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Abstract

High speed machinery has played and continues to play a vital role in the manufacture and production of consumer
goods. In the design of high speed systems there are two key considerations: power transmission and motion control.
Although there is considerable computer-based support for the design of systems to achieve requirements of power
transmission, there is only limited support for the design of systems to deliver complex motion control. This is
particularly the case where mechanism and linkage systems are considered in order to achieve large displacements and
intricate paths involving reentrant and reciprocating components. One explanation for this relative lack of supportive
tools is the underlying reasoning and analysis techniques implemented within many commercial and research software
environments. To overcome these limitations a constraint-based approach has been employed to provide the funda-
mental elements of a design environment for mechanisms and machine systems. The design environment provides
support for the transition from concept to embodiment stages of the design process and the subsequent stages of
detailed design and optimization. In contrast to many research approaches the design environment presented in this
paper has been created and developed through close collaboration with industry and through extensive application to
real design scenarios. First, the underlying representations and methods are presented. The fundamental elements of the
design environment are then described and its capabilities discussed with particular reference to the use of constraints
in design.
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1. INTRODUCTION

The importance of machine systems for the production and
manufacture of consumer goods is widely acknowledged
(MTA, 2005; US Census Bureau, 2002). The evolution of
machinery, and in particular high speed machinery, can be
traced from the early designs of Leonardo da Vinci and his
contemporaries (Cianchi, 1988) to the large-scale high speed
production lines, common in today’s fast-moving consumer
goods sectors. Although scale and complexity may have
changed, the fundamental principles of the individual assem-
blies and subassemblies remain largely unaltered (Hicks
et al., 2002a).
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Because of the dependence of the manufacturing indus-
try on high speed machinery, the subject of machine design
has received considerable attention over the years, from
both academia (Timoshenko & Young, 1948; Shigley &
Uicker, 2003) and the vendors of commercial software
systems (MSC Software Corporation, 2005; PTC, 2005;
UGS Corporation, 2005). The main focus of much of today’s
academic research effort has been on the creation of
improved design processes and analysis techniques for
particular classes of machine. This includes, for example,
rotating and linear power transmission systems (Counsell
et al., 1999; Hicks et al., 2005a), mechanisms (Camlinks
Ltd., 2005), and hydraulic circuits (Richards et al., 1999).
In general, these techniques have been created to improve
the specification and selection of particular components to
meet the desired power transmission requirements. In addi-
tion, the computational techniques may also help visualize
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the designed system (Visual Components Ltd., 2005), which
is particularly useful where there are a large number of
subassemblies that interact concurrently with each other
and also the product (Hicks et al., 2002b).

In contrast to the wealth of support for designing systems
based on loading requirements, there are relatively few tech-
niques that support synthesis and embodiment to achieve
desired motion characteristics. This is particularly the case
where complex motion paths are required and complicated
mechanisms are considered. It should be noted that in the
domains of hydraulics and mechatronics, motion control
can also be specified in conjunction with loading. However,
this tends to be limited to straightforward linear and purely
rotational motion.

For the purpose of this paper, complex motion paths are
considered to include motion paths that involve large dis-
placement, asymmetric revolution, reentrant motion, and
reciprocating elements. This may include cams, linkages,
gears, and mechanical couplings. Figure 1 shows a number
of examples of high speed machines that incorporate a range
of complex motion paths to achieve their function. Where
these complex motion paths are considered, the designer is
concerned with determining suitable sizes, combinations,
and relative position of components necessary to achieve
the desired output motion. The current design process
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employed within many organizations involves sketching out
preliminary designs and then, either manually or within a
computer-aided design (CAD) system, plotting the system
configuration at various points throughout its operational
cycle in order to evaluate the motion. This evaluation may
also consider velocities, accelerations, and jerk (the third
derivative with respect to time). This process can be both
time consuming and analytically intensive, particularly when
iteration is necessary to refine and improve design solu-
tions. Furthermore, with today’s large-scale complex sys-
tems, the designer also needs to consider the multitude of
interactions between all the subsystems. This again demands
that the designer propagate and evaluate changes to one
subsystem with respect to all the other subsystems.

For the reasons previously outlined, computational sup-
port for the design, analysis, and optimization of high speed
machinery is particularly desirable. To address this issue a
number of attempts have been undertaken (Camlinks Ltd.,
2005; PTC, 2005; UGS Corporation, 2005). However, these
systems are generally limited in their capability to support
design synthesis and subsequent system optimization. Fur-
thermore, the environments may be limited in terms of the
number of elements, assemblies, and component types that
may be considered. The fundamental factor that limits these
environments can be considered to be the underlying for-

Fig. 1. Examples of high speed machine systems involving complex motion. [A color version of this figure can be viewed online at

www.journals.cambridge.org]

https://doi.org/10.1017/50890060406060239 Published online by Cambridge University Press


https://doi.org/10.1017/S0890060406060239

Constraints in the design of high speed machinery

mulation used to simulate and analyze the system model.
For example, simulation code may only exist for predeter-
mined configurations, or sequential parametric representa-
tions may be employed. The latter of these means that a
predefined order of system resolution is imposed that frus-
trates the ability of the designer to explore the design enve-
lope, elicit important design constraints, investigate design
alternatives, and undertake design synthesis.

