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Abstract : In this paper, a new way of
integrating optimization and CAD tools is
presented. It permits a preliminary design of
whole classes of mechanisms that would be
too tedious to solve by other methods.
Through the example of geared speed redu-
cer design, numerous advantages can be
pointed out : strong decrease in program-
ming time, generic expression of the problem
and improvement of interactivity.

Résumé : Ce travail propose une nouvelle
facon d’intégrer des outils d’optimisation et
de CAO afin de permettre la pré-conception
optimale de classes enti¢res de mécanismes
qu’il serait trop fastidieux de traiter
autrement. A travers I’exemple de la concep-
tion de réducteurs de vitesse a engrenages,
nous montrons les nombreux avantages d’une
telle démarche : réduction du temps d’écri-
ture du programme, expression générique du
probléme et amélioration de I’interactivité.

1. Introduction

During the nineties, Computer Aided Design
tools have been becoming very popular and
common within engineering and design
departments. They considerably facilitate the
draftsman work and some of them even offer
powerful calculation functions using the
Finite Element Method (FEM). However,
there is still a lack of CAD tools giving the
opportunity to proceed to optimization calcu-
lations. This is a bit surprising as optimizing
a product before its launching is a major
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concern for most of manufacturers. As it is
pointed out in [1], it seems that optimization
packages should be used much widely in the
future, with more user-friendly graphical in-
terfaces and a deeper integration into CAD
software.

Among the few existing products that
offer optimization capabilities for design,
some of them propose to optimize a structure
using FEM. This roughly means that a FEM
calculation is performed at each iteration of
the optimization process in order to optimize
the static or dynamic behavior of the studied
system. This seems to become a strong trend
in the market [2][3] but is not our concern,
even if it is a seducing way. We think that
opportunities remain for developing a pre-
liminary design tool that would not use inten-
sive FEM calculations on a highly detailed
structure but would rather help the user
upstream in the design process, when de-
signers are still using unrefined sketches.

In the following paper, we present in
detail our vision of the way to integrate opti-
mization and CAD tools in such a prelimi-
nary design software. An application exam-
ple is given [4] with specific information on
how we managed for the best coupling before
both tools.

2. Nature of the problem

Optimization tools are generally considered
to be difficult to use by non-specialists and to



request for a rigorous formalism. For cons-
tructing a mechanical optimization problem,
the classical following process has to be
performed [5][6] :

1. Finding a model of the mechanical pro-
blem

2. Typing the characteristic relations of the
model with the specific formalism re-
quested by the optimization tool (objec-
tive function to be minimized, constraints
expressed in a non dimensional way,
numerical method to be used, parameters
of this method... )

3. Compiling these data and linking them to
the optimization library

4. Running the resulting optimization pro-

gram

Reading results

6. Graphically representing the correspon-
ding mechanical model using the new-
found optimized numerical values

e

On one hand, this process is quite suited
for solving a specific problem. For example,
it was extensively applied for treating the
typical problem of optimizing the weight or
overall dimensions of a geared speed reducer
[7][8][9][10]. The mechanism to be opti-
mized is generally rather simple and has
always a standard structure like parallel
shafts and one or more spur gears.

On the other hand, it demands a great
amount of work for solving more general
problems. In our case, the process does not
fit our work at all [4][11][12][13]. The pur-
pose of this work is also to optimize geared
speed reducers, but not necessarily of the
same structure. Every type of speed reducer,
made of a certain number of serially
connected stages, can be considered. Of
course, the stages can be of different nature :
cylindrical gear (with external or internal
contact), bevel gear, worm gear, warped
gear... This leads to a more general
optimization problem where architecture
varies, components do not always have the
same location, are not of the same type all

the times and therefore obey various techno-
logical relations.

Consequently, it is not an isolated pro-
blem but rather a complete class of opti-
mization problems that can be constructed.
These problems are similar according to
several points :

® The objective function is always the
same. A criterion like overall dimensions
or cost has to be minimized.

® They always involve numerous cons-
traints :

- Some of them are geometrical (part
non-interference, continuity between
stages, closure condition of the
mechanism, ...)

- Other ones are of technological
nature (satisfying a given speed ratio
or efficiency, ensuring part or assem-
bly resistance, ...)

- Some act at a local level : some of the
constraints can be calculated knowing
only local characteristics of one stage.
In this category can be found cons-
traints like tooth resistance or maxi-
mum tangential speed.

- Other ones act at a global level : the
closure, speed ratio or efficiency
constraints are global ones. They are
closely depending on nature and
dimensions of each of the stages of
the mechanism.

