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1 Introduction

The first step in the design processis cinematic synthesis which aims to crege amedanism
to yield a desired set of motion charaderistics. A frequent design requirement is to cause an
output member to rotate, oscill ate, or redprocae acording to a spedfied function d time or
of the input motion. This is cdled function generation. Moreover, if cinematic structures are
thought of as ordered sets of constructive primitives, the resulting medanisms can be cdled
cinematic chains or SISO (single inpu single output mechanisms).

The literature provides svera general computational methods for the synthesis of cinematic
chains. For example, the &strad representation d geaed cinematic structures was
investigated with the ad of graph theory first by Buchsbaum and Freudenstein [1] and then by
other authors [2-3]. More recently, reseachers in computer science have proposed severa
methods in qualitative physics and constraint programming for the synthesis of this kind d
mechanism [4-9].

Within the function generation field, the synthesis problem spedfication involves describing
input and ouput motion, and a set of constraints, of which some ae geometricd, e.g. the
required pasitions and aientations of inpu and ouput members.

Most synthesis methods ignore geometricd constraints within their reasoning procedure,
deding only with structural and topdogica considerations. The gproadch suggested by Kota
[6], which uses a matrix representation to model its building blocks, is one of the few which
manage orientation constraints from the first synthesis process $ep. Note, howvever that it
works only with the 3 arthogonal orientations (X,Y,z) of the referenceframe.

The first synthesis d4ep must therefore be generally foll owed by the gplicaion o geometricd
synthesis work to verify if the synthesized chain is able to fulfil the entire spedfication. For
example, Chakrabarti and Bligh [8-9] start by producing a set of solution concepts for a given
design problem, using kind synthesis procedures, and then corntinue by cheding that a
candidate solution concept satisfies the geometricd requirements, using a @nstraint
propagation procedure. Working within orthogonal restrictions, they have shown that their
approach makes it posshle to process orientation and sense cnstraints, the management of
position constraints is kept for the later and more detail ed phases of design.

Our proposed method also consists in a multi-step solution to the dnematic chain synthesis
problem:



e Step 1 from a data base including al the most common elementary mecdhanicd blocks
(EMB), a structural synthesis processproduces all the global structures, as ordered sets of
EMBs, which are likely to fulfil the requirements. It works in three phases:
1. Enumerating all the passble mmbinations, 2. Eliminating inappropriate solutions from
a set of rules (some of which are geometricd, bu only qualitatively), 3.Sorting the
remaining solutions by order of deaeasing interest. At the end o thisfirst step, thereisno
guarantee that a suggested solution will be ale to satisfy al the predse geometricd
constraints of the spedfication.

e Step 2 a candidate structure having been seleded, this preliminary task of geometricd
synthesis is intended to find the assciated 3D closed chain running from the inpu to the
output position and respeding the main structural charaderistics of eat constitutive
EMB. If it succeals, an initial geometricd model of the structure is obtained.

e Step 3 this last task consists in a full synthesis which completes the one caried ou
previously by taking into acourt additional variables such as the main comporent
dimensions (shafts and whed diameters...) and considering conventional design criteria
(contad stress fatigue life, propationratios...).

This paper focuses on the second step. A model which is able to represent and paition in
space the main geometrica elements of any 3D speead reducer structure has aready been
presented in [10]. This mode is based onthe mncept of medhanism skeleton. A CAD tod has
been developed where &ou twenty EMBs are @nsidered, such as different cylindricd
geaings, crossed-axis helicd geaing, worm gea... The main interest of this approach liesin
its ability to manage acarate geometricd constraints. 3D problems with any inpu and ouput
orientations may be tadled. Orientation and pasition requirements are ansidered together
within an unque analyticd formulation. We will show here that the skeleton tednique can be
extended to ather types of 3D cinematic chains, espedaly thase which aso include more
complex constructive primitives such as dider-crank, eccentric, rack-and-pinion,cam ...