To overcome some of the limitations imposed by under-
lying computational or numerical methods, constraint-
based techniques have been employed. For example,
constraints have been successfully used in the areas of con-
ceptual design (O’Sullivan, 2002a), configuration design
(Mailharro, 1998; Stumptner et al., 1998), process planning
(Markus et al., 2002; Armarego & Ostafiev, 2003), assem-
bly modeling (Anantha et al., 1996), and linking function
and grammar (Schmidt et al., 2005). Such application areas
are characterized by the requirement to handle evolving
design principles (structure), changing design goals (includ-
ing global and local objective functions), altering con-
straint sets (networks), and the need to computationally
determine a solution that satisfies the constraint set or at
least provide a measure of the ability of a solution to satisfy
the constraint set. All of these elements are also important
for synthesizing and optimizing high speed machinery. For
these reasons constraint-based modeling techniques have
been adapted to provide the fundamental reasoning and analy-
sis elements of a design environment for high speed machin-
ery. Central to the development of this design environment
has been its extensive use by a variety of engineering orga-
nizations and consultancies (Gray & Atalan, 2002; Hicks
et al., 2002a; Fine Systems Corporation Limited, 2005).
The fundamental elements of the environment are pre-
sented in detail in this paper. In particular, the underlying
representations and methods are summarized, and the func-
tionality and capabilities of the design environment are dis-
cussed with particular reference to the use of constraints for
design. The first sections summarize the underlying meth-
ods and the core elements of the design environment. Fol-
lowing this, the features of the modeling language necessary
to represent mechanical elements and mechanical con-
straints, simulate, analyze and optimize machine systems
are discussed. This discussion includes a number of appli-
cation examples and describes how the constraint approach
and modeling language have evolved to provide support
throughout the transition from conceptual to embodiment
phases and the subsequent detailed design phases.

2. A CONSTRAINT-BASED DESIGN
ENVIRONMENT

A constraint-based design environment has been created by
the authors with the aim of supporting engineering design
per se. The underlying methods and core elements of this
environment are summarized in this section and reported in
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detail elsewhere (Leigh et al., 1989; Mullineux, 2001). The
modeling environment incorporates an underlying lan-
guage based on syntax similar to the C programming lan-
guage. This language is used to define the system being
considered, construct, and manipulate system geometry,
and define and solve constraint rules. In addition, the lan-
guage provides common functions such as array manipu-
lation, numerical differentiation, and general algebraic
manipulation.

For the purpose of engineering design, a constraint-
based approach is employed to enable the designer to rep-
resent what is to be achieved rather than how it is to be
achieved (Medland, 1990). These objectives or goals are
represented as “constraint rules.” These represent the rela-
tionships between the design parameters, which must be
satisfied if the design is to fulfill all of the requirements.
These constraints may represent a variety of performance
and physical requirements. In general, it is rare that all the
constraint rules are independent. Consequently, they must
all be dealt with concurrently and their relationships con-
sidered. The aim is therefore to find a solution that satisfies
all these imposed constraints. It follows that the solution
space is the intersection of all the individual constraint fields.

There have been various approaches adopted for the imple-
mentation of constraint-based systems and the resolution
schemes used to operate with these. The term resolution
scheme is used here to denote the underlying reasoning
implemented to satisfy the constrained problem. That is to
determine an assignment of values to variables that does
not violate the imposed constraint set and typically achieves
some optimality criterion. The underlying reasoning ap-
proaches can be manual, semiautomated, or fully auto-
mated. In the case of manual approaches the designer is
required to assign values to variables. The effect of the
variable assignment(s) is then propagated through the
constraint network (O’Sullivan, 2002b). Semiautomated
approaches such as that presented by Parunak et al. (1999)
generally utilize local heuristics and human decision mak-
ers to converge on a solution. In contrast to the manual and
semiautomated approaches, automated strategies imple-
ment a range of numerical techniques to handle the entire
value assignment and, either iteratively or through logical
reasoning, converge on a satisfactory, optimal, or best com-
promise solution. Where automated strategies are consid-
ered a variety of approaches have been proposed. Some
(Bowen & Bahler, 1992; Tay et al., 1997) are based on
logic languages such as PROLOG. These tend to require
that the design parameters are essentially discrete valued,
and hence, can limit their range of application. Systems
such as ICAD (KTIL, 2003) are similarly formed as an imple-
mentation of LISP-like languages. This can mean that the
imposed constraints need to be capable of being reordered
to allow solutions to be identified.

