectors of each 

substructure. Their method was compared with 

the free interface and the fixed interface methods. 

For comparison purposes, they used the computer 

time required for each method to obtain the same 

accuracy in the end result. It was shown that their 

method required only about 40% of the computa

tional time of the traditional methods. Meirovitch 

and Kwak (1991, 1992) observed that either admis

sible functions or comparison functions could be 

used in the Ritz vectors; the former satisfied only 

geometric boundary conditions while the latter 

satisfied all the boundary conditions. However, 

with reference to the case of a flexible multibody 
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system, such as a flexible robotic manipulator, 

boundary conditions for a given substructure could 

not be defined independent of adjacent substruc

tures; therefore, comparison functions could not 

be used. So they noted that only admissible func

tions could be used. Quasicomparison functions 

were defined as linear combinations of admissible 

functions capable of satisfying all the boundary 

conditions of the problem. It was shown that an 

inclusion principle existed for the Rayleigh-Ritz 

based substructure synthesis method; therefore, 

the eigenvalues so obtained would converge uni

formly and from above. In this context, they felt 

that it was more appropriate to refer to this ap

proach as substructure synthesis rather than CMS. 

Coupling of Substructures 

Another important contribution of Hale and 

Meirovitch (1980) lay in the coupling of substruc

tures. In the conventional method of CMS, when 

the substructures were assembled together, the re

sulting structure might not be geometrically com

patible in the physical space. This was pointed 

out and a technique was given for connecting the 

substructures together by imposing geometric 

compatibility conditions by means of the method 

of weighted residuals. Such a structure, whose in

ternal boundary conditions were only approxima

tions to the actual ones, was referred to as an 

intermediate structure. 

The approximation of the eigenpairs of an inter

mediate structure obtained through CMS could 

normally be improved by taking more substructure 

trial vectors. Hale and Meirovitch (1982) proposed 

a scheme, based on subspace iteration, to improve 

upon the trial vectors until a desired accuracy was 

obtained. Arora and Nguyen (1980) also adapted 

the subspace iteration algorithm for use with sub

structures. However, unlike in the case of Arora 

and Nguyen (1980), it would be possible to choose 

each substructure trial vector independent of other 

substructures in the method of Hale and Meiro

vitch (1982). lezequel (1985) presented a hybrid 

model to facilitate, in the context of CMS, assem

bly of substructures along a continuous boundary. 

The model utilized generalized boundary coordi

nates defined from branch modes obtained by in

troducing mass loading along the boundary. 

In general, the finite element meshes associated 

with the substructures could have nonconforming 

discrete interfaces owing to the fact that the sub

meshes were designed by different analysts, or the 

corresponding substructures had different resolu-

tion requirements, etc. Bennighof (1987), using 

conforming finite element interpolation functions, 

constructed superelements to represent the sub

structures. This ensured exact interface compati

bility when nodal DOF were shared between sub

structures. 

Bourquin and d'Hennezel (1992a) observed 

that the convergence analysis of the different 

methods of CMS by strict mathematical considera

tions had not received due attention. Based on a 

nonconventional choice of constraint modes tied 

to the normal modes of the Poincan!-Steklov op

erator (a coupling operator used in domain decom

position methods) associated with the interface 

between the substructures, they presented a new 

fixed interface method. Certain error bounds were 

also given. Bourquin and d'Hennezel (1992b) ap

plied this CMS technique to plate vibrations and 

error bounds were derived. 

A hybrid modal synthesis method based on in

termediate problem theory was proposed by leze

quel and Seito (1994) to deal with assembly of 

substructures along continuous boundaries. Using 

the integral operators associated with intermedi

ate problems, two new methods of modal trunca

tion were proposed. Farhat and Geradin (1994) 

developed a hybrid version of the Craig-Bampton 

approach based on a variational formulation (La

grange multipliers, similar to Flashner (1986) for a 

compatible case) that enabled assembly of general 

incompatible finite element models of substruc

tures. This would actually be a finite element re

finement of the intermediate structure concept in

troduced by Hale and Meirovitch (1980). 

Farhat and Geradin (1994) also presented a de

tailed derivation, based on an interface impedance 

operator and its spectral decomposition, to show 

that a given substructure could be exactly repre

sented by a combination of the junction modes 

and fixed interface normal modes. Thus, they gave 

a mathematical justification of the Craig

Bampton approach of CMS (1968) as the most 

"natural" CMS method. 

