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ABSTRACT

The goal of this rescarch was to develop analysis and optimal design procedures for

planar as well as spatial mchcanisms that are frequently used in space structures. A nonlincar

finite clement procedure which was.developed originally for planar mechanisms during the initial

stages of this research, has been modified considerably to handle complex mechanisms with sliding

masses and mechanisms operating at relatively high speeds. The analysis takes into account the

cffects of geometric and material nonlinearities, vibrational effects and coupling of

deformations. Numerical results have been reported for certain mechanism examples. The effects

of nonlinearitics have been found to be signiticant on the dynamic behavior of mechanisms.

Considerable progress has been made in developing a nonlinear finite element procedure for

three-dimensional mechanisms. Numerical results obtained for some example problems indicate the

validity of the current three-dimensional formulation. A new optimization algorithm has also

been developed based on the Gauss method to handle various types of nonlinear constraints with

the goal of reducing the number of analyses required to obtain an optimal design. Complcte

details of the nonlinear finite element procedures as well as the optimization technique are

available in published papers, copies of which are included here in the Appendix. Because of the
complex nature of the nonlinear analysis, which had to be repeated many times during the
optimization process, considerable amount of computer time was needed for this research. To help
overcome these computational difficulties, DoD and NSF provided funds through two separate grants
1o purchase a research computer and other associated equipment as well as access to a

supercomputer.
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SUMMARY
A nonlinear finite element analysis procedure which was developed for planar mechanisms
during the first phase of this research has undergone considerable modification to handle complex

mechanisms with sliding masses and mechanisms operating at relatively high speeds. A suitable

nonlinear finite element analysis procedure has also been developed for three-dimensional

mechanisms. In both cases, the analysis takes into account the effects of geometric and material
nonlinearities, vibrational effects, and coupling of deformations. Numerical results have been

reported for certain mechanism examples. These results indicate significant influences of the
geometric as well as the material nonlinearity effects on the dynamic behavior of mechanisms. In the
optimal design arca, a new algorithm has been developed for finding the minimum of a sum-of-squares
objective function subject to general nonlinear constraints. The solution of some selected examples
indicate good results in terms of the total number of objective function evaluations to obtain an

optimal design. Complete details of these investigations as well as those of the nonlinear finite

element analysis are included in the Appendix. To meet the extraordinary computational needs of this
project, a separate VAX 11/785 computer and peripheral equipment were made available through a DoD
research grant. The National Science Foundation also provided funds for some additional equipment as
well as computational time on a supercomputer. The current research will continue with the help of a
recently obtained National Science Foundation grant (Grant No. INT-8616036) which involves the
development of a joint clearance model for mechanical mechanisms and its inclusion in the vibrational

analysis of linkages undergoing large deformations due to high speeds and large loads.

RESEARCH OBJECTIVES
The objective of this rescarch was to develop a nonlinear finite clement dynamic analysis
procedure for planar as well as spatial mechanisms that are frequently used in space structures.
Included in the nonlinear analysis are the effects of curvature-displacement nonlincarity,
nonlinearity due to cxtension or streiching (both caused by large deformations), material

nonlinearity as well as combinations of these. In addition to the nonlinear analysis, an efficient

optimal design method was to be developed to handle objective functions composed of combinations of
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rigid body and deformation displacements involving geometric design variables as well as

cross-sectional sizes of the members of the mechanism subject to limitations on stresses and

deformations. Thus the proposed research involves the following.

a) develop a nonlinear finite element procedure for dynamic planar mechanisms.

b) develop an efficient optimization method involving a small number of analyscs for mechanism design
problems.

¢) extend the nonlinear analysis procedure developed for two-dimensional mechanisms to

three-dimensional mechanisms.

d) apply the optimization technique developed to simple mechanism problem.

¢) combine the nonlinear analysis procedure with the optimization technique to design complex

three-dimensional mechanisms, robots and mechanical manipulators.

SIGNIFICANT ACCOMPLISHMENTS

A nonlinear finite element analysis procedure has been developed for planar mechanisms to
handle geometric and material nonlinearitics (see the publications list and Appendix for details).
The results of several example mechanisms clearly indicate the need to include these types of
nonlinearities in the dynamic analysis. The difficulties in extending this approach to complex
planar mechanisms with sliding masses and mechanisms operating at relatively high speeds have been
overcome by using a modified finite-element formulation to handle such complex cases. Some example
problems using this new formulation have been considered in a paper entitled, "Vibrational Analysis
of Mechanisms with Geometric and Material Nonlinearities" (with E. Kear, M. Sathyamoorthy and K.D.
Willmert as authors) presented at the Joint AFOSR-SES Meeting held at the State University of New
York at Buffalo in August 1986. Similar results have also been presented in a very recent paper

cntitled, "Effect of Geometric and Material Nonlinearities on Vibration of Planar Mechanisms” by E.B.

