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The Nature of the Mechanical Design Problem
Mechanical designs are solutions to multi-faceted problems. In this regard, mechanical

design is no different from most other engineering design disciplines. However, in many design
disciplines such as software design and circuit design, designs can be characterized as
collections of weakly-interacting functional modules, each of which implements one of the
functional requirements. In these domains, good designs can often be accomplished by
successively decomposing requirements until the lowest level requirements match the behavior
of some preexisting design component. Direct transformation and recombination can then be
used to complete the design. On the other hand, good mechanical designs are often highly-
integrated, tightly-coupled collections of interacting components because the cost, size, and
weight of mechanical components makes a direct application of the decompose and transform
strategy impractical. In well designed mechanical devices a simple correspondence between
specific functional requirements of the product and individual components in the design does
not usually exist. The converse is also true, i.e., a specific component does not contribute to a
single function of a product.

We might summarize by saying:
• The form-function relations in mechanical design are complex.

• Function is not isomorphic to form.

• Design strategies based on functional decomposition and direct mapping into
physical components are not generally applicable in mechanical design.
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The absence of a close correspondence between functional and physical descriptions in
mechanical design has important ramifications on the design process and on the efficacy of
designs themselves. It is the designer's task to specify a form to satisfy constraints on function
and fabrication. In light of this task, and the complexity of the form-function structure, we
might ask what makes a good designer? One attribute, among many perhaps, is that good
designers understand and take advantage of the subtle relationships which exist among function,
form and fabrication for a mechanical device. If we are to reduce our dependency on the
intuition of experienced designers we must also extract and utilize the relationships between
form and function in designing a prodi ct.

Toward that end we assert that form-function characteristics of components and devices
exist and can be identified from physical principles. Furthermore, we believe that design
decisions are dominated by considerations having co do with relationships among form and
function.

In our program of design research we have embarked on four areas addressing these basic
questions. Firstly, we are seeking to identify the form-function characteristics of components
and to abstract high level design relationships. Secondly, we are aggregating component level
behavior to device level in a way that will consider the context and resolution of tfye Resign
stage. Thirdly, we are seeking to identify the dominant design relationships which arise as a
result of this aggregation and fourthly, we propose a synthesis strategy based on the
opportunistic utilization of component form-function relations. Each of these four topics is
discussed briefly in the sections which follow.

Identifying Form-Function Relations for Physical Systems
Much of the design process consists of selecting, sizing and configuring standard

components into systems. During preliminary design, a designer reasons abstractly about the
components, concentrating on high-level characteristics in order to evaluate alternative
configurations. Consider, for example, the design of a print head positioning mechanism used in
a dot-matrix printer as shown in Figure 1. To reason about the feasibility of the proposed
configuration the designer does not refer immediately to a catalogue to select a particular motor,
but instead relies on his experience to estimate the size, weight, torque, and power of the motor,
ignoring other more detailed geometric and behavioral characteristics.

Figure 1: Print Head Positioning Mechanism



As the design is refined the designer will consider characteristics at many levels of
abstraction. He reasons about high-level parameters such as weight and positioning speed
because these are the terms which express the design specifications. He also employs
intermediate-level parameters such as stress, aspect ratio and current density because these help
him reason efficiently about the device, and he considers low-level parameters, for example,
length, diameter and material since these are the design variables that he directly controls.

In order to reason about these various parameters designers use their experiential
knowledge of the relationships between the form of a device and the behavior it exhibits.
Knowledge of the relationship between weight and motor torque, for example, enables a
designer to quickly evaluate the performance of the print head positioner The configuring and
evaluation of a complex design is aided by an understanding of these form-function relations
which express inherent characteristics of the components that comprise the design [1,2].

