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Abstract. The use of multibody dynamics software in industrial firnssésdily increasing. Engineering curricula
often do not include mandatory courses where multibody aycs is taught. This paper, after a discussion
on some teaching needs in this specific cultural area, repont the experiences matured by the authors when
introducing these courses at two Italian universities.

1 INTRODUCTION

The Italian engineering schools were recently requiredawy o change their traditional five years curricula.
Under the current rules a student, after three years, majroblaureadegree in engineering . Then, he/she can
pursue further studies and obtain, after two years)dheea specialisticadegree. One year master courses are
optionally organized by the universities which offer alsthigee year doctoral programs.

The change imposed a radical revision of the program of etudit should be acknowledged that many
engineering teachers are complaining about the influeratethiis reform of studies is having on the level of
technical culture of our engineering graduates. Howevershall not discuss about such a topic, but the mention
was necessary in order to introduce the cultural envirorameim which the reported experiences were developed.

The content of textbooks traditionally used by mechaninglmeering students for learning machine dynamics
(e.0.[1, 2]) focus on Newton-Euler approach and on simple plamagrise dynamics models. Forward dynamics
is often limited to the classical one or two degrees-ofdma linear models used in vibrations. When present,
the computer coding of the problem is basedadrhocmodels whose equations are deduced by hand.
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Since the number of credits for mechanics courses is sontdiniiged, this approach is currently continued.
Thus, the teachers are forced to limit their lectures to #e#ds of machinery dynamics instead of extending them
by introducing multibody dynamics techniques. From calliagwith collegues it seems that the above situation
is not uncommon at many european universities.

The widespread diffusion of multibody dynamics softwar#isctor attention. In fact, a significant portion
of european mechanical engineering graduates are pdteséies of such a software without having a minimal
knowledge of its theoretical bases.

Moreover, many current users, although familiar with thapiic interface, lack the basic understanding of
the theory behind the code. Unfortunately, software pagkagthout a detailed theoretical manual are not rare
and the courses organized by the companies, due also to ¢instraints, usually focus on the working features
of the code and not on its theory.

In a recent past, multibody dynamics was more a researct taftier than an established subject for manda-
tory university courses. Although many distinguished aeckers in the field published textbooks describing the
details of their methods, few universities offered courigesiodern multibody dynamics. With the advent of
software packages based on multibody dynamics technithesieed is arising for the introduction of courses
where the derivation of the equations of motion is preseirteadcomputer oriented manner together with time
integration algorithms.

The current situation has similarities with the pre-finiteneents era. In the sixties few university curricula
included a course in finite elements. Nowdays the situasoradically changed. There is not any university
offering a degree in mechanical or civil engineering with@mandatory course in finite elements.

The correct interpretation of the results obtained fromfenaoe requires the understanding of the theoretical
bases used for its developement. This is a widely acceptieibogn engineering.

Considered the current status of mechanical engineerirrgcala, many users of multibody dynamics soft-
ware may not be fully aware of the limits of their models. Tltgmtial danger of the above described situation
requires some action from the multibody dynamics reseasoimaunity.

This action can take different forms according to the tacd¢tte instruction:

e students with no background in multibody dynamics ancelittt no experience of CAE software;
e engineers already using CAE software;

For this last cathegory of individuals, the continuing eatian programs offered by the universities or private
companies should foresee lectures on theory and practisrubtibbody dynamics. Noteworthy attempts in this
direction can be recorded.

Serious problems may arise by the use of simulation softvgareh as multibody dynamics codes, by CAD
practitioners. Although extensive training is requirecb®expert in using a computer to create solid models,
this does not makes the person an engineer [25]. Whoevettiisgsep the model must understand what kind of
assumptions he/she is making.

The mechanical engineering community benefit from selfhstsystems and use of world wide web as a
teaching tools [3]. Little is known on the effectiveness wfls systems for learning multibody dynamics.