Kear, M. Sathyamoorthy and K.D. Willment, presented at the ARO/AFOSR Meceting on Nonlincar Vibrations,
Stability and Dynamics of Structures and Mechanisms held at VPI & SU, Blacksburg, Virginia, March
1987. Considerable progress has also been made in developing a nonlinear finite clement procedure

for three-dimensional mechanisms. Some example problems have been solved and the results indicate
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the validity of the three-dimensional formulation. The general three-dimensional formulation is
given in a paper entitled, "Finite-Element Nonlinear Analysis of Three-Dimensional Mechanisms.” by
M. El-Sawy, K.D. Willmert and M. Sathyamoorthy included in the Appendix of this report.

In the optimization area, a very efficient optimality criterion technique called the Gauss
Constrained Method has been developed to solve optimal design problems with: objective functions which
are the sum of squared quantities with general nonlinear constraints. The technique has the
advantage of reducing the number of analyses required to obtain an optimal design, thereby
significantly reducing the computational time. This method is described in a paper entitled, "The
Development and Application of Gauss® Nonlinearly Constrained Optimization Method" (with D.R. Boston,
K.D. Willment and M. Sathyamoorthy as authors) published in the Jounal of Computer Methods in
Applied Mechanics and Engineering. In a paper entitled, "The Gauss Optimization Method for Problems
with General Nonlinear Constraints” by T.E. Potter, K.D. Willmert and M. Sathyamoorthy (presented at
the 22nd Annual Meeting of the Society of Engineering Science held at the Pennsylvania State
University, University Park, Pennsylvania, October 1985), a new algorithm has been developed for
finding the minimum of a sum-of-squares objective function subject to general nonlinear constraints.
The solution of examples indicate good results in terms of the total number of objective function
¢valuations required by the algorithm to obtain an optimal design. The optimization techniques
developed in this research as extensions of the Gauss method to handle various types of constraints,
reduce the number of analyses required to obtain an optimal design. The method is now being used to
solve additional example problems including various mechanisms.

Because of the very complex nonlincar analysis required, which must be repeated many times
during the optimization process. a considcrable amount of computer time was needed for this
research. To mect these needs, a proposal entitled "Laboratory for Graphical Analysis of Nonlincar
Deformations in Dynamic Structural-Mechanical Systems” was submitted to DoD under the DoD -
University Instrumentation Program to purchase a separate research computer for this project. This
resulted in a grant (No. AFOSR-85-0103) of $101,567. Although the original proposal called for the
purchase of a VAX 11/730, a very careful and thorough search for the best computer (with the

available funds) resulted in the purchase of a much larger and faster VAX 11/785. Digital Equipment




Corporation offered a sizable reduction in cost of its VAX 11/785 computer under the DEC Educational

Discount Program. Because of this reduction and because of additional cost sharing by Clarkson
University’s School of Engineering, it was possible to purchase the VAX 11/785 at no additional cost
to DoD. The computer equipment purchased through DoD-URIP Grant and other sources includes
I. VAX 11/785 COMPUTER HARDWARE
1. VAX 11/780 Packaged System Including: $102,750

(A) VAX 11/780 CPU

(B) 2-Mbytes ECC MOS (64-K chip) Memory

(C) H9652 UNIBUS Expansion Cabinet with BA 11-K and DD11-DK

(D) VAX/VYMS License and Warranty

2. TU80 9 Track Streaming Tape Drive with Cabinet $8.,800
3. RUASB1 456 Mbyte Fixed Disk $19,600
4. 2-Mbytes of Additional Memory $8,100
5. FP780 Floating Point Accelerator $8,960
6. Two DMF32-LP Communication Interfaces $5,250
7. 780 to 785 Upgrade Kit $80,000
8. 25 ft. RS 232 Sync Cable $95
9. Two 300/1200/2400 Baud Telephone Modems $1,060
10. Installation N/C
11. Insurance and Transportation $1.817