CMS for Damped/Gyroscopic Systems 

Conventionally, the concepts of CMS were devel

oped for the structural dynamics of lightly damped 

systems. For such systems the velocity dependent 

terms may be initially neglected and the coefficient 

matrices are real symmetric. Structures such as 

buildings, bridges, and airframes are of this type. 

However, other structures such as those with rotat

ing parts or heavy damping fall under the category 



of nonconservative and/ or gyroscopic systems that 

require more general analysis. 

For a nongyroscopic-nonconservative system, 

Hasselman and Kaplan (1974) and Dowell (1980) 

used complex eigenvectors for the substructures. 

Hasselman and Kaplan (1974) used fixed interface 

complex modes. Glasgow and Nelson (1980) ap

plied the method of component mode synthesis to 

the problem of dynamics of rotor-bearing systems, 

in particular, whirl mode and stability analysis. 

They used complex domain analysis and their ap

proach required a general complex eigenvalue/ 

eigenvector extraction methodology. 

Craig and Chung (1982) used free interface 

complex modes. Wu and Greif (1983) used two 

successive transformations: one based on free in

terface undamped modes and the other on fixed 

interface damped complex modes. Nelson et al. 

(1983) extended the work of Glasgow and Nelson 

(1980) to use the CMS technique for simulating the 

nonlinear rotor dynamic behavior. Their approach 

involved modal decomposition of the linear rotat

ing assembly using complex component modes 

with truncation; assembly of the reduced compo

nent equations were performed with the linear 

and/ or nonlinear supports to form the system 

equations. Based on complex mode shapes rather 

than real normal modes of the substructures, Beli

veau and Soucy (1985) developed a technique that 

involved only displacement transformation and 

not velocities as in a state space formulation. Ku

bomura (1987) studied the use of CMS techniques 

for structures with a nonproportional symmetric 

damping matrix. He used complex free-free, can

tilever, and hybrid modes. 

For complicated substructure models, obtaining 

the complex eigenvectors could itself be a difficult 

task. Also, a method that avoided complex matri

ces would be preferable. Following these, Hale 

(1984) developed a general substructure synthesis 

method for nonconservative vibratory systems. 

Viscous damping and/or gyroscopic forces were 

included by adopting a state space formulation 

for each substructure. The substructure equations 

were in terms of one symmetric matrix and one 

asymmetric matrix, both twice the dimension of 

the original coefficient matrices. A number of real 

trial vectors having no relationship with substruc

ture eigenproblem were used. He also extended 

Hale and Meirovitch's (1982) procedure for sys

tematic improvement of a fixed number of sub

structure trial vectors that was originally proposed 

for conservative nongyroscopic systems. It was ob

served that the substructure synthesis method in-
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volving trial vectors defined piecewise over each 

substructure could actually be seen as a discrete 

substructure (superelement) counterpart to Galer

kin's method applied to distributed-parameter fi

nite elements. 

For the case of a nonclassically damped system, 

Craig and Ni (1989) used left and right free inter

face eigenvectors and attachment modes. Qian and 

Hansen (1995) extended CMS for systems with 

viscoelastic damping in hereditary integral form, 

differential operator form, and steady-state form. 

de Kraker and van Campen (1996) modified Ru

bin's (1975) CMS technique for systems with gen

eral viscous damping using complex (residual) 

flexibility modes, state-space rigid body modes, 

and complex free-free dynamic modes. 

Substructuring for Locally 

Nonlinear Problems 

In many structural problems, the nature of the 

nonlinearity, if any, is found in only a few local 

regions whereas the rest of the structure remains 

entirely linear elastic during the whole dynamic 

analysis. For example, vehicle dynamics (frame, 

cabin, etc.) can be described by linear models, but 

the engine-suspension may behave nonlinearly. 

In such locally nonlinear cases where the structure 

is divided into linear and nonlinear substructures, 

significant computational efficiency can be ob

tained due to the restriction of the iterative process 

to the DOF of the nonlinear substructure. 

Bathe and Gracewski (1981) provided a detailed 

theoretical formulation using the substructuring 

technique to solve large dynamic problems with 

small isolated areas of nonlinearities. Zhong et al. 