2 Problem setting

The starting point of the preliminary geometricd synthesis dep is a given candidate structure,
made up d a set of serially connreded EMBSs. The geometricd elements which constitute the
spedficaion shed of the synthesis problem are: the parall el epipedic envelope inside which
every part of the medanism shoud be inscribed, the position (0,) and aientation (z,) of the
inpu member and the pasition (Os) and aientation (zs) of the output member.
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Figure 1. Spedficdions representation



3 Skeleton pinciple

The synthesis considered here is a preliminary work intended to make sure, before going any
further, that the solution undy study can offer a space onfiguration which satisfies the
spedficaions. We have thosen to base this work on the most simplified geometricad model
possble, in order to reduce céaculations and thus the deding task to a minimum. We have
thus eiminated al volumes from the parts and have retained orly the geometric dements
which play arole in the definition d the position and the orientation d the output member
related to that of inpu. Each EMB is then represented schematicdly by a minima model
made up d lines which we cdl the "skeleton'. Table 1 shows the skeleton associated with
some omporents from our EMB database: external cylindricd gea pair, screw mecdhanism,
cam-trandating follower (line 1), bevel-gea, eccantric, slider-crank (line 2), worm-gea, rack-
and-pinion (line 3). All the medhanisms which combine rotation and tranglation are
conventionally represented in their most retraded pasition. Table 1 ill ustrates that primary
mechanisms belonging to diff erent classes can share asame skeleton. At the present time, our
EMB database contains 39 mecdhanisms but only 10 dfferent skeletons are necessary to model
them all.

Tablel. Some EMB with asociated skeletons
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4  Geometricd model

Certain dmensions of a medanism, and thus of its keleton, may be danged withou
compromising the arred working order of the medianism. At the initial design stage, the
structure is not yet sized, so al the dimension and aientation parameters likely to be modified
can be wnsidered as problem variables. These variables are ather lengths, or angles. These
degrees of freedom can be shown schematicdly by prismatic and rotational joints and in this
way our skeleton can be transformed into a kind d deformable structure. The mDH notations
[11], well-known in the robatics field, may be used to model the space onfigurations of this



structure. Then, the initial geometric synthesis problem can be seen as a dosing chain
problem, or asaroba geometricd inverse model reseach.

4.1 The skeleton geometricd models

The skeleton d any EMB is now considered as a series of links, the link (j-1) being conreded
to the link j by the joint J; which is either a prismatic joint (length variable), or a rotational
joint (angular variable). The transformation matrix alowing the dange from the @ordinate
frame Ryj.1), fixed with resped to thelink (j-1), to the frameR; is:

COSH, —sinHj 0 d.

] ]
j cosa . sin@. cosg. cosf. —Sina, —r. Sina.
[T] = i i i i i i i

sinajsinej sinocjcosej Cosc; r, cosq;

0 0 0 1

where ¢; , d; , 4 et r; are the 4 mDH parameters. Figure 2 gives the geometrica model of two
different skeletons, the one related to mecdhanisms with perallel members on oppaite sides
(fig. 29) and the other related to mechanisms with concurrent and perpendicular members (fig.
2b). The arrespondng mDH parameters are ill ustrated to the right of the figure, where g
represents the variable introduced by thejoint J;.
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Figure 2. Two skeleton geometricd models
4.2 The whole medanism geometricd model

A geometricd modd is associated with ead skeleton and a skeleton with ead EMB, and as
the entire mecdhanism under study is made of a set of serialy connreded EMBS, it is easy to
obtain the geometricd model of this entire mechanism by just pladng the different skeleton
geometricd models of the anstitutive EMB side by side. Two columns must be alded at the
end d the whole parameter table to represent the possble variation in the length of the last
output member and the possble rotation d the structure aou this output member. Note that,



using the transformation matrix assciation, it is possble to buld automaticdly the
geometrica model of any 3D SISO medhanism.

Figure 3a shows an opicd pick-up medanism (used to move acompad disk reading head
lens) made of threesuccessve EMBs (2 gea pairs and 1radk-and-pinion). Figure 3b givesits
global geometricd model andfig. 3c the related parameters.
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Figure 3. The whole geometricd model of a pick-up mechanismwithq, =gu=0and g, = q; = + 772

5 Expresson d the synthesis problem

The seach for aspace onfiguration d the candidate structure is expressed as the search for g
values which satisfy the foll owing constraints:

e the inpu member being positioned acwrding to the spedficaion (0, Z,), the output
member (Oy;, Zy; Where NJ is the total number of joints) must take the paosition and
orientation required (Os, Zs).

e the entire skeleton must lie inside the spedfied envelope.

