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Abstract

When developing an artifact, designers must first understand the problem. This includes the benefits that the artifact must
deliver and the user variation that is present. Each user has a unique set of human factors, preferences, personal knowledge,
and solution constraints that could potentially influence the characteristics of the artifact. Currently, there is little work sup-
porting the process of how to formally generate user-specific design specifications, resulting in ad hoc or a priori decisions
when generating design specifications. Further, because most design processes generate design specifications manually, the
number of design specifications is not typically addressed at the user level. This research presents an affordance-based ap-
proach for use in the early stages of design to help designers establish user-specific design specifications. This information
can then be used in the creation of a system or set of systems that meets the demands of both the user(s) and the organization
that is developing the artifact. An affordance-based approach is leveraged because it maintains the relational field of view
among the user, existing artifacts, and the artifact(s) being designed. Once individual design specifications are generated,
designers can use this information in later stages of the design process.
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1. INTRODUCTION

Consumers and users vary. To successfully develop a product
or product line, designers must determine what user variation
will be addressed and how this variation will be handled. The
term “user” was selected because this method focuses primar-
ily on individuals who interact with the artifact; other research
may refer to these individuals as consumers, customers, and
so on. To understand user variation, designers must have a
representation of the user; the representation that is appropri-
ate is dependent on the stage of the design process. Designers
can evaluate user variation by considering the artifact pur-
pose(s) and desired affordances. Analysis at this level evalu-
ates similarity at the design problem level. In order to have the
most flexibility to address user variation, designers must con-
sider the variation as part of the conceptual design process.
Prior to concept generation, the design information consid-
ered should be solution independent (Ulrich & Eppinger,
2012). As a result, the available information for designers
to consider when addressing user variation is limited to
user characteristics and design specifications.

Design specifications consist of a metric and a target. The
metrics indicate the quantifiable evaluation criteria, while the
targets are the desired values for the criteria. Individual design
specifications provide designers with detailed information that
will allow them to identify what user variation exists; a method
for evaluating user variation is proposed in Cormier (2014).
Addressing user variation then becomes a meta-design prob-
lem within conceptual design. The ideal scenario is that for
each user, the artifact purpose(s) can be addressed equally
well with the same artifact (functions, components, connec-
tions, and layout). This situation is not realistic, but it points
to the varying levels of artifact commonality that can be
achieved (see Fig. 1). Artifact commonality becomes solution
dependent at the function level; as a result, user commonality at
these levels should not be considered until after concept gen-
eration has been completed. Conceptual design is a difficult
stage when the user group is largely homogeneous. Concept
generation becomes even harder when the group of users and
their corresponding needs is significantly heterogeneous.

The term user variation is used to refer to the differences in
user characteristics, user needs, and the corresponding design
specifications. This variation can be a result of preference, an-
thropometry, age, user location, and so on. As user needs are
mapped to the engineering domain, so too is the variation.
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However, variation in the user domain does not necessarily
require variation in the engineering domain. An affordance-
based viewpoint also points out that variation in the engineer-
ing domain may not provide any additional benefit unless
there is enough variation to alter what affordances exist for
a user. Consider the example of a drill. Differing uses for a
drill may lead to the same required torque. Further, an in-
crease in the available torque only changes the affordances
if it enables the user to produce a different type of hole, drive
a new fastener, and so on. The research presented here pro-
vides designers a framework for creating individualized de-
sign specifications such that user affordances are realized; de-
signers can then look at the variation in design specifications
and generate solutions to handle the variation. As such, this
work helps clarify the metadesign problem of addressing
user variation.

Numerous design methods have been created to address user
variation, and these are discussed briefly in Section 2.2. How-
ever, there is little work focused on selecting an appropriate
method for addressing user variation, resulting in the ad hoc
or a priori selection of a design methodology. Further, even
with the current research available to assist engineers in creat-
ing product variety, few products fully meet user needs (Cow-
per, 2008). This could be in part because the needs of indi-
viduals are commonly grouped (market segmentation), and
few methods formally consider the variation within a segment.

The contribution of this work is to present a method that
allows designers to evaluate user variation early in a design
process. This lays the foundation for more formalized ap-
proaches to support design process selection. Further, be-
cause the evaluation is done at the individual level, it opens
up the possibility to mass customization as a potential solu-
tion to addressing user variation. In the following section, a
review of previous research is provided focusing on afford-
ance-based design and other early stage design research.
Section 3 provides the methodology for analyzing user varia-
tion. Section 4 presents a case study looking at child strollers
(sometimes called prams or pushchairs). The paper concludes
in Section 5 with challenges and areas of future work.