Although vast experience is beneficial it may not be sufficient to capture some relationships
such as those between parameters of different levels of abstraction, for instance between the
power consumption of an electric motor and the winding wire diameter. The two are related, but
to a designer the form of the relation would not likely be obvious. Determining this sort of
relation is useful to the designer because the design requirements are frequently giveij ia terms
of the high-level behavior desired, but the designer's task is to specify a detailed description of
this component.

Form-function relations also exist between parameters that are at or near the same level of
abstraction but that are normally associated with physically separate parts of the design, such as
the rotor and stator of a motor, or parameters that exist in different energy domains, such as
electrical and mechanical. Understanding these relationships aids the system designer by
explicitly showing how high-level characteristics of the components are related to one another,
allowing him to reason about tradeoffs between competing requirements or objectives, for
instance the tradeoff between power and size of an electric motor. It is the consideration of
these relations that dominate preliminary design decisions, for they are used to evaluate tentative
configurations.

High-level form-function characteristics are a reflection of the underlying physics of the
device and are abstractions of the complex interactions of low-level parameters. A change in the
torque requirement for the motor may be met by adjusting the wire size, the number of poles, or
a host of other parameters. However, other characteristics such as weight, will also change.
Determining the resulting relationship between torque and weight is difficult to do directly.
Instead designers usually gain this sort of knowledge empirically over years of design
experience, acquiring a "feel" for the characteristic relations of a device. Empirical methods
however, are subject to error due to hasty generalizations and narrowness of experience. In
addition, these relations are dependent on the state-of-the-art, therefore major changes in
technology can render the knowledge of particular form-function relations obsolete.

Motivated by the usefulness of form-function relations and the difficulty in obtaining them,
we have developed a representation of electromechanical devices and a method for
automatically identifying relevant form-function relations from it. The details of the
representation and the method used are discussed in other papers [3, 2].



Device Representation
Our approach is based on the declarative representation of a device as a set of parameters

related by constraints. The constraints arise from physical laws, spatial relationships and
material limitations. Collectively these constraints define the space of acceptable designs1.

In this model each parameter describes some characteristic of the form (such as a physical
dimension or material density) or behavior (such as velocity, stress, or torque). The constraints
relate the parameters typically through equalities or inequalities2. Equality constraints are
relationships between parameters that always hold and may be the result of physical law (e.g.,
/= ma), may be imposed as a requirement of the design (e.g., voltage = llvolts) or may define a
geometric relationship (e.g., A = KD2/4). Inequalities are often used to express physical
limitations (e.g., temperature < melting temperature), imposed requirements (e.g.,
torque > 2Aft-lbs) or spatial relations (e.g., OD>ID). The compositional nature of the
constraints allows the model to be easily expanded to an arbitrary level of description by the
addition of parameters and constraints.

A collection of these constraints forms a network [4] or a bipartite graph [5] with each
node representing either a constraint or a parameter. In this graphical representation of the
constraint model, each parameter node is linked to all of the constraints that it participates in,
and each constraint is linked to all of its participating parameters. A constraint network for a
brushless, unhoused d.c. electric motor under stall conditions is shown in Figure 2. Note that
most of the inequality constraints and numerical limitations on the parameters are not shown in
the figure for the sake of readability.

The constraint network itself represents a prototypical device or class of devices and
satisfying the network of constraints by assigning a value to each parameter such that none of
the constraints are violated, results in an instance of the class3. Thus we can view the
satisfaction of a constraint network as analogous to parametric design. But our goal in
developing this representation is not to support parametric design, it is rather to aid the designer
by providing a way to automatically identify relevant form-function relations.

Design Context
A network of constraints represents the nature of a class of devices, but not a particular

design problem. The specific requirements and objectives of a problem constitute a design
context, which can be cast over the network to represent the given task. The context further
constrains the space of the solutions to those that are acceptable for the particular situation and
specifies the criteria necessary to identify the "best" design among these. Thus both a design
and its corresponding set of form-function relations are directly related to the context under
which it was created. For example one designer may be designing a motor for a given torque
while trying to minimize weight, while another may be trying to maximize the efficiency while
maintaining a fixed diameter. While both designers may be designing motors of the same class.