3

Figure 4. Anexample of the relationship between the spedfication and variable bounds




e eadt g value must remain inside its variation damain. The two limits of this domain are
defined either from techndogicd considerations (for example, the inferior limit on the
number of tegh of a toothed whed induces the minimum limit on the distance between
gea shaft axes), or from an interpretation d the spedficaion shed. Figure 4 shows that,
for an eccantric, the minimal value of a skeleton variable may be diredly dependent on a
stroke required in the spedficaion.

This kind d synthesis problem is generally redundant as the number of solutions is often
infinite, the variable number being higher than the dosure equation number. An ogtimisation
criterion hes been chaosen to find a more suitable solution. As designers often prefer compad
medanisms, we have deaded to minimize the overall | ength of the skeleton. This proves that
the result thus obtained provides a good starting point for the next step of our design process
(see sedion 1, step 3) in which techndogicd constraints are alded to control the sizes
assgned to the main parts.

6 Applicaions
6.1 Opticd pick-up medhanism.

The study of the medhanism arealy introduced in sedion 4.2can be summarised as foll ows:
Table 2a ill ustrates the initial space onfiguration d the structure. Default values have been
given at the outset to the variables q; to i1, lealing to an incorred orientation (z,,) and
position (0y;) of the output member. The optimisation algorithm manipulates the structure in
order to satisfy first the orientation constraints (2b), then the position constraints (2c) and
lastly to minimise the skeleton length (2d).

Table2. Stepsof preliminary geometricd synthesis

Initial step Step 88
g1 5w b) g7 5 mm
gz 0 rad gz | 1.07 rad
g3 5w a3 5 wrm
g4 5w a4 5 wrm
g5 0 rad qs | 1.16 rad
e 5w ge | 14.14 mm
g7 5w g7 5w
gz 0 rad qs | 0.66 rad
g 5 mm qg 5 mm
g | Jmm qio | I mm
qii 0 rad qii 0 rad
Step 662 Final step (1713)
C) q; 5 mm q; ¥ mm
gy | O.76 rad gz | 0.45 rad
gz | 3.03 mm gz | 6.04 mm
g4 Jmm g4 Jmm
g5 | 1.06 rad gs | 1.51 rad
gs | 1013 mm gs | 873 mm
g7 J mm a7 Jmm
gs | 0.25 rad qs | 0.39 rad
gg | J.01 mm a4 Jmm
g1 3w g1 3w

Jii 0 rad (=53] 0 rad




6.2 Jigsaw mechanism

The main spedficaions for a jigsaw medianism are the following (coordinates given in the
genera frame Rg): inpu member = rotation, 0p=(30,20,0, z,=(0,0]); output member =
aternate trandation, stroke =25 mm, Os=(30,90,6Q and zs=(0,0.87,0.%. The left side of
Fig. 5 presents 3 candidate structures suggested by the first structural synthesis process
Among the numerous lutions propased, we have deliberately kept here three @mbinations
of two stages, the first stage varying one with the other: bevel-gea first configuration and
dlider-crank (fig. 53a), bevel-gea second configuration and dlider-crank (fig. 5b), worm-gea
and dlider-crank (fig. 5¢). Note that, by using only two stages, it is difficult to satisfy the
spedficaion where the inpu and ouput members are neither parallel nor orthogonal. In this
case, it is useful to evaluate these solutions from a geometrica viewpaint to verify whether
they are redly suited to the requirements.

Figure5. Preliminary geometricd synthesis of 3 structures candidate for a jigsaw mechanism

Theinitia and final space onfiguration d ead combination are shown in fig. 5. They show
that only the second combination is the @le to satisfy both the orientation and pasition
constraints.
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Conclusion

The skeleton principle which consists in representing the main feaures of medanism
architedures by filar structures at the ealy stage of design is presented. The paosshility of
extending the skeleton concept to constructive primitives auch as dider-crank, eccentric, radk-
and-pinion a cam is considered. Using the well-known mDH notations, an assembly method
is propased, alowing for the aitomatic construction o the geometricd model of any 3D
cinematic chains. This model is used within a dosed chain synthesis processto help designers
chedk whether a candidate structure can satisfy both orientation and paition constraints.
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