It is arguable that a more natural approach for engineer-
ing and design tasks is one in which the constraints are
applied to design parameters that are continuously varying
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values. These parameters may represent the geometric
attributes of components, their mass properties, kinematic
values, and a variety of other performance attributes. In
these cases, constraints define relations between the pa-
rameters that are either equality or inequality relations, or
relations between geometric entities (discussed in Sec-
tion 5.3). One approach to solving such sets of constraints
is again one of reordering to a canonical form that can be
solved (Anderl & Mendgen, 1996). This may limit the
types of applications that can be handled and the types of
constraints that can be applied. It can also mean that
cases of multiple feasible solutions (or even no solution)
are not easily dealt with. In contrast, the approach taken
with the constraint modeling software discussed here makes
no large supposition about the form of the engineering
constraints except that it is assumed that the underlying
variables are (more or less') continuously varying. This
means that different forms of constraints between the design
parameters can, in principle, be dealt with. This is partic-
ularly important for mechanism assembly (Sections 3.2
and 5.3) where a large number of constraints are nonlinear
due to the involvement of trigonometric terms relating to
angles.

The approach adopted is a general purpose resolution
strategy based upon optimization, with the constraints them-
selves being treated as penalty functions. Each of the con-
straint rules is effectively created as an expression between
the design parameters, which is zero when it is true. Thus,
its (absolute) value is a measure of its falseness. A number
of numerical techniques are available for the optimization
problem. However, as the derivative of the constraint expres-
sions is not immediately available (indeed they may be dis-
continuous), a direct search approach is preferred. One
possibility is the use of genetic algorithms or simulated
annealing (Thornton & Johnson, 1996). However, it has
been found that these require a large number of function
evaluations, and the more “traditional methods” such as
Hooke and Jeeves, and Powell’s direct search method (Walsh,
1975; Fletcher, 2000; Kolda et al., 2003) work well for the
sorts of machine design problems commonly encountered.

A disadvantage of the optimization approach is the pos-
sibility that configurations corresponding to false minima
may be found. However, it is intended that the user can
interact with the system to avoid such problems, and it is
felt that the optimization approach has some advantages. In
particular, it can identify “best compromise” solutions even
in the case when the imposed constraints are in conflict.
This can help the designer identify the corresponding con-
flicts in the physical system, and hence use his/her skill to
decide which constraints can be relaxed with safety. In prac-
tice, when there are conflicts in the constraint set, the “best
compromise’” may result in certain physical laws being vio-

IThe constraint based environment discussed is able to handle contin-
uous variables, discrete variables (lists of values) and bounded variables.
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lated. In such cases it is up to the designer to ensure that
these important constraints are not violated. This can be
achieved by adjusting the relative weighting applied to indi-
vidual constraints or through relaxation of one or more con-
flicting constraints.

The underlying language of the constraint modeler is set
up so that the user can declare design variables. These can
be of several types, including structured types to represent,
for instance, geometric objects. The language supports user-
defined functions, which, as in general programming lan-
guages, are essentially collections of commands that can be
invoked when required. Input variables can be passed into a
function and the function itself can return a single value or
a sequence of values. The important extension to the func-
tion implementation is the use of the “rule” command. Each
rule command is associated with a constraint expression
between design variables, which is zero (as a real number)
when true. A nonzero value is a measure of its falseness.
When the function is invoked the constraint expression for
each rule command is evaluated and the sum of the squares
of these is found. An advantage of using the sum of the
squares is that the constraint set is considered in its entirety
and there is no explicit requirement for constraint propaga-
tion. If this is already zero, then each constraint expression
represents a true state. If the sum is nonzero then the system
continues with the processing. Within the statement of the
function the user specifies, via a command called “var,”
which design parameters can be varied during a search to
make the constraint expressions true. If a minimum of zero
can be found then the constraints are fully satisfied. If not,
then the minimum represents some form of best compro-
mise for a set of constraints in which there is conflict. Fur-
thermore, it is possible to identify those constraints that are
not satisfied, and as a result, less important constraints can
be relaxed enabling an overall solution to be determined. In
addition to this, particular constraints can be weighted
depending on importance. The selection of a suitable weight-
ing must be made by the designer, although the effect of
different weightings on the design solution can be easily
investigated.

The aim is to provide a single set of values of the design
parameters that minimizes the sum. Frequently, there may
be multiple solutions for a given system, and hence, the
environment is regarded as a tool with which a user inter-
acts. What has been found to happen in practice is that the
user can easily identify if the solution (or best compromise)
presented is indeed acceptable. If it is not then addition of
further constraints is often called for and it is straightfor-
ward for the user to define these. This process helps to add
to the user’s understanding of the design problem. The envi-
ronment does not therefore explicitly derive design con-
straints; rather, it supports the user in increasing his/her
understanding of the design problem, and hence, elicit the
important design constraints.