Thus, the constructing process of the
optimization problem may become extremely
tedious, particularly at step 2. Actually,
optimizing a new speed reducer induces
numerous changes in the problem, as the
number and shape of parts are modified. So
geometrical constraints have to be entirely
reconstructed. Global technological cons-
traints must also be rewritten : some para-
meters like the speed ratio change when an
external cylindrical gear has to be replaced
by an internal cylindrical one. Only a few
local technological constraints remain un-
changed : for instance, calculation rules for a
cylindrical gear do not change.



Step 6 may also be quite boring because
it first requires to create a CAD model of the
mechanism, then to regenerate it manually
after each optimization for updating the
newly calculated dimensions. Modern CAD
tools offer convenient functions for
parametered design, which should facilitate
the regeneration operation. However, the
initial building of a correct CAD model
remains a delicate operation.

3. Solving method

The following section deals with the
practical implementation of the method
which was used for solving the general speed
reducer preliminary design problem. The
work was based on our self-developed
experimental  design  software = named
CASYMIR (“Conception  Assistée  de

| Specifications of a speed reducer: defaut.cc3 I_ﬁ

FEiles Options Help
Step 1 | Step 2 | Step 3 | |

Calculation of the mechanism main dimensions

hore... | Wiew ”

‘SD Model: |*/C/DTA/bombled.dta

|Life duration (Hours) : |{10000 ﬂ‘
|Daylyr use (Hours) : |12 ﬂ‘
|Deteri0rati0n risk (%) : |o.01 ﬂ‘
|Electric motor [YiM) : o ‘
Input machine : ~ U S ~ H
Output machine : ~ U A ~ H

|Psi (Tooth width / Wheel diameter) min: |0.2  and max: [1.5 ‘

|TOIerance on speed ratio L (%] : |O.1 ﬂ‘
|Max shatft torsion level (°/m] : |O .1 ﬂ‘
|Max strength repartition factor KHEetahd : |2. ﬂ‘

|SD points of the model for Os : [392  and 7s: 421 - |392 ‘

Stage parameters... | ‘ariable parameters...

Object parameters... Optimizer param... || Start
—_—
V
See Fig. 3 See Fig. 4
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SYstémes Mcécaniques de transmlssion en
Rotation”, which stands for “Assisted Design
of Rotation Transmission Mechanical
Systems) [13]. Our goal was to demonstrate
the wvalidity of the concept of integration
between optimization and CAD tools and to
show that it may considerably ease the work
of the user at the early beginning of the
design process. Therefore, a proprietary CAD
tool was preferred to a commercial one for its
better portability, stability in time and inter-
nal documentation.

For illustration purpose, the example of
an industrial speed reducer design, already
treated in [4], will be used. For this very
concrete technological problem, a convenient
and generic formulation will be presented for
solving this problem as well as the whole as-
sociated class of problems. In four points,
here are the main advantages of our method.

Fig. 1 : Example of the speed reducer to be optimized (On the lefi : specifications — On the right : CAD model)



3.1. Automatic mechanism drawing

First of all, the geometry of the
mechanism to be optimized must be repre-
sented and modeled. Here can be seen a 3D
model of the industrial speed reducer to be
engineered which was constructed with our
proprietary CAD tool named VISU3D (Fig.
1). Any other commercial CAD software
might be suitable for this use.

An object oriented model was used for
internal representation : the speed reducer is
made of several stages, each of them being
made of several parts (shafts, gears) that all
have dimensions, 3D positions, 3D orienta-
tions and other attributes. Moreover, this is a
fully parametered model, that is to say every
part radius or shaft length may be modified,
as well as the relative angular positions
between consecutive stages. Finally, the
model ensures the mechanism continuity : for
instance, every dimension change in stage 1
has repercussions on the position of stages 2
and 3.

The model is automatically generated by
CASYMIR thanks to a preliminary study of
the best mechanism topologies answering
given specifications [12]. This means that
two tasks are automatically performed :

® Choice of the number, order and nature
of the involved stages. It should be noted
that the given example is made of only
cylindrical gear stages but many other
mechanisms are available (Fig. 2).

® The assembly of the geometrical models
of stages as well as the grouping of
internal parameters are fully treated by
CASYMIR so the user does not have to
work manually anymore.

Fig. 2 : Four different types of stages
(internal cylindrical, bevel, worm and warped gear)

3.2. Linking CAD and optimization tools

Above all, the considered problem is of
geometrical nature. The expected solution is
the vector of problem variables (dimensions
and angles) minimizing overall dimensions.
For every given vector of variables exists a
corresponding instance of the CAD model. It
follows that the model is a good and suffi-
cient representation of the current state of the
optimization problem.