12. Miscellaneous - Installation of Power, Phone

Lines, Terminal Lincs, etc. $1,756
Total Computer Hardware Cost $238,188

[I. COMPUTER DISPLAY TERMINAL

1. Tektronix M4115B Computer Display Terminal $19.950
2. Option N1. Warranty-Plus $1.025
3. Option 2B: Additional 512 Kbytes RAM $4,600
4. Option 23: Additional Four Planes of Display Memory $6.000

P .
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2 5. Option 09: 4695 Color Copier Interface $500
i 6. Option 42: Single Flexible Disk $1.700
| 7. Display Stand $750
8. Software Package $1,000
u 9. 4695 Color Graphic Copier $1,595
- 10. Option 42: Warranty-Plus $430
« 11. 4926 10 Mbyte Hard Disk $4,200
. 12. Option N1: Warranty-Plus $210
z 13. Shipping 371
Total Display Terminal Cost $42,331
o III. SOFTWARE FOR VAX 11/785 COMPUTER
ﬁ-\{ 1. VMS Operating System N/C
) 2. FORTRAN License $5.170
. 3. DECNET Communication Software $2,950
g 4. IGL Graphics Software $2,677
.:-; 5. PSI Access Software $1,850
L . Total Software Cost $12,647
& IV. TOTAL HARDWARE & SOFTWARE COSTS $293,166
E-\-: The total value of the equipment and software is $293,166. Discounts and contributions from
. Digital Equipment Corporation, Tektronix, Clarkson University's College of Engineering and the
= Dcpartment of Mechanical and Industrial Engineering total $191,599. Thus, the total cost of the
hardware and software to DoD remained at $101,567 as originally proposed. It should be noted that
the capabilities of the VAX 11/785 system, including the Tektronix 4115 graphic terminal, are
. cnormous compared to the originally proposed VAX 11/730. The VAX 11/785 system is five times faster
than the VAX 117730, has 4 Mbytes of memory (compared to only 1 Mbyte of memory for VAX 11/730). 456
Mbyte of disk space (compared to 121 Mbyte of disk space) a total of 16 terminal lincs, and a 9 track
, streaming tape drive (no tape drive was included in the original VAX 11/730 system).
Hardware and software were also purchased to tie the VAX 11/785 into Clarkson's campus-wide
a
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computer network. The physical link is through the University’s VAX 11/780, but this is tied to the

." other computers on campus, which is linked to other universities though BITNET. This tie in of the
VAX 11/785 allows the users of this research computer access to many of the other facilities of the
university, such as high speed printers, digital plotters, laser printers, etc. It also allows

researchers with terminal connected to the other computers on campus to sign on to the VAX 11/785 as

':!" though they were directly connected.

:: The Tektronix 4115B computer display terminal, which is connected to the VAX 11/785 computer,
3 has recently been expanded to improve its capabilities. Both a 3-dimensional wire frame and a shaded
-‘: surface option have been added. These options allow the terminal to locally manipulate 3-dimensional

objects, such as rotating them in 3-dimensional space, removing hidden lines, drawing shaded
surfaces, etc. These expansions result in this terminal being equivalent to a Tektronix 4129
terminal, which is the most recent high-end terminal introduced by Tektronix. The total cost of
these options was $16, 475, which was made possible through contributions from Gleason Foundation,
Proctor and Gamble, Tektronix, Coming Glass Works as well as the University’s School of
Engineering.

A grant from the National Science Foundation (Grant No. DMC-8500627), with M. Sathyamoorthy
and K.D. Willmert as principal investigator, included funds totaling $10,715 for the further
expansion of the graphic facilities. A Tektronix 4692 color graphics copier, a Tektronix 4107 low
resolution graphic terminal and two Z-200 personal computers were purchased through this NSF grant.
These purchases complement the high resolution Tektronix 4115B terminal obtained through the
DoD-University Research Instrumentation Program. In addition to these equipment funds, this NSF
grant provided, as part of its Cooperative Program on the Use of Supercomputers, twenty-five hours of
CPU time on a Cray X-MP supercomputer. The program development and trial runs were done on the DoD
funded in house VAX 11/785 research computer with final runs made at the supercomputer located at the
University of Illinois.