To illustrate the approach, the solution of a set of linear
equations is considered. The problem is defined by the user
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within a simple a function. In the following, there are three
linear equations and three unknowns.

function solve

{ dec real x, y, z;
var X, y, z;
out x,y, z;
rule(x +y +z—3);
rule(2%x +y—2z—2);
rule(x —y +z—1);

If this function is invoked directly, then the system varies
each of x, y, z to search for a solution and finds that these
should all be equal to unity. Suppose that x is removed from
the var list (or equivalently if x is defined to be fixed) and is
set to be zero. Applying the function again now means that
the problem is over constrained. The system finds the best
compromise solution which in this case is y = 1.75 and
z=1.25.

The approach used allows the system to be able to eval-
uate the constraint expressions, and hence their sum of
squares. It does not directly evaluate any derivatives (and
indeed these may not exist). Any form of direct search opti-
mization can be implemented to search for a minimum value.
The well-known direct search methods due to Hooke and
Jeeves and to Powell (Walsh, 1975; Fletcher, 2000; Kolda
et al., 2003) have been found to work well, and are cur-
rently the techniques implemented within the environment.
For the majority of applications, the number of degrees of
freedom has seldom needed to exceed 20 or 30, which is
ideal for these methods.

3. A CONSTRAINT-BASED DESIGN
ENVIRONMENT FOR HIGH SPEED
MACHINERY

For the design of high speed machinery and, in particular,
systems consisting of a variety of mechanism and linkage
assemblies, there are a number of important design tasks.
These tasks involve laying out configurations, simulating
the operation and evaluating performance. The application
of computer-based techniques to this process can consider-
ably reduce time and effort. As a consequence, the designer
can consider, compare, and refine a greater number of lay-
outs and, as a result, develop improved design solutions.
These design tasks give rise to four corresponding model-
ing activities: visualizing the system, constructing and assem-
bling system models, simulating and analyzing system
performance, and optimization. These four important activ-
ities and the means by which they may be supported within
a constraint-based design environment are described in the
following sections.
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3.1. Representing and visualizing system geometry

As has been previously stated, representing and visualizing
potential design solutions is an important activity in the
design of products and systems. This is particularly the
case when considering machine systems that generate com-
plex motions. In such cases, it is necessary to represent the
geometry and relative movement of each component during
its operation in order for the designer to understand and
investigate the large number of highly coupled interactions.
As with the majority of design scenarios, both the problem
and design solution are likely to be ill defined at the outset.
Thus, initially the system geometry may consist only of
simple geometric elements, defined by perhaps a length. As
the design proceeds, system geometry is defined in more
detail, and may eventually involve complex cross sections
and intricate profiles. It is therefore necessary for the design
environment to provide a means for representing all levels
of detail. To support this, the modeling environment allows
the construction of parametrically defined two- and three-
dimensional geometric entities. Two-dimensional elements
are represented as simple wire-frame graphics such as line
segments and circular arcs. Three-dimensional elements are
represented as solid objects constructed using the ACIS mod-
eler (Corney, 1997), which has been integrated with the
software. Both two- and three-dimensional entities are spec-
ified in the underlying modeling language. Figure 2 shows
a number of examples of two- and three-dimensional mech-
anisms constructed within the design environment. The fig-
ure also shows the corresponding construct used within the
underlying language to create the geometry.

As well as representing geometry it is also necessary to
provide the means to manipulate geometry. To achieve this,
the concept of “model spaces” is adopted (Leigh et al.,
1989). Effectively, such a space represents a transform
matrix, which maps entities within the space to the world.
Model spaces can be embedded one within another to form
a hierarchy that is a tree structure with the world space as
the “root.” In this case, an entity within any space is mapped
by each of the transforms between it and the world. An
example of a model space hierarchy is shown in Figure 3.
This corresponds to the four-bar linkage shown in Figure 4.
Within the modeling environment model spaces are defined
and associated with each other within the code. For exam-
ple, in Figure 2, two-dimensional and three-dimensional
model spaces are defined in the underlying language using
the following construct:

m2 = mod2(0, 0, =20, m1).