(1988) successfully employed the substructuring 

technique in the dynamic analysis of a fixed off

shore platform involving a locally nonlinear system 

foundation. Sheu et al. (1989) used a multilevel sub

structuring technique for 2-dimensional nonlinear 

analysis. Numerical experiments showed that the 

execution time for each iteration with a reforma

tion ofthe stiffness matrix was about 3-5 times that 

required for iteration without stiffness matrix re

formation. During the incremental iterative analy

sis of the entire structure, only the stiffness matrix 

ofthe nonlinear substructure should be updated ac

cording to the effective stress level at the Gauss in

tegration points of the element. Sheu et al. (1990) 

presented several illustrative examples of elastic

plastic dynamic analysis under plane stress and axi

symmetric conditions. 
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MODIFICATIONS OF CMS 

Research efforts were also directed at improving 

the eMS method by incorporating other tech

niques. While using selected normal modes for the 

substructures, the eMS techniques usually in

volved truncation of higher modes and hence accu

rate estimates of only the lower modes of the entire 

structure were obtained. Kuhar and Stahle (1974) 

observed that the fixed interface methods were 

well conditioned so that truncation errors resulting 

from omission of the higher modes were reduced. 

The free-free interface methods, on the other 

hand, eliminated the need for constraint modes 

but resulted in solutions that were more suscepti

ble to truncation error. They proposed a dynamic 

transformation method that included the effects 

of modes not retained explicitly in the eigenvalue 

solution. A dynamic transformation that related 

the unused coordinates to the retained coordinates 

at a selected system frequency was obtained from 

the complete equations of motion. This transfor

mation was then used to reduce the mass and stiff

ness matrices while retaining those coordinates of 

primary interest. Because the transformation was 

at any system frequency, the method was not re

stricted to low mode solutions but was also useful 

for modes in any frequency range. If the system 

frequency were selected to be zero, the transfor

mation would become that of Guyan Bathe (1982). 

Nagamatsu and Ookuma (1981) used a general

ized reduction technique for the components in 

conjunction with eMS, introducing a parameter a 

in the transformation matrix for reduction. If a = 
0, it is pure static reduction; if a = 1, it is pure 

dynamic condensation. It was shown that the lower 

modes were predicted very poorly for large values 

of a. Hence, the static reduction process was rec

ommended for analysis by eMS. Ookuma and Na

gamatsu (1984c) proposed a eMS technique 

wherein the substructure matrices were condensed 

by Guyan's reduction. The interface regions of 

these components were considered as another 

component whose displacement was represented 

as a linear combination of natural modes calcu

lated from the reduced matrices of all other com

ponents. For the example of a plate, they consid

ered eight different ways of division into 

components. It was shown that the method of com

ponent division did not have a serious influence 

on the accuracy of calculation. Also, it was indi

cated that it would be enough to adopt the compo

nent modes in the same number as the demanded 

total modes. However, the numbers given were so 

close and the errors so small, that the limitations 

of these conclusions were not obvious. While this 

work was developed as an improvement over Ben

field and Hruda's (1971), comparison with the 

earlier method, which clearly demonstrated the 

limitations and advantages, was not given. A pro

cedure for calculation of the residual com

pliance matrix for substructures with free-free 

boundary conditions was subsequently presented 

by Ookuma and Nagamatsu (1985). 

Addressing the issue of which modes of the 

components need be retained, Kubomura (1982) 

used a parameter that was essentially based on the 

difference between the component eigenvalue and 

the system eigenvalue desired. He observed that 

all modes whose eigenvalues were below 2.25 

(1.52) times the highest system eigenvalues of in

terest and above 40% of the lowest system eigen

values, must be retained. A substructure synthesis 

method based on state space mathematics was pro

posed by Tavakoli and Singh (1989) for application 

to hermetic shell structures. It was observed that 

the state space method (SSM) had strengths such 

as systematic, building-block fashion substructur

ing, exact and comprehensive matching of all 

boundary variables at the junctions of substruc

tures, and the capability to model the dynamics of 

various axisymmetric thin shell structures easily 

and accurately. The solution phase of the method 

was improved upon by adopting the Pade approxi

mation for matrix exponentiation. An example of 

an actual refrigeration compressor shell was con

sidered and the measured modal data compared 

with the proposed method. However, comparison 

with other eMS techniques was not presented. 