A summary of funding sourccs including the 1984-85 DoD-URIP Grant to purchase the VAX 11/785
rescarch computer and other associated equipment (including upgrades) is given below:

DoD - University Research Instrumentation Program 101567

(3
o
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Digital Equipment Corporation Contribution $120.852
Tektronix Discount and Contribution $11,110
National Science Foundation $10,715
Clarkson University’s College of Engineering Contribution $56,999
Department of Mechanical & Industrial Engineering $3.176
Clarkson's Educational Resource Center $3,300
Gleason Foundation $7.000
Proctor and Gamble $5,300
Corning Glass Works $337

TOTAL $320,356

As a result of contributions from all of these sources, the total value of the equipment within this
laboratory exceeds $300,000 for an investment of only slightly over $100,000 from DoD.

A recent grant from the National Science Foundation (Grant No. INT-8616036), with K.D.
Willmert and M. Sathyvamoorthy as principal investigator, will help accomplish all the remaining goals
of the current AFOSR research. The funded NSF research involves a cooperative effort between the
principal investigators and a collaborator at the Korea Advanced Institute of Science and Technology
in the Republic of Korea. The particular project will require the development of a joint clearance
model for mechanical mechanisms and its inclusion in the vibrational analysis of linkages undergoing
large deformations due to high speeds and large loads. Also included is the study of the optimal
design of counter weights to reduce, as much as possible, the joint forces. The duration of the NSF

rescarch will be until December 1989.
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and Optimal Design of Dynamic Mcchanical Systems for Spacecraft Application,” Report to AFOSR in
\i August 1984.

3. D.W. Tennant, K.D. Willmer and M. Sathyamoorthy, "Vibration of Mechanisms with Material and
i Geometric Nonlinearities Using Variable Length Finite Elements,” Department of Mechanical and
b“ Industrial Engineering, Clarkson University, Potsdam, NY, Report No. MIE-106, October 1984.
2 4. K.D. Willmert and M. Sathyamoorthy, "Nonlinear Analysis and Optimal Design of Dynamic Mechanical
L‘:‘- Systems for Spacecraft Application,” AFOSR Annual Technical Report No. 1, February 1985.

5. K.D. Willmert and M. Sathyamoorthy, "Research Progress and Forecast Report on Nonlinear Analysis

and Optimal Design of Dynamic Mechanical Systems for Spacecraft Application,” Reportto AFOSR in
August 1985.
6. K.D. Willmert, "Laboratory for Graphical Analysis of Nonlinear Deformations in Dynamic
- Structural-Mechanical Systems,” DoD-University Research Instrumentation Program Final Report, April
1986.
f - 7. K.D. Willmert and M. Sathyamoorthy, "Nonlinear Analysis and Optimal Design of Dynamic Mechanical
Systems for Spacecraft Application” AFOSR Annual Technical Report No. 2, February 1986.
- 8. K.D. Willmert and M. Sathyamoorthy, "Research Progress and Forecast Report on Nonlinear Analysis
and Optimal Design of Dynamic Mechanical Systems for Spacecraft Application,” Report to AFOSR in
August 1986.
- 9. M. Sathyamoorthy and K.D. Willmert, "Use of a Supercomputer for Nonlinear Analysis and Optimal

Design of Dynamic Mechanical Systems,” NSF Final Project Report, March 1987.

b) Technical Journals, Meetings and Conferences:
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General Nonlinear Constraints.” Proceedings of the Society of Engineering Science Meeting, The

Pennsyvivania State University, University Park, Pennsylvania, October 1985, p. 10.

. D.W. Tennant, K.D. Willmert and M. Sathyamoorthy, "Finite Element Nonlinear Vibrational Analysis

of Planar Mechanisms,” Paper published in the Special Issue of Material Nonlinearity in Vibration
Problems, AMD Vol. 71, ASME, November 1985, pp. 79-89.

D R. Boston, K.D. Willmert and M. Sathyamoorthy, "The Development and ~p;ication of Gauss’
Nonlinearly Constrained Optimization Method,” Computer Methods in Applied Mechanics and
Engincering, Vol. 57, No. 1, 1986, pp. 17-24.

Edward Kear III, M. Sathyamoorthy and K.D. Willmen, "Vibration Analysis of Mechanisms with
Geometric and Material Nonlinearities," Paper presented at the Joint AFOSR-SES Mecting, State
University of New York at Buffalo, August 1986.

E B. Kear IIl, M. Sathyamoorthy and K.D. Willmert, "Effect of Geometric and Material
Nonlinearities on Vibration of Planar Mechanisms,” Paper presented at the ARO/AFOSR Meeting on
Nonlinear Vibrations, Stability and Dynamics of Structures and Mechanisms, VPI & SU, Blacksburg,
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..: 4. INTEGRATED DESIGN OF STRUCTURE AND CONTROL

o X3
L0

by Vipperla B. Venkayya

X

\-. .
P - introduction

‘: The panel identified several presentations relevant to the subject
N B

of integrated design. They included the following:

.