2. PREVIOUS WORK

This research focuses on the initial stages of a design process
when the problem is defined and clarified and design specifi-
cations are developed to help guide the development of con-
cepts. We review some previous approaches to handling user
variation in these stages of a design process, because the de-
sign specifications produced should enable design methodol-
ogies designed to address user variation.

2.1. Affordance-based design and problem
formulation

The use of affordances as a basis for design was identified by
Maier and Fadel (2001a); research then began to address
formal integration within a design process. Representing user
needs via affordances was proposed by Maier and Fadel
(2003), suggesting that user needs be structured as affordances
once they are gathered and understood. To facilitate this pro-
cess, a set of common affordances was identified (Maier & Fa-
del, 2003); this research was adapted and formalized to create
an affordance basis (Cormier et al., 2014). This affordance ba-
sis can be leveraged when translating the raw user needs into
affordance statements. This set of affordances can then serve
as the formalization of the problem (i.e., the designers must de-
sign an artifact that realizes the desired affordances).

Maier and Fadel (2009) present an affordance-based design
process, as well as a technique for designing a particular af-
fordance. The latter is used as a basis for the process used to
generate design specifications (discussed further in Section 3).
Galvao and Sato (2005) introduce a technique that relates tasks,
functions, and affordances. This technique could be leveraged
after the approach presented in Section 3 to aid in the concep-
tual design of the artifact. Affordance-based design maintains a
relational viewpoint; the benefits provided by an artifact are de-
pendent on the characteristics of the user and the characteristics
of the artifact. This relational viewpoint focuses designers on
the fact that they must develop an artifact to provide a set of af-
fordances despite user variation. Affordance-based design is a
paradigm that can be used in conjunction with existing design
methods. This work proposes an affordance-based method to
help designers understand variation, which can then be ad-
dressed with one or more of the established approaches. Cur-
rent approaches to address user variation are discussed in the
following section.

2.2. Methodologies to address user variation

There has been significant research focused on how to extend
product variety and meet different user needs, as well as on
general product architecture research. This section discusses
previous research that is used for understanding and classify-
ing how user variation is addressed. It should be noted that the
review of literature here is intended to highlight that which is
relevant to addressing user variation, and by no means is it in-
tended to be representative of the entire field.

Fig. 1. Levels of artifact commonality.
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2.2.1. Mass customization

Customer variation provided the foundational need for
mass customization, which utilizes the idea that providing a
product that better satisfies each individual user’s needs while
maintaining affordable prices is a means for a company to be
successful (Pine, 1993). Further work identified four corpo-
rate approaches to mass customization: collaborative, adap-
tive, cosmetic, and transparent customization (Gilmore &
Pine, 1997). Mass customizable products should receive di-
rect input in some form from the user, and because of this,
it requires a level of system flexibility. However, mass custom-
ization may not always be appropriate or economically fea-
sible. In this case, one solution to address some level of user
variation is to use product families.

2.2.2. Product families

A product family is a group of products that satisfies multi-
ple market segments, yet shares a common core of technology
(components, assemblies, processes, etc.), referred to as the
product platform (Meyer & Lehnerd, 1997). There has been
a significant amount of research focused on how to realize
product families. From a corporate standpoint, Maier and Fadel
(2001b) investigated how to create product families based on a
product release schedule. From a system standpoint, there are
two general approaches to creating product families, which
have been identified as a module-based approach and a
scale-based approach (Simpson, 2004). The modular approach
uses the addition or subtraction of modules to or from the plat-
form to differentiate family members (Marion et al., 2006). In
contrast to this, the scale-based approach leverages a design
where parameters can be modified to change the functionality
of the product (Simpson et al., 2001). The difference in these
two approaches may result in one approach being better suited
depending upon what type of user variation exists.

To this extent, there has been research that has focused on
creating product families to minimize user trade-offs. One
method investigated is hierarchical product families, which
strive to offer better performance while maintaining market
coverage (Hernandez et al., 2002). To accomplish this, multi-
ple levels of commonality are specified, such that commonality
is not increased at the expense of performance. The method
was extended in Williams et al. (2004) to account for nonuni-
form demand. An additional way to offer users better perform-
ing products is through the use of (re)configurable systems.