2 PREPARATION OF THE MULTIBODY DYNAMICS COURSE

According to the experience of the authors, an instructdlingito organize a multibody dynamics course will
face different choices. The following items summarizes safithe main problems identified.

e Prerequisites
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Multibody dynamics is an advanced topics. Students shoale la background in physics, numerical
analysis and machinery dynamics. Computer programmirig ske also required.

Kinematic formulation and dynamic principles

In multibody dynamics there is a wide choice of generalizeatdinates€.g. Euler angles, Cardan angles,
Euler parameters, Denavit-Hartenberg, dual numberand)methodologies for the systematic description
of kinematic constraint®(g. method of constraints, loop-closure equations,...)inlmaaial systems.

Moreover, the equation of dynamics may be deduced fromréifttapproaches (Newton-Euler, Lagrange,
Gibbs-Appell, Jourdain, Gauss,...). Which kinematic fotation and dynamic principle is the most effec-
tive for teaching? Although this is a key question a definitevaer cannot be given, and the final choice
depends on the instructor’s personal judgement and prefese However, the teaching of dynamic formu-
lations adopted in commercial software is recommendedaat ie introductory courses. The student will
have a better understanding of the theoretical bases aitdtions of the software.

In the bibliography a list (4 — 23]) of textbooks dedicated to multibody dynamics is includeiitely the
list is far to be exhaustive. However, it is a good startintnpo

Course length

How many hours are required to teach basic multibody dynaroarse for graduate students? According

to the authors’ experience, 45 hours distributed in 15 lest(? lectures each week) should be enough. For
experienced engineers, three days intensive course seeasanable length. In this case the instructor

concentrates mostly on theory and numerical methodsaa@teprogramming.

Preparation of material to be distributed

Homework assignements and computer programming taskédsheglearly stated in handouts. Reference
to the equations in textbooks will help the students. Theregfce to papers taken from technical literature
may be useful when dealing with advanced topics.

Computer programming
The students must have normal skills of computer programinia higher level language of their choice.

They are required to develop software with the following mies: data input and output, automatic build
up of equations and numerical solution. Through the computegramming of a multibody dynamics
methodology the students usually reach a deep understantlithe subject. For this reason computer
programming is strongly recommended in basic multibodyadgits classes. The instructor can make
available pieces of code that the students may use durirdetredopement of their own software. This will
help the students not to get lost in coding the all softwanétd concentrate on the overall structure of the
program.

Guidelines on the input/output of data and on the overalcstire of the code should also be discussed by
the instructor.

The students should also be encouraged to use profesygitaikdted linear algebra and numerical integra-
tion subroutines available in packages such as IMSL, ODBRAGPACK, etc.
Use of commercial multibody dynamics software

At university level, how much emphasis should be given tot#aehing of commercial software? Also in
this case there are different answers. Some teachers &aube students should be educated for a correct
use of commercial software. Since user’s interface andbikfies of a software changes almost every year,
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other teachers, during instruction, put more emphasis®thikoretical part of the methodology than on the
practical use of the software.

We believe that both aspects are relevant. The current tsdndthe development of software with friendly
user’s interface. Thus an engineer can make himself famitay quickly with the solid modeling and
multibody dynamics software. Many companies offer spéxdl training on the specific software being
used at their site. This training usually focus much morehempractical use of the software and less on its
theoretical bases or limitations. The training offeredmiversity level should involve a type of knowledge
valid in the long term. Students are attracted by the usenadlsition tools and less by the theory. Thus a
teacher must search for a compromise between the instnuatithe use of commercial software and the
teaching of multibody dynamics theory.

3 THE AUTHORS' EXPERIENCE

Two of the authors (E.P. and R.S.) recently introduced assoin multibody dynamics in the engineering curricula
at their universities. The courses are mandatory for méchband automatic control engineering students. This
section describes some of the choices and may offers goédeior similar initiatives.