Although both the parameterization and the choice of relevant constraints both influence the design space.

2We are currently using only these but our approach does not preclude other constraints such as boolean,
discrete, differential equations, etc.

Satisfaction of a constraint network is in general very difficult. As stated by Gosling in [6] '...boolean
satisfiability can be cast in this framework and is NP-complete, so general satisfaction is at least as hard." But
there have been many techniques developed and applied to this problem including constraint propagation.
monotonicity analysis, relaxation and optimization.
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Figure 2: Example Constraint Network: D.C. Electric Motor



the first will produce a different d~~m ~n than the second, and the relations between characteristics
such as torque and weight or efficiw cy and diameter will be different for the two contexts.

Approach
To aid the designer, we determine form-function relations from a constraint-based model of

the underlying physics of a device. Our approach is based on solving a sequence of
optimization problems, corresponding to a continuum of design contexts. This technique results
in a series of optimas which can be plotted to show the relationships between various
parameters4. The following example illustrates this approach.

Example: Brushless D.C. Motor
Consider the use of a frameless brushless d.c. motor in a printer as seen in Figure 1. The

designer wishes to reduce the length of a standard motor to fit it in a particularly tight space. It
is necessary to reduce the length as much as possible while maintaining the same torque and
inside diameter and minimizing weight. The designer may be interested in increasing the outer
diameter to effect this change, however, he will want to know how changing the diameter may
affect some of the other aspects of the design.

Figure 3 shows the form-function relations obtained for this context from the constraint
network shown in Figure 2. Each of the points marked on the curves represents arcqmputer
generated optimum of a prototype motor. Each curve then relates diameter of the motor to some
other parameter The relations are shown as relative changes in the outer diameter (measured
along the abscissa) versus relative changes in the other parameters (measured along the
ordinate). Thus the origin represents the standard motor (optimized for minimum mass), and the
curves represent relative changes from that point.
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Figure 3: Form-Function Relations for a D.C. Motor

4This method is similar to what are called interaction curves in the optimization literature [7].



Constraint Activity
The relations shown are the result of the interaction of the defining constraints. In

particular, the activity of the inequality constraints3 shape the relations. We note that
relationships among design parameters change dramatically with changes in the activity of the
constraints resulting in the various cusps in the plots. Of particular interest in this example is the
relationship between outer diameter and the motor inertia. Initially increasing the diameter
actually decreases the inertia, but the rotor will reach a limit on strength and further increases in
the diameter will call for a more robust and therefore higher inertia rotor. Understanding the
nature of a design in this way can be very insightful. Thus determining the active constraints
that reflect what is limiting the design can aid in reasoning about the design.

In general predicting the constraint activity is very difficult due to the complex, non-linear
nature of the underlying equations and inequalities. The constraint activity depends on both the
constraint network and the specific context of the design. For this reason it is not possible to
determine a priori the active constraints, instead they must be determined for each context.
Because they are difficult to predict and because they influence the form-function relations so
strongly, the knowledge of active constraints is valuable to the designer.

An Environment for the Conceptual Design of Mechanical Systems r '
Component form-function relations can help the designer identify tradeoffs for classes of

components such as motors, pulleys, masses and so forth, but ultimately the behavior of interest
is that of the overall configuration, which is made up from an aggregation of components.
Moreover, for mechanical devices the particular geometric interactions between components
have to be taken into account to determine the overall system behavior. Reasoning about these
behavioral and geometric relations can become a difficult task for the designer as he considers
more numerous aggregations of components and as he refines the selected configuration. In this
section we discuss the representation requirements for conceptual design environments that can
support an interactive aggregation of standard components and the subsequent refinement of a
selected configuration.

Representation of Component Aggregations
To allow the aggregation of components into a system, the design environment has to aJIow

the modular aggregation of behavioral component models. Since mechanical devices include
complex geometric relations among components, the internal component representation should
include geometric component models as well.