Here m2 is embedded in m1. The model space concept is
used to aid modeling, and in particular, represent physical
connections that are fixed, that is, cannot be violated. The
use of model spaces can also act to reduce the degrees of
freedom. For example, the connections of a four bar, such
as that shown in Figure 4, could be represented by four
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Coupler linkage

Driver linkage

Fig. 3. A model space hierarchy.

constraint rules (Section 3.2). However, in practice, the
ground points of the driver and driven link can be embed-
ded in world space, while one end of the coupler can be
embedded in the model space of the driver linkage. Hence,
only one constraint rule is needed and 2 degrees of free-

dom: rotation of coupler and driven linkages.
Driven linkage

3.2. Constructing and assembling a
constraint-based model

Some existing modeling environments use predetermined
numerical formulations to simulate the operation of mech-
anisms. In contrast, the approach taken within the modeling
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Coupler Driven

Driver

(a) (b) ©

Fig. 4. The construction of a four bar.

environment reported in this paper is to use constraint rules
to define important relationships between the geometric ele-
ments. It is the use of these constraint rules and their sub-
sequent numerical evaluation that allows the designer to
explore and understand the design space, and optimize the
design solution within a single environment. Such support is
particularly important in the design of mechanisms and is
not readily available through other forms of representation.
In order to aid the explanation of the constraint rules and con-
straint resolution techniques a simple example is considered.

This example is a four-bar linkage, which is shown in
Figure 4. Initially, the two fixed pivot points are declared
and the lines representing the three moving links are defined,
each in its own local space (Fig. 4a). The space of the
coupler link is “embedded” in the space of the crank, and
the spaces for the crank and the driven links are embedded
in world space. Then transformations are applied to the
links in each respective space and a partial assembly is
achieved with the coupler attached to the crank. This is
shown in Figure 4b (where rotations have also been applied
to aid clarity). If the space of either the crank or the coupler
is rotated, the hierarchy of their spaces ensures their ends
remain attached.

To complete the assembly, the ends of the coupler and
driven link have to be brought together by a constraint rule.
Constraint rules define the relationships that need to be
satisfied. In the case of the mechanism considered, a con-
straint rule is applied to describe the desired relationship
between the ends of the coupler link and driven link. An
attempt is then made to resolve the specified constraints.
This involves altering some of the design parameters to
satisfy the constraint rules. For the example considered,
these design parameters are the angle of rotation of the two
model spaces for the coupler and driver linkages.

In the example of the four-bar mechanism, when the con-
straint rule is applied, it is successfully resolved, and the
correct assembly is obtained as shown in Figure 4c. It is
important to note that it would be impossible to define the
mechanism by purely model spaces alone, as these are hier-
archical and the coupler link could not be embedded in two
separate hierarchies.

3.3. Simulating operation and analyzing
system performance

One of the most important tasks for the design of mecha-
nisms is the analysis of kinematic and dynamic properties.
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Central to this analysis is the ability to evaluate output
motions and perform computations based on the geometric
entities and their relative motions with respect to time. In
order to simulate the operation of the system, successive
time steps are analyzed. For each step the “driven” geom-
etry is incremented and the system assembled. For the mech-
anism considered in Figure 4 the rotation of the space of the
crank linkage is incremented and the other two links assem-
bled. In this manner a simulation of the operation is achieved,
as in Figure 5a. Furthermore, if solid objects representing
the linkages are created, these can be added to each model
space as shown in Figure 5b. They then move correctly
when motion is simulated.

In order to support kinematic analysis and further manip-
ulation and assessment of the system properties, the func-
tionality of the modeling environment is used. This enables
velocities, accelerations, and jerk to be computed, and these
can be recorded and displayed. Velocity, acceleration, and
jerk are derived from the displacement by numerical eval-
uation of the first, second, or third derivatives using values
recorded in an array. An example of the output motion of a
packaging machine is shown in Figure 6. The figure also
shows the velocity and acceleration characteristics.

3.4. Optimizing system performance

As discussed in the previous section, the modeling environ-
ment described uses minimization techniques to determine
a solution that satisfies or best satisfies the given set of
constraint rules. The same search algorithms and rule con-
structs used to set up and satisfy the constrained problem
can also be used to define objective functions and deter-
mine an optimized solution. For the purpose of designing
mechanism and machine systems, the methodology for
system optimization involves incorporating the system
assembly and system simulation procedures described in
Sections 3.2 and 3.3, respectively, into an iterative optimi-
zation loop. In a manner similar to the system assembly
process, design parameters are specified and rules con-
structed. These rules may represent any aspect of system
performance or system properties that can be represented

Fig. 5. Simulating the operation of a four bar.
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algebraically using equality or inequality relations. The goal
is to determine a configuration where the value of these
rules is minimized. The overall process therefore involves
varying a set of design parameters (optimization param-
eters), incrementing the system model through its opera-
tional cycle, solving the assembly constraints at each step
using a second set of design parameters (assembly param-
eters), evaluating the objective function(s) (rules), and then
specifying an altered set of design parameters (optimiza-
tion parameters). It is important to note that although the
construct of the rules for optimization and assembly are
the same, the two sets of design parameters (assembly
parameters and optimization parameters) are separate and
distinct. For the purpose of designing mechanisms, the opti-
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mization parameters may include linkage lengths, pivot
points, and cam profiles. The optimization process is termi-
nated when either an optimized solution is found, a best
compromise is determined, or after a predetermined num-
ber of iterations.