3.1 Course syllabus

The method of constraints for planar kinematic analysisvoRge, prismatic, gear and cam pairs are consid-
ered together with other 2 degrees-of-freedom types oftcaings. The automatic assembly of the systems of
equations for position, velocity and acceleration analy#fierative solution of systems of non linear equations.
Geometry of masses. The principle of virtual work and Lages equations. Dynamics of planar systems.
Systematic computation and assembly of mass matrix. Catipatof planar generalized forces for external
forces and for actuator-spring-damper element. Simpldicgiipns of inverse and forward dynamic analysis.
Numerical integration of first-order initial-value probis. The method of Baumgarte for the solution of mixed
differential-algebraic equations of motion. The use ofrdimates partitioning, QR and SVD decomposition for
the orthogonalization of constraints. Kinematics of rigimties in space. Reference frames for the location of a
body in space. Euler angles and Euler parameters. The farofilRodrigues. Screw motion in space. Velocity,
acceleration and angular velocity. Relationship betwéenaingular velocity vector and the time derivatives of
Euler parameters. Kinematic analysis of spatial systenasidBkinematic constraints. Joint definition frames.
The constraints required for the description in space ofrnomkinematic pairs (revolute, prismatic, cylindrical,
spherical). Equations of motion of constrained spatiatesys. Computation of spatial generalized forces for
external forces and for actuator-spring-damper elemeoiniitation of reaction forces from Lagrange’s multi-
pliers.

Considered the introductory level of the course and theddélnds for the rent of licenses, hands-on practice
with multibody dynamics commercial software was not inéddh the course.

3.2 Homework and computer assignements
The homeworks requested are the development of computesdod
- the kinematic analysis of planar mechanisms with lowerspai

- the forward dynamic analysis of planar mechanisms withelopairs, spring-damper-actuator elements,
external forces;
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- dynamic analysis of a 3D mechanical system composed of igid bodies with revolute, prismatic or
spherical pairs.

The students were also requested to document their code tredi of their capabilities.

3.3 Course grading

The overall grading is based for 50% on the quality of the catmpassignements handed during the course, 25%
from written test and a 25% on a brief oral exam on differemtpaf the theory.

3.4 Response and comments from the students

The students seems enjoying the study of multibody dynanWdsat they like most is the sistematicity of the
approach. The computer oriented modeling of mechanic&sysmakes them more confident about the formal
correctness of the governing equations deduced. Most afdhwlains arise from the limited time allowed for
computer homework. In fact, they claim that the theory isydaslearn and understand, but debugging of the
software takes most of their time. They find also useful to xjpeeiences with specialized software for linear
algebra and numerical integration of differential equadioTl he software tools chosen for computer programming
were Fortran90, C++, Matlab, Maple and Mathematica.

4 CONCLUSIONS

The training in multibody dynamics of mechanical enginegstudents has been discussed. On the basis of their
experience, the authors recommend that multibody dynacoigsses should be preferentially offered during or
after the third year of an engineering curriculum. This willkure a minimum of background. The question on the
mosteffective syllabus is still open. It would be interestingclmmpare the proficiency in modeling mechanical
systems of the students exposed to different multibody aycmethodologies.

The inclusion more advanced multibody dynamics topics ithmaical engineering curricula seems is not
widespread in European universities. For instance flexiniéibody dynamics is still perceived like a research
topic rather than an established discipline. The scarditgxtbooks, usually very expensive, and of ready to
use didactic material does not help the diffusion of courfeee to the lack of funds, the renting of commercial
software licenses is also a problem. However, from the dic@oint of view, the development of open source
multibody dynamics software, made freely available tolheas and students or under a nominal fee, would greatly
help the spread of the culture of multibody dynamic in theieegring curricula. Centralized web resources,
where students and educators may find links to reports,jalgpsoftware on the different branches of multibody
dynamics are also useful for the above purposes.

The efforts in the developement of didactic tools and teagimethodologies in the field of multibody dy-
namics are worthwhile. Beside the already mentioned adgast of informed software users, the research in
multibody dynamics will surely benefit of a large base of gratg students familiar with the basic techniques.
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