2.2.3. (Re)configurable systems

A system that can be altered after it has been fielded is said
to be configurable; a configurable system in which these al-
terations can be performed repeatedly and reversibly is said
to be reconfigurable (Ferguson et al., 2007). Thus, reconfig-
urable systems are a subset of configurable systems; both re-
quire a degree of design flexibility (Saleh et al., 2009). Re-
configurability has been identified as a solution to systems
requiring multi-ability, evolution, or survivability (Siddiqi
et al., 2006). Cormier and Lewis (2010) identified (re)config-

urability as a means to resolve different performance and
form requirements between users, as well as to allow for mul-
tiple users or occasion-based use.

2.2.4. Robust design

The principles of robust design are to make a design insen-
sitive to variation (or noise; Phadke, 1989). This philosophy
can be applied to designing for user variation, where the vary-
ing user needs represent the noise, and the system must be de-
signed to satisfy the outlined criteria. The main drawback of
robust design is that it could result in a sacrifice of perfor-
mance for certain users. Similar to robust design, universal
design is a concept that started in the field of architecture,
and focuses on creating designs that are robust enough to
be usable by any individual (Null & Cherry, 1996). Another
related approach, design for human variability, looks to im-
prove quality of use for the spectrum of variable users by di-
rectly incorporating user information into the design process
(Garneau & Parkinson, 2009a).

Design for human variability is a field in which engineering
design concepts, such as optimization, robust design, and recon-
figurable systems, are used to address user variation related to
the user’s anthropometry (Garneau & Parkinson, 2009a). This
has also been extended to start accounting for preferences as
well (Garneau & Parkinson, 2009b). However, much of this
work focuses on the physical design of the system, optimizing
an alreadyestablished conceptual design or product architecture.

The decision to use robust design, or any of the other
methods discussed, is a meta-level design decision. In order
to facilitate the selection of a method to address variation, nu-
merical taxonomic approaches are proposed as a means of un-
derstanding the variation that is present in a set of users. When
the needs and characteristics of individual users are considered,
there is a significant increase in the amount of information that
must be considered. The numerical techniques help designers
identify the underlying structure of the information.

3. AFFORDANCE-BASED GENERATION
OF DESIGN SPECIFICATIONS

The relational nature of affordance-based design highlights
the fact that designers must be concerned with both variation
of the user and the required variation of the artifact. As such,
designers must explicitly evaluate certain user characteristics
and the characteristics of the artifact. Because this method is
intended to be used in the early stages of a design process, the
artifact is represented by a set of design specifications. These
design specifications are specific to a single individual within
a user role; for an artifact, there may be multiple user roles
(e.g., user roles of driver, passenger, etc., exist for passenger
vehicles). Further, multiple individuals may serve in any
given role. Making design specifications specific to an indi-
vidual in a specific user role is a derivative of the afford-
ance-based design approach; because the design specifica-
tion targets are set at the individual level, they inherently
maintain the relational nature of affordances (i.e., the design
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specification is set such that the affordance is realized). The
overall process for gathering and transforming this informa-
tion is outlined in Figure 2. Once the information is available,
designers can use this information to understand the user var-
iation as they move into conceptual design.

3.1. Step 1: Create affordance-based representation
of user needs

The starting point for the methodology is an affordance-based
representation of the user needs. Cormier et al. (2014) pro-
posed the desired affordance model as a means to organize

the information required for an affordance-based representa-
tion of a design problem; the desired affordance model,
used in conjunction with a user characteristics model, cap-
tures all the relevant information required for the method pro-
posed in this work. As such, this model is recommended;
however, any affordance-based formulation of the problem
is an acceptable starting point provided it captures the follow-
ing information:

† the affordances that the artifact must strive to realize
† the set of user roles that individuals fulfill throughout the

artifact’s lifecycle that leads to the desired affordances

Fig. 2. Overall process model.
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These affordances, represented in an n� 1 vector, with ele-
ments Ax summarize the overall problem. This vector is then
used in later steps of the method as a basis to identify design
specifications and user characteristics. This ultimately allows
designers to link design specifications and user characteristics.

The method later identifies information that captures

† the user characteristics that may impact the realization of
an affordance (including information relating to human
factors, knowledge, preferences on usage, and con-
straints)

† the characteristics of a user’s artifacts that may impact
the realization of an affordance (including available con-
nections, physical characteristics, energy sources, etc.)

Once the set of user roles and their desired affordances have
been captured, designers can move on to identifying the list of
design specification metrics. These design specification
metrics are then mapped to the set of affordances.