Depending on the particular characteristics of the configuration, the designer may want to
focus on specific aspects of component behavior. Consider the printer head drive configuration
shown in Figure 1. For this configuration, the designer may want to investigate the effect of the
linear inertia of the motor on the aggregate dynamic behavior of the drive system since the
motor rides on the platform. To model adequately the behavior of the same component
connected in different ways, the environment representation has to support several functional
perspectives for a given component.

If the designer finds that the motor's rotational inertia has a much greater relative effect on
the system dynamics than the its translational inertia, he may want to modify the resolution of
the motor's behavioral model to investigate its electrical system dynamics. Alternatively, he

5An active inequality is one that is binding as a strict equality.



may want to assume an extremely simple r^ .or model (e.g. an ideal source of torque) to
establish a limit on maximum expected perform ance. To provide the designer the flexibility of
varying the modeling detail of a component, the internal component model representation has to
allow variable resolution of component models. The need for variable resolution also applies to
the geometric model of components to support the gradual refinement of the geometric detail of
the design.

Approach
The representation requirements of modular aggregation, functional perspectives and

variable resolution have been achieved in an experimental implementation of an environment for
conceptual electro-mechanical design. MEDA6 is an interactive graphical environment in
which component models can be aggregated modularly into a preliminary system description.
Mechanical components can be connected by specifying kinematic relations between them. Tie
designer can group connected components into subassemblies to consider the behavior of a
meaningful part of the overall device. Once a subassembly is identified, the internal modular
models of component behavior are automatically collected into a system description, with
consideration of the functional perspective implied by the components' connectivity. Through
the use of appropriate behavioral primitives, component models with variable resolution can be
defined and stored in a component library.

The implementation is targeted to the design of electro-mechanical devices which may
require complex dynamic analysis and therefore MEDA automates the process of dynamic
model development. For this domain, the component connections are kinematic relations. The
kinematic relations specified by the designer introduce constraints between behavioral
component models when a subassembly system model is collected. After the behavioral
component models are collected into a system model, the resulting system representation can be
converted into a set of differential equations for subsequent numerical or symbolic processing.

MEDA is implemented in C as an extension to a commercial modifiable CAD platform
[8] in a Sun™ 3/160 workstation. The details of the implementation and a more elaborate

discussion of the requirements for conceptual design representations can be found in [9] and
[10] respectively.

Automatic Identification of Critical Design Relationships
Once a design configuration has been determined it can be parameterized so as to obtain a

set of algebraic constraint equations. These equations describe the functional relationship
between the important behaviors of the design and the parameters describing the configuration.
The ease with which quantitative and qualitative evaluations can be made depends, in large part,
on the complexity of the design equations and constraints involved. Even very simplified design
equations may be puzzling because changing the value of one of the design variables may
influence many of the functional requirements. As a result, detailed analytical methods are often
applied to any competing design configuration alternatives. The results of the analysis are used
to judge the merits of the design configurations. Experienced designers, on the other hand, often
shortcut the detailed analytical work by recognizing important relationships which govern the
performance of the design configuration. This is accomplished by identifying important
relationships among requirements and design variables, such as a critical ratio, a nondimensional

6MEDA stands for Mechanical Engineering Design Assistant.



parameter, or a simple difference; e.g. the column aspect ratio in structures, the Reynold's
number in fluid mechanics, or the velocity difference across a fluid coupling. This achieves
convenience and expediency in quantitative evaluations and enhances the qualitative physical
reasoning associated with the design activity to better enable the designer to focus his creativity
on the essential aspects of the proposed configuration.

The discovery of such critical relationships among parameters has been made on an ad hoc
basis by experienced designers and engineers. Although certain nondimensional parameters are
well known and methods exist for identifying such parameters, there are not, in general,
strategies which assist the designer in identifying physically significant relationships which
dominate the behavior of a particular design configuration. We seek to do this by establishing
methods to identify physically significant new variables and to use them in performing a
transformation of variable on the constraining design equations and inequalities. The terms
alternative formulation or reformulation refer to a description of the same design configuration
but with alternative design variables.