4. REPRESENTING MECHANICAL ELEMENTS

In order to represent mechanism and linkage systems, three
fundamental mechanical elements need to be considered.
These are linkage elements, cams, and motion paths. These
components and the means by which they are constructed
within the modeling environment are summarized in the
following sections.
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4.1. Linkages

Within the modeling environment, mechanical links can be
represented as both two-dimensional and three-dimensional
geometric entities. However, it is the two-dimensional enti-
ties that are generally used to construct the constraint-based
model. This corresponds to the “stick diagram” often used
in practice to express the key features of a mechanical assem-
bly and its operation. The two-dimensional representations
are defined as Euclidean line segments, which are specified
by two end points in three-dimensional space. Examples of
the lin construct are highlighted in Figure 2. It is these end
points that are used to define constrained relationships
between the mechanical elements. Within the modeling lan-
guage, each line segment is assigned a unique label and
specified with an initial length. In general, the line seg-
ments (linkages) are also associated with a particular model
space, thus allowing translations, rotations, and scaling to
be applied. It is also possible to parametrically define the
line segments. This is particularly useful during optimiza-
tion as it enables the dimensions of individual links to be
altered.

4.2. Cams and motion paths

In addition to mechanical links, it is also necessary to rep-
resent cams, both rotational and linear, and motion paths.
To do this, the modeling environment allows the definition
of free-form curves, both open and closed (McGarva &
Mullineux, 1993). The curve has the form of a B-spline and
can be either a planar or space curve. The curve is defined
by a set of controls points specified via the modeling lan-
guage and represents a geometric entity. In addition, a curve
can be fitted through a number of prescribed precision points.
Curves can be manipulated in a similar manner to a mechan-
ical link. For example, closed curves representing cams can
be rotated about a central point in order to simulate opera-
tion. Furthermore, similar forms of constraint rules can be
applied to specify relationships between the corresponding
mechanical elements.

5. REPRESENTING MECHANICAL
CONSTRAINTS

For the purpose of representing mechanism and linkage-
based machine systems, there are three fundamental mechan-
ical constraints. These constraints effectively define two
classes of mechanical coupling and “assembly constraint.”
Within the modeling environment, rotational and sliding
joints are represented by direct manipulation of the model
space hierarchy. These mechanical couplings are therefore
fixed. That is to say they are not considered within the
constraint satisfaction process.

5.1. Rotational joint

This class of coupling occurs between the ends of two link-
ages or between a linkage and what can be thought of as a
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ground point. Because of the prevalence of this class of
joint within mechanism systems, a built-in function has been
defined within the language. The “pivot” function has the
effect of coupling two model spaces (and their associated
geometry) such that joint positions are brought together and
subsequently only rotational motion is permitted. In order
to achieve this, the relative center of rotation needs to be
defined. Typically, this involves the end point of one or
more linkages (line segments) and a point in world space
(defined by its coordinates in three-dimensional space).

5.2. Sliding joint

The second class of mechanical coupling involves a sliding
joint. Here, a linkage is allowed to slide along a predefined
linear path. Again, the modeling environment has a built-in
function to define and solve this class of mechanical cou-
pling. The “slid” command ensures that the appropriate end
of a linkage embedded in a particular model space always
lies on a linear path associated with another model space.

5.3. Assembly constraint

For the purpose of using constraints to represent mecha-
nism assembly and operation, one or more “assembly con-
straint” needs to be applied to complete the definition. It is
not possible to fully constrain a mechanism using pivot
joints and sliding joints alone. An initial assembly can be
created using these couplings to define hierarchical rela-
tionships between model spaces. The tree form of the hier-
archy, shown in Figure 3, is insufficient to describe the full
assembly as this requires loops within the structure. To deal
with this, final assembly constraints are set up, often using
a binary function called “on.” These geometric entities
include the end points of line segments, the lines them-
selves, or other entities, including open and closed curves
and points in space. When the “on” function gives a zero
value, the two entities are coincident.

If the example presented in Figure 4 is considered, an
assembly constraint is specified between the end of the cou-
pler link and the driven link. In the user language, the con-
straint rule is expressed as follows.

rule( 12:e2 on 13:2 );

here, 12 represents the line of the coupler and 13 represents
that of the driver. The construction comprising a colon fol-
lowed by e2 is used to denote the second end point of the
line in question. During constraint resolution an attempt is
made to minimize the value of this constraint, so that the
distance between the ends of the two lines becomes zero
and the lines come together.