3.2. Step 2: Create design specification metrics and
map to affordances

Designers need to identify what design specification metrics
will allow designers to determine what affordances are pres-
ent (and ultimately at what level of quality). These design
specifications serve as a solution-independent abstraction of
the artifact. Ulrich and Eppinger (2012) provide a set of
guidelines for constructing a list of metrics:

† Metrics should be complete [reflect the entire customer
need].

† Metrics should be dependent, not independent, vari-
ables [depend on design decisions].

† Metrics should be practical [obtain the required data
with reasonable effort].

† Some needs cannot easily be translated into quantifiable
metrics, but should still be considered (e.g., instills a
sense of pride in the users) [listed as subjective].

† Metrics should include popular criteria used for compar-
ison in the marketplace.

Identification of design specifications should be done on
an affordance-by-affordance basis. This follows advice pro-
vided by Ulrich and Eppinger (2012), who state

A good way to generate the list of metrics is to contemplate
each need in turn and to consider what precise, measure-
able characteristics of the product will reflect the degree
to which the product satisfies that need. In the ideal case,
there is one and only one metric for each need. In practice,
this is frequently not possible.

Further, design specifications have the potential to impact a
number of affordances. The artifact being designed is ab-
stractly represented as a 1�m vector of design specifications,

with elements DSy. Equation (1) captures the relationship be-
tween affordances and design specifications (i.e., the realiza-
tion of an affordance is a function of the design specifications).
Equation (2) highlights that a single design specification can
influence the realization of multiple affordances.

Ax ¼ f (DS1, : : : , DSM) (1)

DSy ! (A1, : : : , An) (2)

Once all design specifications have been generated, design-
ers should evaluate the mapping between each design specif-
ication and the list of affordances identified in Step 1. That is,
once all design specifications have been identified, designers
should, for each design specification, determine if it influ-
ences the presence or quality of each affordance. This will
help ensure there is a complete mapping between affordances
and design specifications.

The relationship between design specifications and afford-
ances is documented using a matrix (see Fig. 3), which is
termed the affordance-to-specification matrix (ASM). This
matrix emerged from an effort to relate user characteristics,
affordances, and design specifications. Upon examining the
ASM in Figure 3, it can be seen that it is closely related to
the house of quality (Hauser & Clausing, 1988); instead of
customer attributes, affordances are used to capture the user
side design objectives. This is one case of where affordances
and existing design tools are complementary.

Once design specification metrics have been identified, in-
itial targets for each metric must be determined; the initial
targets are frequently revised later in the design process (Ul-
rich & Eppinger, 2012). Traditionally, a single set of design
specifications is determined for a given product or segment
(Ulrich & Eppinger, 2012). In the affordance-based ap-
proach, design specifications are created for each individual
user. Therefore, in order to generate design specifications
for each user, user models are required.

Fig. 3. Affordance-to-specification matrix.
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3.3. Step 3: Create user models

A user purchases an artifact because of the affordances it pro-
vides him. However, the affordances that a specific artifact of-
fers to a specific user at a specific time are dependent on the at-
tributes of the artifact, user, and operating environment. The
artifact will be represented (abstractly) by the completed set
of design specifications. The design specification metrics
were identified in the previous step. However, designers must
capture the characteristics of the user in order to establish the
appropriate design specification targets. Human factors, knowl-
edge, and preferences all influence the targets; further, each user
has a set of associated constraints that must be satisfied.

There is a large amount of data that could be collected for
each user, though not all of it will be required to develop the
product. Designers need to identify the subset of user charac-
teristics that are required to evaluate if the desired affordances
are provided (and at what level of quality). As such, users are
represented abstractly as a 1�p vector of user characteristics,
with elements UCz. In doing so, they should address the cat-
egories outlined in Figure 4. These user characteristics may
need to be refined once concepts are generated.

Equation (3) captures the relationship between affordances
and user characteristics (i.e., the realization of an affordance is
a function of the user characteristics). Equation (4) highlights
that a single user characteristic can influence the realization of
multiple affordances.

Ax ¼ f (UC1, : : : , UCp) (3)

UCz ! (A1, : : : , An) (4)

User characteristics are identified for each affordance, for
each user role. For each affordance Ax, the designer identifies
the user characteristics that influence the presence or quality
of that affordance; if one or more characteristics are not con-
tained in the current user characteristic vector, they are added.
Thus, the n�1 vector of affordances drives the identification
of the p�1 vector of user characteristics, leveraging the rela-
tionship from Equation (3). The process also serves to map the
n�1 affordance vector to the p�1 user characteristics vector.
The result is an n�p matrix that captures the relationship be-
tween affordances and user characteristics; this matrix is
termed the affordance-to-characteristic matrix (ACM). An ex-
ample can be seen in Figure 5. To ensure completeness of this

mapping, designers should review the relationships after the
user characteristics vector is complete.