Two Bar Truss - Case Study
As an example of a variable transformation consider the design of a two bar truss [11]. A

truss of the type shown in Figure 4 can be used to support both a vertical and horizontal load.
The truss deflection must be limited and the truss must withstand the loads without yielding or
buckling. The parameters describing the truss are height //, halfwidth B, tube diameter df

thickness f, and the modulus of elasticity, E. The relationships among actual stress, critical
buckling stress, deflection and the design parameters are shown in Figure 5. Also shown in the
figure is a transformation of variable applied to the truss equations. Changing design parameters
does not change the truss design itself, only the form of the problem.

The Nature of Design Complexity and Coupling
Note, that each of the truss design relations depends on all four of the geometric design

parameters making it difficult to reason about the design. When this occurs, we say that the
desired functions are coupled or that the design is coupled. Simon [12], Preiss [13], Rinderle
and Suh [14] are among those who commented on the nature of coupling in designs. The
complexity due to coupling depends, at least in part, on the designers selection of the product
functional requirements and the design parameters. One structure of particular interest, which
we refer to as serially decomposable, results from transformations that cause the design
equations to become solvable without iteration. The transformation performed in Figure 5
makes the truss equations serially decomposed.

Generating and Choosing Useful Transformations
It is known that almost all of the nondimensional variables commonly used are one of four

types: ratios of lengths, forces, energies, or properties [15]. This follows from the fact that all of
the fundamental equations of continuum analysis can be nondimensionalized with these four
types of nondimensional variables. In many cases the forces and energies are constructed from
more primitive variables. For instance, Reynold's number is the ratio of fluid inertial force to
fluid viscous force and in turn these forces are constructed from variables for fluid velocity,
viscosity, length, and mass density. In fact, all the common nondimensional variables in fluid
mechanics can be constructed from fluid force ratios. Rules for the construction of forces can be
compiled for many mechanical engineering disciplines. In order to construct and use such rules,
information other than fundamental units is required for each component variable.

The identification of dimensional variables is also enhanced using physical meaning rules.
In the field of geometry, for instance, areas can be constructed from a radius squared but not



Figure 4: Two Bar Truss

The original design requirement equations are:
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Figure 5: Two Bar Truss Equations



from a thickness squared In the domain of .rigid body dynamics forces or torques can be
indicated as inertial or viscous and can be hierarchical in nature. For example, an ineitial for:e
may consist of the product of a mass and an acceleration, but acceleration in turn can be
constructed according to other rules. In this way, for example, it is possible to generate both
torque and energy variables (both of which may have units of foot-pounds) but to maintain the
distinction between them and to use them appropriately. Construction techniques of this sort are
chosen for general design domains and applied recursively. Spatial proximity methods are used
to reduce the list of candidates prior to more complete evaluation based on design equation
structure. In the truss example the transformation is to an area, A, and a ratio of lengths, *?,
while two parameters, d and //, remain the same. While the utility of this transformation is high,
as will be seen in the next few subsections, the transformation itself is quite simple. Finding this
transformation required a generate and test technique combined with goal oriented methods
employing a measure of coupling. Details are described elsewhere [16].

Summary of Reformulation Advantages
There are several advantages to using less coupled, especially serially decomposed, design

equations. The following ones will be discussed for the truss problem:
1. Enhanced ability to find numerical solutions.

• Ease in determining satisfactory solutions. \- '

• Ease in making design changes to accommodate requirement changes with
minimal iteration.