As a natural consequence came the idea
below : why not exploit the respective ad-
vantages of CAD and optimization software
? Each of them should deal with a specific
task :

- The CAD sofiware will store the current
state of the mechanism model. It will
perform the graphical representation and
updating of the model when dimensions
vary.

- The optimization software has just to
read the current variable vector in the
CAD model, to use a numerical method
for improving the variable vector at the
next iteration and finally re-inject the
values in the CAD model.

Such a coupling offers numerous advan-
tages :

- It avoids to store data in duplicate
(mechanism equations AND also CAD
model).

- User has no more to write complex
geometrical relations : in order to obtain
the wheel position of stage 2, the opti-
mizing tool has just to read coordinates
of point O2 (Fig. 1) in the CAD tool
memory, which has already performed
the tedious but indispensable numerous
coordinate changes.

- The constraint writing step becomes
more simplified and generic : when
nature of the mechanism changes, no
need for the user to rewrite constraints
because they are automatically generated
(cf. next subsection).
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Fig. 3 : Property windows of each of the 3 speed reducer stages with the associated material database

From a concrete point of view, user must
type the following data within various
windows of the CASYMIR software :

- Characteristics of mechanism stages
gear tooth parameters, material, manu-
facturing quality (Fig. 3).

- Nature of variables, associated descrip-
tion and above all, address of the vari-
able within the CAD software memory
for good communication with the opti-
mization tool (Fig. 4).

Variable number (from 1 to NbVars) :

1
L1
1 2 3 45 6 7 8 9 101112131415 16 17 18 19 20

[escription :|Input_shaf‘t_r‘adius

Object name : bombledd
Object instance number : 1
Object variable number: 1
Initial variable value : 10
Cancel |

Fig. 4 : Properties of variable 1
(Input shaft radius)

- Nature of each of the objects the model
is made of (cone, truncated cone, crown
wheel), associated characteristic points,
dimensional variables (Fig. 5).

Object number {from 1 to NbObjs) :
1

(1]

1 2 3 4 = B 7 g g 10
Description :|Input_Shaft

“~ Cylinder ~ lTruncated cone ~r Crown
Paint number of low section center : |4?‘—
Point number of high section center : 76
Variahle number for length :
Variahle number for hig radius ; 1
‘Variahle number for small radius : |1—

Cancel |

Fig. 5 :Properties of object 1 (Input shaft)

3.3. Automatic constraint construction

Technological constraints, depending on
the nature of each stage, are stored in a
constraint database in C function form. The
functions may be modified independently.
They are also added or removed each time a
basic type of stage is added or removed in the
mechanism database. CASYMIR is already
provided with a default set of elementary
stages and their associated constraints. The
users has nothing to do except in the case
where a totally new type of stage should be
considered. Each constraint function gets
input values (stage dimensions, input and
output speeds of the stage, etc.) and returns
results (constraint values, contribution of the
stage to global constraints, etc.) as represen-
ted in Fig. 6.
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Fig. 6 : Automatic construction of constraints

User is liberated from writing any other
constraint :

- Global constraints, concerning the
whole mechanism. For instance, the glo-
bal speed ratio U is obtained by multi-
plying all the intermediate stage speed
ratios. As a result, the global constraint
on the speed ratio may only be tested
when calculations for every stage have
been finished.

- In the same way, the global objective
function which is, for example, the total
volume of mechanical parts, is also
calculated piece by piece, each stage
giving its contribution to the total value.

- Non-interference constraints between all
the objects are automatically created
from the object list given by the user
(Fig. 5). An interference detection
criterion was programmed in order to
detect every type of spatial interference
between cylinders, cones, truncated
cones or rings. It is applied to each
couple of objects for avoiding inter-
penetration or even contact.

3.4. Interactive resolution

Before starting resolution, the user enters
the list of variable values (Fig. 7). Two
buttons respectively permit to read or to write
variables to the CAD model, which is rather

convenient for interactively finding good
initial conditions before starting optimiza-
tion.

Eiles Help
Variables :

1= [30.9 = |Input_shaft_radius

2= |130 = |Input_shaft_length

3= |—1?.9 = |Ang|e_between_stage_1_and_h
4- [37.5 - |Stage_1_pinion_radius

5= [125 - |Stage_1_wheel_radius

5= [46 = |Stage_1_tooth_uwidth

7= |39 = |Stage_1_output_shaft_radius |
8= |12 = |Stage_1_output_shaft_length

9= |98.5 = |Ang|e_between_stage_1_and_s
0= [48.8 = |Stage_2_pinion_radius

1= 175.5 - |Stage_2_wheel_radius

f s A

@d uaria@ | W |
Calculation : \ '
hdaximal iterationy number : |2000O Optimize |
Button for importing va- Button for exporting va-
riables FROM the CAD riables TO the CAD
model model

Fig. 7 : List of problem variable values.