As discussed in Step 1, affordances are identified for one or
more user roles. As such, user models are being created for
each user role, with users being modeled abstractly as their
user characteristics. This serves two purposes: first, it helps
keep the size of the user model manageable; second, it allows
for the fact that different individuals may be satisfying different
user roles. For a given design problem, there may be redun-
dancy of user characteristics across user roles (i.e., the same
user characteristics appears in multiple user roles, such as the
stature of the user for a given user role). If different individuals
fulfill each role, all the information must be gathered; if the
same individual fulfills multiple user roles, her information
can simply be plugged into each model (with minimal addi-
tional effort). In determining how many different individuals
will or should be fulfilling the identified user roles, designers
should consider the overall goal of the product (typically out-
lined in the mission statement; Ulrich & Eppinger, 2012).

A more complete understanding of how users vary (de-
rived from their data) can enable designers to respond strate-
gically and generate innovative solutions for handling user
variation. Once user characteristics are identified and the

Fig. 4. User characteristics categories.

Fig. 5. Affordance-to-characteristic matrix.
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user data has been collected, this information can be used to
identify target values for each design specification metric.

3.4. Step 4: Generate target and acceptable values
for each design specification metric

In order to complete the creation of the design specifications,
designers must leverage the user models to generate target val-
ues for the previously identified design specification metrics.
In a typical design process, a single value would be set for
the target. In the affordance-based approach, numerous user
specific design specifications must be generated to be able to
leverage the relational benefits. As such, in this step, designers
are establishing mapping functions that automatically generate
individual targets and acceptable values for each design spec-
ification for each individual given a set of user characteristics.
This is done by leveraging the given user information. The first
step in doing this is to identify if a user characteristic influences
a design specification. Once a relationship is identified, a map-
ping function is developed, such that designers can take the
identified subset of user characteristics and generate a target
value for the design specification metric. For example, based
on the types of materials and the size of holes to be created,
a target value for drill torque could be determined.

To identify the relationships between user characteristics
and design specifications, a basic procedure has been devel-
oped. For each user characteristic, perform the following steps:

a. Using the ACM (see Fig. 5), identify the subset of af-
fordances that is dependent on the user characteristic
in question.

b. For each affordance identified in Step a, use the ASM
(see Fig. 3) to identify the design specifications that
drive each affordance.

c. For each design specification metric identified in Step b,
determine if the user characteristic in question influences
the target value or acceptable value for it. The mapping
between design specifications and user characteristics
can then be captured in a specification-to-characteristics
matrix (SCM). See Figure 6 for the general form; dashed
boxes can be used to indicate when a connection had the
potential to exist (but was determined not to).

To illustrate this concept, consider the ACM and ASM from
Figure 7 and Figure 8, respectively. These are used to construct
the SCM shown in Figure 9 using the following steps.

1. For User Characteristic 1

a. Leveraging the ACM, we can see that UC1 only im-
pacts A1.

b. Leveraging the ASM, A1 is impacted by DS1, DS2,
and DS4. Thus, UC1 has the potential to influence
these three design specifications (DS1, DS2, and
DS4).

c. Considering the relationship between UC1 and the
design specifications that influence A1, assume it
is determined that UC1 only impacts DS1; thus,
this is noted in the first column of the SCM shown
in Figure 9. While there was potential for UC1 to im-
pact DS2 and DS4, there was no influence identified
(indicated as NI in Fig. 9).

2. For User Characteristic 2

a. Leveraging the ACM, we can see that UC2 only im-
pacts A1.

b. Again, leveraging the ASM, A1 is impacted by DS1,
DS2, and DS4.

c. Considering the relationship between UC2 and the
design specifications that influence A1, assume it
is determined that UC2 impacts DS1, DS2, and

Fig. 6. Specification-to-characteristics matrix.

Fig. 7. Example affordance-to-characteristic matrix (used to create example
specification-to-characteristics matrix).

Generating user-specific specifications 287

https://doi.org/10.1017/S089006041500027X Published online by Cambridge University Press

https://doi.org/10.1017/S089006041500027X


DS4. This leads us to complete the second column in
the SCM shown in Figure 9.