2. Identification of active constraints.

3. Symbolic computational benefits such as identifying form-function relationships.

4. Cognitive Benefits.

Numerical Solutions
Alternative variables with clear physical meaning allow, and perhaps even enhance,

numerical value estimates. This is seen in the truss equations where a numerical solution of the
original formulation could become an extended trial and error session of computations. This is
because each expression relies on all of the design parameters making the problem one of three
simultaneous nonlinear expressions in four unknowns (with additional inequality constraints).
The reformulation on the other hand has been arranged in a serially decomposed form and a
numerical solution can be easily found in a single iteration. This is facilitated by the fact that as
one goes through the list of relations there is one additional parameter for each additional
expression. The physical significance of each variable facilitates good estimates, for example
the truss aspect ratio /? = 1 is entirely reasonable. If for some reason in the future the
requirements on any one functional requirement or design parameter change so that the design is
no longer satisfactory then the serially decomposed reformulation has definite advantages. The
designer will only have to loop back to the last equation which contains the design parameter or
functional requirement which makes the design unsatisfactory. For example, if after a
satisfactory solution is found it becomes necessary to change pipe diameter then only the
equation for AobnckJing need be consulted in the reformulation when making that change in pipe
diameter.



Identifying Active Constraints
For a particular design configuration defined by parametric conrtraints there may not be a

solution space for the given sptttifications. This would eliminate that configuration from
consideration as a viable alternative, or promote a respecification, or modification of the
configuration [17]. At this stage of preliminary design it may be difficult to determine if there is
a simple design limitation and what constraint or constraints constitute it. Alternative
reformulations facilitate the identification of limiting constraints considerably, especially if the
problem is made nearly monotonic. Furthermore, reformulations often iroke it possible to
employ more powerful symbolic techniques, such as those discussed by Agogino[18] and
Choy [19] which are most useful when the design equations are monotonic and serially
decomposed.

Considering again the truss problem, now with the objective of minimizing weight. Weight
is a function of the original and new parameters respectively and is proportional to volume,
V = indrlE1 + H2 or V = 24//V/?2 + 1. The reformulation makes it clear that the value of d plays
no part in minimizing volume. It influences the satisfaction of the buckling constraint only. The
reformulation also makes it clear that the buckling constraint can be satisfied after all the others
and that there is an active constraint on compressive stress (oeompr9Isiom = ayiM) or an active
constraint on maximum deflection (5 = 5^ depending on the numerical values involvedv

Symbolic Computational Benefits - Form-Function Relationships
Very often it is desirable to know how some aspect of a design's form, other than the

design parameters themselves are influenced by changes in the functional specifications of a
design. The problem with developing such relationships analytically is that most design
problems are underconstrained, but in some cases a degeneracy exits that will overcome this
problem. Identifying such degeneracies so as to develop analytical form-function relationships
can be greatly enhanced by a transformation of variable. Consider the truss problem where the
expression for volume in terms of new design parameters does not depend on d. This eliminates
the expression for A<Jbt4Ckling from consideration but still leaves an underconstrained problem. If
we set Ph to zero then the two remaining expressions are simplified. From these simplified
expressions it is possible to determine that volume is proportional to 5 if the active constraint is
on deflection and inversely proportional to ocom ression squared if the active constraint is on
compressive stress.

Cognitive Benefits
Cognitive benefits are those which help the designer reason about the design problem. His

previous experience, current frame of mind, degree of concentration, etc., will interact with the
problem representation and formulation to influence his understanding. Any insights he might
have will depend on that understanding. With respect to the trass problem, the ability to easily
find numerical solutions enhances the designer's thinking by supplying quick design parameter
value estimates. In addition for the trass, insights on active constraints, and relationships
between form and function were facilitated by the reformulation. By the time the designer has
gone through the exercises above he will look at the trass problem from a different perspective7.

7In the words of Simon [12] "All mathematical derivation can be viewed simply as change in representation.
making evident what was previously true but obscure. This view can be extended to all of problem solving -
solving a problem simply means representing it so as to make the solution transparent".