A method for substructure modal synthesis that 

did not require the setting up of an entire system 

dynamic equation was proposed by Yee and Tsuei 

(1989). The eigenvalues ofthe system were instead 

directly obtained from the determinant of the 

modal force matrix. Thus, it was possible to get 

exact results. Yee and Tsuei (1990) subsequently 

extended their analysis to include transient re

sponse calculation. Using Lanczos vectors, Zeng 

and Xie (1992) obtained a modal transformation 

matrix. Their method attempted to unify the fixed, 

free, and hybrid interface methods. Three illustra

tive examples were given. Singh and Suarez (1992) 

presented a technique that combined the eMS 

with dynamic condensation (Guyan reduction) at 

the substructure level. Suarez and Singh (1992) 

discussed a new fixed interface eMS technique 

with improved accuracy by using higher order 

modal combination techniques (similar to the 



mode acceleration method). Bennighof (1987) 

proposed a technique called component mode iter

ation, in which a form of subspace iteration was 

carried out at the substructure level. El-Sayed and 

Hsiung (1990) presented an approach for parallel 

processing of finite elements using substructuring, 

each substructure being analyzed independently 

on a separate processor. 

Bouhaddi and Fillod (1992a,b) used Guyan's 

condensation at each substructure level. In the 

first stage, only interface DOF as well as certain 

selected interior DOF were retained. Subse

quently, the condensed matrices of the substruc

tures were assembled and the resulting system 

solved according to standard procedures. Let WG 

be the lowest frequency of all substructures when 

the interface DOF were fixed and Wg the frequency 

ofthe entire structure predicted based on the con

densation and synthesis. It was shown that accept

able precision would be available in Wg only when 

Wg < 112 WG. 

Yee (1990) observed that the generalized vari

ables used in CMS might not be measurable in 

a modal test. Hence, a method to eliminate all 

nonmeasured variables in terms of measured quan

tities was presented. Engels (1992) focused on the 

need for consistent improvement in the accuracy 

of system eigenpairs obtained from CMS when 

modal truncation was resorted to at the substruc

ture level. A method to reduce the residual norm 

associated with each of the eigenpairs was pre

sented. From the results obtained on example 

problems, it was noticed that the cutoff frequency 

need not be taken larger than twice the desired 

system frequency. 

Yasui (1993) observed that, in general, complex 

space structures were frequently modified in the 

design stage. A convenient reanalysis method 

would therefore be useful. Flexible space struc

tures could be modeled as dynamic components 

that interact with the launch vehicle in order to 

estimate the dynamic characteristics during the 

launch stage. Hence a CMS based reanalysis tech

nique was proposed. A simple beam model of a 

launch vehicle/spacecraft coupling structure was 

used as a demonstrative example. 

APPLICATIONS OF CMS 

Flexible Robotic Manipulators 

As higher and higher operating speeds become 

necessary to meet increasing demands, inertia ef-
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fects become predominant in robotic manipula

tors. Lighter links would be preferable, but this 

introduces flexibility. It would therefore be neces

sary to realize controlled motion in an elastic 

world! Moreover, as the manipulator moves in its 

entire work space, the configuration changes and 

its dynamic characteristics could in general change 

too. Thus, for effective control based on elastic 

system dynamic response calculations, it may be

come necessary to determine the eigenpairs of the 

manipulator as it moves. In conventional analysis, 

the complete model will have to be recalculated. 

Recognition that dynamics of any given individual 

link does not change and only the relative configu

ration of links changes, leads to effective use of 

CMS in such an application. Thus, in CMS, only 

the reduced model of interlink coupling need be 

recomputed for different positions because indi

vidual link substructure models remain invariant. 

Sunada and Dubowsky (1983) modeled the be

havior of an industrial robotic manipulator with 

flexible links. They incorporated finite element 

representation of the robot links into a system 

model based on CMS. Shabana and Wehage 

(1983) developed a computationally efficient cou

pled dynamic analysis method for mechanical sys

tems consisting of rigid and flexible members 

based on substructuring. An elastic slider crank 

mechanism with an elastic connecting rod was pre

sented as an example to illustrate the approach. 

Moreover, the problem of a tracked vehicle with 

a flexible gun tube negotiating rough terrain was 

considered. 