Solving is performed in real time and all
the optimizer iterations are stored and may be
replayed in a sort of virtual video tape
recorder (Fig. 8). Data is stored in a file



where each line contains the variable vector
of the corresponding iteration. The amount of
data is not so big : for the example of Fig. 1,
a typical file contains several thousands of
lines, each of them containing 20 floating
point values corresponding to the 20
variables of the CAD model. As the CAD
model is parametered, it is quite easy to
reconstruct it for each set of variables.

[T Anmvazibomweazant [

Files Qptions Help

<< 2> li_nmas,fmm 1 tnlﬁ,stepli_, ﬂalay,O—msEc

12540

| E=
’@ 2901 4351 5801 7251 8701 10151 11601 13051Q 4501
==

Fig. 8 : All the calculation iterations are stored and
can be accessed to through a sort of virtual video tape
recorder.

At any time, the user may stop the
process, change variables, and so branch out
towards a new searching direction. He may
watch problem convergence from a graphical
and intuitive point of view. Thus, the closing
condition is far more easy to understand
graphically (output shaft with a good
position and orientation) than numerically
(heavy trigonometric formulas).

Finally, results are explicitly displayed
(Fig. 9) : a color code indicates verified
constraints (green color) and violated cons-
traint (red color). An intermediate orange
color is wused for showing still active
constraints. It is wuseful for equality
constraints which are often slightly
unsatisfied at the end of the process but stay
in the numerical tolerance interval. Calcu-
lation time may vary, depending on the type
of computer. The presented example was
solved in 14501 iterations and about half an
hour on a Pentium Pro 233 MHz running
Linux.

= alle . .
= - B EN = Non linear Equality
Iteration number : |11 | EL = Linear Equality
Constraint functions : IN = Non linear |nequa|ity
GLo01] = —0.4647887323943662 = EN = Closure position Os projected along X = i i
Glooz] = —0.,591390114%000502 = EN = Idem along ¥ IL Linear Inequallty
G[003] = 0,1658369315775911 = EN = Idem along 2
GLo04] = O = EN = Closure orientation Zs projected along X
GLo05] = O = EN = Idem along 7
GLO06] = ¢ = EN = Idem along 2 . .
GL007] = 50,08643054218799 = IN = Max torsion ratio for input shaft < Violated constraint
G[o03] = —0.5 = IL = Input pinion diameter bigger than shaft diameter
GLo09] = —0.,2499999999999999 = IN = Psi = b/dl > PsiMin for stage 1
GLo10] = —0,8333333333333334 = IN = Psi = b/dl < PsiMax for stage 1
GLo11] = 8§.943116724876999 = IN = Superficial pressure for stage 1
GLo12] = —0,4178750000000001 = IN = KHbeta ¢ KHbetaMax for stage 1
GL013] = —0.8661253130572532 = IN = Minimal required torgue for stage 1 1/ — ifi i
G[o14] = -1 = IL = Tooth width bigger than 50mm for stage 1 4—" Verified constraint
G[o15] = -0,98 = IL = Tooth width smaller than S00mm for stage 1
GLo1e] = —0.,84292036/3205103 = IN = Tangential speed ¢ YtMax for stage 1
GL038] = 0 = IN = Doject 1 upside plane X=XMin
GL039] = —0,6056338028169014 = IN = Object 1 under plane X=xMax 1 Active constraint
Glog9s] = 0 = IN = Interference obj. 2 / 1 4/'/
éfi42] = 0 = IN = Interference obj. 10 7 9 —
| =4
Objective function (volume in mm3) :
|2387Ei.041572824:‘4
Cancel |

Fig. 9 : Example of objective and constraint functions display after only 11 iterations
(in order to have some violated constraints)
There are 142 constraints in this problem.



4. Conclusion

A method for coupling optimizing and
CAD tools was presented. It permits what we
call “Collaborative Optimization”, that is to
say a good task repartition between both
tools. This process suits perfectly the
automatic resolution of a whole class of
three-dimensional complex problems. It
prevents the designer from writing specific
optimization programs for each of the
problems of the class.

The CAD tool calculates the coordinates
of some critical points of the model and
transmits them to the optimizer. The latter
calculates better dimensions for the model,
sends them back to the CAD tool and triggers
a parameter update.

This original formulation might generate
a little drawback : optimization time is often
slow because of the CAD tool. But it is
highly compensated by great advantages such
as the decrease of programming time, the
generic expression of the problem and the
improvement of interactivity. Obviously, this
method provides a more natural way of
performing optimization within a CAD
context.
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