Results
A tct >«d computer program, called EUDOXUS has teen implemented to test and

demonstrate the techniques discussed for identifying critical design relationships. The program
has been used in the design of a Geneva mechanism, a simple suspension system, an impact
energy absorber, a helical coil spring, a heat exchanger, and the simple two bar truss.

A Structured Synthesis Strategy for Mechanical Devices
During the design process the designer transforms an abst act functional description of a

device into a physical description which satisfies the requirements. In this sense, design is a
transformation [20] from the functional domain to the physical domain.8 However, the basis for
selecting favorable transformations and methods for accomplishing transformations are not well

• understood. Our work is an effort to discover the desirable characteristics of these
transformations and develop a structured approach for transforming a device specification into a

• physical description, thereby creating design alternatives. We contend that form-function
relations provide a strong basis for selecting favorable design transformations and that by
combining these with the simple guideline of integrating functionality, a robust and useful
structured approach to design can be defined. This approach can be used to design a device
configured from classes of known components.

A Strategy for Mechanical Design
The direct functional decomposition of a set of device specifications and subsequent one-

to-one matching of individual functional requirements to physical components results in weak
designs for two reasons. The first of these is that by matching individual functions to some
collection of components we forsake the opportunity to integrate functions into more compact or
economical collections of components. Secondly, components provide not only the desired
function but also many additional, unintended behaviors. The following simple examples
illustrate the problems with direct decomposition and demonstrate one method that helps resolve
them.

Consider the design of a speed reducing device. Specifications for the device are given as:
• The ratio of input to output speed must be 8:1.
• The input and output shafts must lie at right angles to each other.

This set of specifications is already functionally decomposed into two independent functional
requirements, the 8:1 reduction and the right angle requirement. The most direct solution is to match
each of the individual requirements with a separate piece of physical hardware. A spur gear set may be
selected because its behavior matches the functional requirement of an 8:1 reduction. Then a bevel gear
set may be selected because its behavior matches the functional requirement of a right angle between
the input and output shafts. The resulting physical description then consists of a spur gear pair
connected to a bevel gear pair. So, by matching between the decomposed functional description and the
behavioral descriptions of known components a physical configuration can be generated. However, this
simple case demonstrates that one-to-one matching usually results in a poor design because the resulting
device is more complex than is necessary. If instead the matching is done so that functional integration
is emphasized, then more compact and economical designs result. Here, by using the form-function
relations for bevel gears, it can be determined that a bevel gear provides both of the functions required,
a reduction and a right angle between the input and output shafts. So, matching both functions to a
bevel gear results in higher degree of function integration and a more economic execution of the design.

8It is important to note that the word transformation is used here in a different sense than that expressed in ihe
previous section on Automatic Identification of Critical Design Relationships. Here, the transformation is not
applied to a set of equations which describe an already configured design, but instead to a set of specifications
which are transformed until they correspond to a complete physical description of a device.



illustrates tnat comoining runctions in a suijie device WJU, oiten result in a
superior design. The difficulty lies in properly matching the functions in I***: specification to
actual components. Form-function relations of the components provide a means to this end
because they express the relation between behaviors and physical form. However, matching the
functional specifications to the physical form of the components is not always as straightforward
as in the previous example. TTie following example demonstrates some of these complexities
and some methods for accomplishing an economic execution of the design.

Consider the design of another speed reducing device. Specifications for the device are given as:
• The ratio of input to output speed must be 40:1.

• The input and output shafts must be at right angles.