Smet et al. (1989) considered modeling of flex

ible robotic manipulators using CMS. Each sepa

rate link was modeled using the finite element 

method. These models were assembled into a 

global model using compatibility matrices. The 

possibility of defining flexible joints between two 

links was included. An example three link manipu

lator indicated that the CMS method with fixed

fixed modes gave the most reliable resonance 

frequencies. CMS results on an industrial manipu

lator compared well with experimental data. Rey

noso and Seering (1991) developed a dynamic sys

tem model of a Cartesian robot as a connection 

of substructures that remain time invariant and 

whose modal characteristics and transfer functions 

could be readily determined experimentally. A 

strategy was presented for modeling the response 

of adjacent components as they experienced rela

tive translational motion. The experiments con

ducted showed that each of the first 10 modes, 

and sometimes higher modes as well, contributed 
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significantly to the system response. It was ob

served that the simulations required about 40 

times as long to run on a dedicated DEC VAX 

111750 computer, as the robot required to make 

the corresponding move. This emphasized the 

need for further studies to realize real time control 

in a complex manipulator. Moon and Cho (1992) 

used the CMS technique of Hou (1969) to study 

the vibrations of articulated robotic manipulators. 

They first considered a simple four bar mechanism 

and subsequently a four bar type robotic manipu

lator. The modal data for each component re

quired for synthesis was obtained experimentally. 

CMS predictions of system eigenvalues were 

shown to be in close agreement with experimen

tal results. 

Turbomachinery Applications 

Bladed Disks. The critical structural element of 

a typical gas turbine engine is the compressor or 

turbine disk carrying several blades around its cir

cumference. These units operate in severe envi

ronments characterized by high speeds of rotation 

and cycle temperature. The majority of the failures 

reported in turbines have been due to vibration 

induced fatigue of the bladed disk units. The fail

ure of even a single blade in an engine can ad

versely affect the performance. Also, the resulting 

fragments, being carried around the circumfer

ence, can damage the other blades. The classical 

structural analysis problem has been to determine 

the steady-state and dynamic behavior of these 

critical units under operating conditions. While 

the whole bladed disk assembly needs to be mod

eled for an accurate prediction of its dynamics, to 

a first approximation the blades can be assumed 

to be identical. Thus, CMS appears attractive to 

divide the entire unit into a disk substructure and 

a blade substructure. 

Perlman and Schaeffer (1979) used CMS to cal

culate the natural frequencies and mode shapes 

of groups of turbomachinery blades. It was noted 

that CMS was ideally suited to such problems in

volving identical blades, because accurate determi

nation of eigenproperties of one blade leads to 

accurate predictions of entire systems. They 

adopted the Craig-Bampton (1968) approach. 

Considering the vibrations of bladed disk assembl

ies, Irretier and Schmidt (1982) and Irretier (1983) 

used the CMS technique for tuned (Le., all blades 

alike) and mistuned systems. Finite elements were 

used to model the disk and the blade substructures. 

It was observed that CMS yielded high accuracy 

in relation to the computational effort, especially 

when several identical substructures existed, e.g., 

tuned bladed disk assembly. 

Rotor-Bearing Systems. Analysis of dynamic re

sponse of rotors is crucial especially at high speeds. 

Glasgow and Nelson (1980) applied the method of 

CMS to the problem of dynamics of rotor bearing 

systems, in particular, whirl mode and stability 

analysis. They discussed examples of a single uni

form shaft with internal damping supported by 

identical bearings and also a dual rotor system with 

an intershaft bearing. Numerical results indicated 

better accuracy in the whirl mode analysis of rotor 

bearing systems when constraint modes were in

cluded than for the analysis without constraint 

modes. Because the onset of instability is usually 

associated with the first forward mode, modal 

truncation did not alter the instability predic

tions substantially. 

Nelson et al. (1983) extended the work of Glas

gow and Nelson (1980) to use the CMS technique 

for simulating the nonlinear rotor dynamic behav

ior. Two example rotor systems were analyzed to 

determine their dynamic characteristics due to 

blade loss. The results indicated that a high accu

racy simulation was possible with the retention of 

a small number of component modes. Subbaiah 

et al. (1989) used the MCMS technique of Ookuma 

and Nagamatsu (1984a) to study the dynamic re

sponse of rotor bearing systems. Parszewski and 

Krynicki (1989) considered fluid-film force repre

sentation in journal bearings under dynamic condi

tions and combined this with a rotor model using 

CMS to conduct a stability analysis of rotor bear

ing systems. A case study of a vertical pump was 

discussed. While Glasgow and Nelson (1980) used 

fixed interface component complex mode analysis, 

Li and Gunter (1982) used Hou's (1969) free inter

face CMS for large rotor systems. Wang and Kirk

hope (1994a) discussed a free interface CMS 

method for damped rotor systems with flexible 

couplings. Wang and Kirkhope (1994b) focused 

attention on rotor systems with flexible and rigid 

interfaces such as a multispool rotor system with 

flexible bladed disks; the interfaces between shaft 

and disk could be rigid while those between shafts 

could more likely be flexible. Truncated normal 

modes of the components were augmented with 

residual flexibility modes and inertia relief modes. 