. . . . .

AN 1. Ken Willmert of Clarkson University on the optimization of flexible
' mechanisms;

L

. - .

AN 2. Mohan Aswant and G. T. Tseng of The Aerospace Corporation on
:;: continuum modeling of the plant as one means of simplifying
= \_'-

; o structure-control optimization problems;

:"I 3. Manohar Kamat of VP|I on the issues of plant nonlinearities
¥ (geometric and material), proposing that they be considered in
b “ control system design;

- 4. Moktar Salama of JPL on structure-control optimization with a single
::: performance index consisting of the structural mass and the total
- l control input;

SO 5 Dale Berry of Purdue University on continuum modeling as a means
N

::' - of reducing plant dimensionality;

. 6. K. C. Park of Lockheed Palo Alto Research Lab on the use of
w

. transient energy density profiles to achieve optimum disturbance
j: - dissipation and control;

; -~ 7. John Junkins of VPI on some recent results of eigenvalue placement
; via structural parameter optimization.

t:' The material of these presentations was, to a certain extent, the basis
. : for the panel discussions.

N - The panel proposed the following five topics for discussion:

'S »
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PTIMAL

DESIGN

t DYNAMIU MECHANICAL SYSTEMS
UNDERGOING LARGE DEFORMATIONS

K. D.

Willmert

M. Sathyamoorthy

Mechanical and Industrial Engineering Department
Clarkson University

Potsdam,

Introducgion

Trne general purpose of most wmechanical devices
18 to produce accurate two or three-dimensional
Tovement of objects. However, for large external
.vads and/or nigh speed operation, sufficient forces,
50Ch 1nertial and externally applied, are produced to
cause their members, joints, sod support etructure to
lercrm. This results 1n a loes of accuracy of the
levice. To solve this problem, the current design
srovedure 18 to increase the stiffness of the members
5y modifying their cross—sectional sizes (commonly by
increasinyg the areas) or changing the material wused

t2 reduce the defurmations and stresses. The result
16 & more massive device which 18 difficult to
_oneral, requiring aore power to drive and

interacting with 1ts structural support to an even
greater extent.

Optimization methods have been applied to
determine the member sizes by minimizing the weight
subject to limitations on deformations and stresses.
This can reduce the overall size of the device, but
e resuit 16 still pot the best design. The
firrisulty lies in the baelc seraration of variables
[ te leRlgN process. The device configuration

Lo, the number and type of members and joints) and
tre meoder lengthe are designed first to produce the
jesitel DoOTLLON, assuming the members are rigid.
Trec, independently, the cross-sectional sizes are
ietermined 80 that the actusal motion deviates as
. # a8 possidbie from the rigid body motion. In
tnis pro-edure, the deformations of the members are
reneilered t> have a detrimental effect on the
overaii moticn. The goal, therefore, 18 to restrict
.T teduce them. owever, these deformations can
iztuaily de used ty amprove the motion of the device
it tne geometric design variables (member lengths,

T ., 4nd ross-sectional eirzes of the wmembers are

<bined and trested as & single set of design
«dr:av.ee. Thus, the combined design problem 1is to
.#2t ail of the design variables so that the actual
©ion of the device, which 16 & combination of the
tigid  bcdy motion plus the deformations, 18 as close
as cssible to the desired motion. The wusual rigid
Doo3v constraints exist on this problem, such as
Limitations on  the moveability of the device,
1tions  of  the support points, lengths of the
v¢rs, etc. But also present are deformation and
tress _unstraints, and natural frequency limitations
454 - iated with the flexibility of the members.

S

Derending on othe type of motion desired, 8peed
Cl reraticn of the device, and restrictions on the
v, thne solution _f this design problem will be a
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mechaniem 10 which the deformations of the members
serve to aid the mechanism in producing the destired
motion. Thus a much wider range of motions 18
possible than could be obtained from a rigid link
device. The optimal design, however, 18 likely to
contain several members which are very flexible <{(anv
wembers that are required to be rigid caog be designed
using appropriate constraiots). Because of these
large deformations, & genersal nonlinear vibraticnal
deformation and stress snalysis 1is required. The
types of nonlinearities include:

1. Nonlinear curvat