If t tie catalogue of available items consists only of straight bevel and spur gear sets, we find that there is
no single component which is capable of providing the 40:1 speed reduction. So an immediate
matching between these specifications and a physical description is not possible. Instead the
specifications must be transformed into a form that allows for matching between the specifications and
device behavioral characteristics. In this case we apply a transformation which decomposes the
specified functionality into a collection of equivalent functions; for example, a 5:1 speed reduction
followed by an 8:1 speed reduction and a right angle between the input and output shafts. Note that this
transformation preserves the overall functionality expressed in the original specifications. This is an
important characteristic of all transformations; that they be function preserving, otherwise the
completed device will not meet the specifications. The decision to decompose the specifications in this
manner is guided by the form-function relations for the components. They represent the fac$ tlftt no
single spur or bevel gear pair can have a reduction ratio greater than 8:1. Therefore, this particular
form-function relation is used to guide the decomposition of the 40:1 reduction ratio into two elements
neither of which exceeds an 8:1 reduction ratio. After this decomposition, it is possible to match each
of the individual functions, the 8:1 reduction, 5:1 reduction and right angle, into a physical component;
however, direct matching would result in a design which is large, costly and complex as was shown
before. Alternatively, we can seek groups of functional elements which closely correspond to available
physical components. In this case, by considering the form-function relations for the known
components, bevel and spur gears, we find that we can group or associate the 5:1 speed reduction with
the right angle function. So we can view the specifications as consisting of two groups; a 5:1 reduction
coupled with a right angle, and an 8:1 reduction. We now find that we can match each of these groups
with a physical component; specifically, a bevel gear set can satisfy both the right angle requirement
and one of the reductions, and a spur gear set can satisfy the second reduction requirement.9 In this case
we have not only achieved multiple functions with a single component but we have identified a
particularly favorable selection of components by grouping individual functions into collections that
closely corresponded to real physical devices.

This example illustrates the integration of multiple functions into single components and
the value of function preserving transformations intelligently applied to the device
specifications. It also demonstrates the role of form-function relations in guiding these
processes. However, the approach used above will not always be clear or unambiguous. The
matching between specified functionality and component behavioral characteristics is not
always as perfect. Physical components have many behaviors and an exact match between
specifications and component behavior will not always be possible. If this is the case,
unintended behaviors will be introduced into the device. Consider if the lexicon of known
components used in the example above included worm gears. A worm gear introduces an offset
and a right angle between the input and output shafts. It also can provide a 40:1 reduction ratio.
Therefore, a worm gear could be used to integrate all of the desired functionality, 40:1 reduction
and right angle, into one component resulting in a lighter, simpler device. But, it also introduces
a behavior not required in the specifications, an offset between the input and output shafts. This

^ l e relative configuration of the two components can be selected to maintain coplanarity of the shafts or to achieve an offset. The >* ay
in which components are configured relative to each other is critical to both function and geometry.
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transformed and n ^ched to the components incrementally and the the desired functionality of
the device must ue maintained after each transformation, grouping or matching of the
specifications.

Results
We are developing a design methodology that will both enable the integration of functions

into single components and will take advantage of, or compensate for, unintended functionality
of components by appropriately utilizing the foim-function relations of the components used in
the design process. The methodology is suitable for designing mechanical devices composed of
standard components. In this case, by design we mean generating the configuration, i.e. the type
and arrangement of standard components utilized in the device. The methodology requires a
representation of the fonn-function relations of the standard components, and a representation of
the specifications for the device. Also required is the ability to transform the representation of
the specifications in a function-preserving manner. Using these representations of the design
requirements, the available components, their fonn-function relations and the function
preserving transforms, the most desirable transformations can be identified and applied until a
complete physical specification of the device is determined. This methodology has been
developed to be applicable to a broad range of design domains. A trial study of its effectiveness
has been completed for the example domain of single speed, single input-output geared
transmissions. A discussion of its application to this domain and a description of a computer
program which utilizes the methodology can be found in [21].

Summary
Form-function characteristics of mechanical components and devices exist and can be

identified from physical principles. Furthermore, design decisions are dominated by
considerations having to do with form and function. The four areas in our program of research
demonstrate that progress is being made to address the absence of a close correspondence
between functional and physical descriptions in mechanical design. Tools and methods were
described that will reduce our dependency on the intuition experienced designers use to extract
and utilize relationships between forni and function.
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