6. USING CONSTRAINT-BASED MODELS
FOR DESIGN

In the machinery design sector, the designer is generally
faced with two classes of problems. These involve either


https://doi.org/10.1017/S0890060406060239

322

redesigning an existing machine for an altered set of per-
formance requirements, or the creation of new machine
assemblies to meet a different, sometimes totally new, set
of requirements. The flexibility of the constraint-based
approach means that both classes of design problems can
be supported by the design environment.

In particular, existing machine configurations (including
component sizes) can be modeled and their performances
evaluated (Hicks et al., 2002a). Similarly variant or new
machine configurations can be modeled, their performance
requirements specified, and component sizes determined.
For example, if a cam and linkage assembly is considered,
either the cam profile can be specified and the resulting
motion determined, or the required motion can be specified
and the cam profile necessary to deliver the motion deter-
mined. This ability to evaluate the performance of a design
or to carry out “design by performance” is enabled by the
bidirectional properties of the constraint rules. For the cases
considered in Figure 7, the model can be used for either
design scenario by simply transferring an assembly con-
straint from the cam profile and the follower to the final
driven linkage and the path representing the desired output
motion. For example, in Figure 7a, the cam profile for a
new machine is generated by considering the desired motion.
An existing system is redesigned in Figure 7b. The upper
portion highlights the current output motion, desired output
motion and current cam profile. In the lower portion a mod-
ified cam profile is created to achieve the desired motion.

6.1. Designing large-scale complex systems

Thus far, the examples presented have included predomi-
nantly what can be thought of as assembly constraints. In
practice, there are also many physical and performance con-
straints that need to be considered. Such constraints may
govern velocities, accelerations, relative positions, size
restrictions, and systems properties. In order to consider
these constraints during system design, additional con-
straints rules can either be incorporated into the set of as-
sembly constraints (Section 3.2) or specified within an
optimization function (Section 3.4). Both assembly con-
straints and objective functions are defined using the rule
structure discussed in Section 5.3.

It is usually the case that both the design of the assem-
blies and the various design constraints evolve as the design
proceeds. The application of constraint-based approaches
using minimization techniques is particularly suited to this
class of problems. This is because the constraints are solved
collectively and do not rely upon any particular ordering.
Further design parameters and constraint rules can be
included and excluded at any time. However, simulation
involving hundreds of design parameters has been shown to
be numerically time consuming (Molenbroek & Medland,
2000). In practice, the scale issues can often be overcome
through an appropriate resolution strategy. This strategy may
involve identifying groups of related design parameters
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and/or identifying critical design parameters. The use of
different resolution strategies is illustrated by three case
studies. These are shown in Figure 8a—c. These are now
described and for each case the numbers of design param-
eters and constraint rules is given. Part a shows a carton
erection machine. Here there are two assemblies, 31 link-
ages, 16 design parameters, and 15 constraint rules. In this
case, all linkages are mechanically coupled to a single drive.
Hence, the assemblies are treated as being dependent and
all the constraint rules are solved collectively. For this case,
simulation takes of the order of 120 s using a PC with a
1-GHz processor. This involves 20 time steps and approx-
imately 20 iterations for each step. For the second case
considered, the machine system involves four cam and link-
age assemblies. For the purpose of simulating the operation
these assemblies can be resolved independently for every
time step. In total this model involves more than 20 design
parameters and 16 constraint rules. The third case involves
a constraint-based mannequin. The model of the manne-
quin involves 19 linkages, 86 design parameters, and 27
constraint rules. These rules govern not only mechanical
couplings and relationships but also system properties such
as balance. Here, sensitivity analysis is first undertaken to
establish the critical design parameters. Sensitivity analysis
involves exhaustively perturbing each design parameter and
evaluating its impact upon system performance. The most
critical design parameters are then used for constraint sat-
isfaction. In the case of the mannequin, sensitivity analysis
can reduce the number of design parameters to only 30.
Furthermore, research has shown that the solutions deter-
mined with only a subset of the design parameters show a
strong correlation to those observed during practical stud-
ies of human movement (Molenbroek & Medland, 2000).

6.2. Evaluating design solutions

The constraint model can be used to support not only the
generation of design solutions that satisfy particular require-
ments but also may be used for the purpose of testing design
alternatives or functional structures. The evolving set of
constraint rules provides a means against which a given
solution can be tested throughout the process. For example,
a previous design solution can be tested against the con-
straint set. The constraints that are violated are highlighted
and a measure of violation is given. This measure is equal
to the error term evaluated during constraint satisfaction
(Section 2). This provides a means by which possible design
solutions can be continually tested throughout the various
tasks of conceptual design and embodiment design. For
example, in the design of a family of products, such as a
bicycle, it is particularly useful to be able to evaluate the
impact of changes in standard components across the entire
range, and in particular, different rider groups. For such a
design scenario, a constraint-based model has been con-
structed that considers the bicycle and the rider (Hicks et al.,
2005b). Here the designer is provided with feedback on
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Fig. 7. Designing by performance for cam and linkage assemblies. [A color version of this figure can be viewed online at www.
journals.cambridge.org]
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Fig. 8. Constraint-based models of complex systems. [A color version of this figure can be viewed online at www.journals.
cambridge.org]
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those rules that are no longer satisfied, and importantly, is
provided with a measure of the violation. This enables dif-
ferent configurations to be tested and the effect of changes
to be evaluated.