They discussed a case study of a two spool aircraft 

gas turbine engine. Xu and Marangoni (1994) stud

ied the mechanical vibration resulting from shaft 

misalignment and imbalance. The generalized 



equations of motion for a complete motor flexible 

coupling rotor system were derived based on the 

CMS technique of Craig and Bamptom (1968). 

Other Applications 

Prakash and Prabhu (1986) studied the free vibra

tion of Indian Remote Sensing (IRS) spacecraft. 

The effectiveness of different methods of reducing 

the number of interface DOF at the system level 

was discussed. Recursive sub structuring was sug

gested. Farhat and Geradin (1994) applied their 

technique to a real life example of modal analysis 

of a high speed civil transport aircraft. Haggblad 

and Eriksson (1993) discussed the dynamic analy

sis of a bogie for traction vehicles. The complete 

model contained 78,000 DOF distributed over 

three substructures. 

Problems of contact-impact frequently occur 

in structural analysis, e.g., the response of aircraft 

structures to impact by foreign objects. Wu and 

Haug (1990) studied such problems. Impacting 
bodies were divided into several substructures and 

contact-impact was then considered as occurring 

between substructures. Additional modes were 

suitably introduced into the representation of de
formation fields in impacting substructures, after 

impact occurs. The Craig-Bampton (1968) ap

proach was used and constraint and fixed interface 
modes were used for each substructure. An impact 

constraint mode could be defined as a constraint 

mode obtained by giving a unit displacement of a 

contact node in the impact direction. The distur

bance generated at the contact point was approxi

mated by a velocity jump in the impacting sub
structures. Wave propagation was defined by 

subsequent excitation of deformation modes in 

each of the other substructures of the bodies in 
contact. Based on examples of a long rod and 

a beam, the authors showed that their method 

correctly predicted the contact duration, contact 

forces, and displacements. Ginsberg and McDan

iel (1991) used CMS to study the effects of circum

ferential ring stiffeners on the vibration and acous

tic radiation of a submerged circular plate. They 

observed that treating the stiffeners as separate 

substructures in CMS enabled extraction of ex

plicit information about the plate-stiffener inter

action. 

The vibration of floor systems caused by human 

movements can be reduced using tuned mass 

dampers (TMD). Setareh and Hanson (1992) used 

the CMS method to compute the response of the 

floor TMD system using only a few natural modes 
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of the floor. It was found that using the CMS 

method could result in optimum parameters ofthe 

TMDs, regardless of the closeness of the natural 

frequencies of the system. Setareh et al. (1992) 

extended this approach by adding a number of 

static mode shapes to the formulation. These 

shapes were obtained as the static displacements 

of the system when a unit load was applied at the 

attachment point of the TMD to the structure. It 

was shown that the addition of these modes re

sulted in better accuracy of the predicted response. 

SUMMARY 

For structural systems that have a large number 

of DOF or have components designed by separate 

groups of organizations, the method of component 

mode synthesis has proven to be an accurate, effi

cient, and economical method of analysis. The pri

mary merit of CMS is that the number of DOF in 
the total structure is far less than in direct use of 

the finite element method. Over the years, the 

basic formulation has been extended to damped/ 

gyroscopic systems as well as systems with strongly 

local nonlinearities. A wide variety of applications 

have emerged: design of tuned mass dampers in 

civil structures; modeling of contact-impact prob
lems; solution of large structural dynamics prob

lems such as aircraft analyses; high speed rotor 

dynamic problems; flexible robotic manipulators; 

etc. A review of the available literature on all 

aspects has been presented in this work. However, 

certain aspects, such as computational strategies 
for CMS on high performance computers and sen

sitivity analysis in conjunction with CMS, have not 

been discussed because they are beyond the scope 

of the present work. 
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