In addition to testing design solutions statically through
evaluation of the constraint rules, it is also possible to eval-
uate designs throughout the operational cycle. This is par-
ticularly important in the design of mechanism and machine
systems where it is important that transmission angles are
within certain limits and those linkages do not fail. Further-
more, the inclusion of solid objects enables interference
checking (collision detection) to be performed over the oper-
ational cycle. Example of the use of collision detection in
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the design of a product feed system and an ejection mech-
anism for a machining center are shown in Figure 9. Here
the design of the mechanism and also the profile of the
“scoop” are considered in order to determine an optimum
solution that does not interfere with the tooling or machined
component.

6.3. Optimizing design solutions

In the design of mechanism and machine systems there is
frequently a need to achieve a desired motion profile and
satisfy particular kinematic requirements. Such require-
ments may govern the entire output motion or only a small

(b)

Fig. 9. The incorporation of interference checking in systems design. [A color version of this figure can be viewed online at

www.journals.cambridge.org]
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(b)

Fig. 10. Examples of optimized machine systems. [A color version of this figure can be viewed online at www.journals.cambridge.org]
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portion of that motion. One approach to achieving this is to
reverse engineer the design solution using a path that rep-
resents the desired output motion, as suggested in Sec-
tion 6. Although such an approach is suitable for design
scenarios involving redesign or refinement of existing sys-
tems, it is less suitable where new designs are considered.
This is because simply reverse engineering the design solu-
tion often results in unsuitable cam profiles, linkage assem-
blies with excessive transmission angles, or unnecessary
large mechanisms. To overcome this, additional constraint
rules and associated optimization functions are required.
Typically, the constraint rules either define limits that must
not be exceeded or terms to be minimized. For example, the
limits may often be specified for physical size, allowable
transmission angles and cam gradients, and it is often desir-
able to reduce maximum velocity, acceleration, and jerk. To
illustrate the importance of constraint optimization in the
design of mechanisms, three examples are shown in Fig-
ure 10. For each example the initial design configuration
and optimized design configuration are shown and the con-
straints used for optimization are summarized as follows:

e case a: mechanism geometry and ground points are
optimized to achieve an almost horizontal stroke for a
portion of the cycle;

e case b: mechanism geometry and ground points are
optimized to match velocity at two points in the cycle;
and

e case c: cam and linkage assemblies are optimized to
reduce maximum accelerations and jerk.

7. CONCLUSIONS

The use of constraint-based techniques in the context of
design has been evolving for almost three decades. Many
techniques have been developed and applied to the differ-
ent stages of the design and manufacturing processes with
varying degrees of success. Furthermore, many constraint
approaches and techniques to enable their application to
more general industrial problems are still the subject of
ongoing research. In contrast, this paper describes a
constraint-based design environment that has been largely
developed through application to industrial problems. The
aim of the design environment is to support engineering
design per se, and in particular, system embodiment, detailed
design, and optimization.

This paper provides an overview of the representation
and underlying methods implemented in the constraint-
based environment. These include the “rule” construct and
the use of optimization methods to collectively satisfy the
entire constraint set. The functionality and capabilities of
the design environment are discussed with particular refer-
ence to the use of constraints for design. More specifically,
the core elements of the design environment that support
the visualization of system models, the construction and
assembly of constraint-based models, the simulation and
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analysis of system performance, and optimization of the
design solution are described. The paper also discusses the
underlying elements of the modeling language that are nec-
essary to represent and handle the full range of mechanical
elements and mechanical constraints present within mech-
anism and machine systems.

Following the detailed overview of the design environ-
ment, the use of constraint-based models for design tasks
associated with mechanism systems and high speed machin-
ery is discussed. This discussion deals with three important
elements: handling evolving design knowledge, evaluating
design solutions, and system optimization. A range of case
study examples is included to illustrate the capability of the
environment and its ability to support the various tasks of
design. These include the ability to reverse engineer sys-
tems to achieve desired motions, evaluate design alterna-
tives, assess the impact of changes, determine an optimized
solution, and explore design tradeoffs. Such functionality is
ultimately a prerequisite for effectively exploring the design
space and supporting the designer in generating a funda-
mental understanding of the particular design problem.
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