3. For User Characteristic 3

a. Leveraging the ACM, we can see that UC3 impacts
A2 and A3.

b. Leveraging the ASM, A2 is impacted only by DS3,
while A3 is impacted by DS3 and DS4.

c. A2 creates a one-to-one mapping between UC3 and
DS3; thus,UC3 must influence DS3, resulting in Equa-
tion (5). A3 indicates UC3 has the potential to impact
DS3 and DS4. In this example, we will assume UC3

impacts both, resulting in Equation (6). This results
in the third column of the SCM shown in Figure 9.

A2 indicates UC3 ! DS3 (5)

A3 indicates UC3 ! (DS3, DS4) (6)

4. For User Characteristic 4

a. Leveraging the ACM, we can see that UC4 impacts
A3 only.

b. Leveraging the ASM, A3 is impacted by DS3 and DS4.
c. Considering the relationship between UC3 and the

design specifications that influence A3, assume it is
determined that UC4 does not impact either DS3 or
DS4. This results in the fourth column of the SCM
shown in Figure 9.

5. For User Characteristic 5

a. Leveraging the ACM, we can see that UC5 impacts
A1 and A4.

b. Leveraging the ASM, A1 is impacted by DS1, DS2,
and DS4, while A4 is impacted by DS4 only.

c. Considering the relationship between UC5 and the
design specifications that influence A1, assume it is
determined that UC5 impacts DS1 and DS4 (but not
DS2). A4 provides a one-to-one mapping between
UC5 and DS4 from A4; thus, UC5 must influence
DS4. With all user characteristics considered, we
can also complete the “# Involved” column that iden-
tifies the number of user characteristics that influence
each design specification. This results in the final
SCM shown in Figure 9.

Looking at the SCM, a designer can clearly see what user
characteristics drive design specifications. Further, they can
also see what affordances and how many influence each design

Fig. 8. Example affordance-to-specification matrix (used to create example
specification-to-characteristics matrix).

Fig. 9. Example specification-to-characteristics matrix.
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specification. When establishing the connections in the SCM,
there is a chance that for a given user characteristic, it will not
be tied directly to a design specification (see User Characteris-
tic 4 in Fig. 9). This can occur because user characteristics and
design specifications are identified independently. Further, be-
cause design specifications are solution independent, it can be
hard to map certain user characteristics to a design specifica-
tion (e.g., mapping a user’s fine motor control capability to a
design specification). Further, any user characteristics that
weakly influence a design specification should be annotated.
User characteristics that are weakly mapped or unmapped to
design specifications should be carried forward in the design
process to prevent a loss of information. With the connections
between user characteristics and design specifications known,
a set of mapping functions can be developed to help designers
generate target values, as well as acceptable values.

When developing these mapping functions, designers must
be careful when multiple affordances influence the same design
specification for a single user characteristic. Consider DS3 in
Figure 9. It can be seen DS3 is a function of UC3, but two af-
fordances (A2 and A3) are influenced by this design specifica-
tion. This implies that when developing the mapping functions
between UC3 and DS3, both affordances must be considered,
because they may have different mapping functions. Designers
can then incorporate the influences from all affordances into the
mapping function (to ensure the most restrictive cases are satis-
fied). For the design specifications shown in Figure 9, we can
determine that for any user i the following is true:

DSi
1 ¼ f (UC1;UC2;UC5) influenced by A1

DSi
2 ¼ f (UC2) influenced by A1

DSi
3 ¼ f (UC3) influenced by A2 and A3

DSi
4 ¼ f (UC2;UC3;UC5) influenced by A1;A3; and A4

These mapping functions can take essentially any form, and
can be developed in a number of ways. The complexity of the

function is largely determined by the complexity of the rela-
tionship between the user characteristics and design specifica-
tion. For example, in Equation 7, the optimal diameter of a tool
grip (the design specification) is a simple function of the user
characteristics index finger and thumb lengths (Garneau & Par-
kinson, 2009a).

DOpt ¼
Lindex

4
� Lindex þ Lthumb

2p
(7)

In an affordance-based design paradigm, designers must be
concerned with first providing an affordance. A secondary
concern is the quality at which an affordance is provided, ac-
knowledging that one design may perform better than another
(Maier & Fadel, 2001a). When establishing design specifica-
tions, it is recommended that designers identify ideal and ac-
ceptable target values (Ulrich & Eppinger, 2012). Ideal target
values will likely account for a desired affordance quality.
Acceptable target values must at a minimum provide the af-
fordance.

Once the functions are generated, the individualized set of
design specifications can be created for an individual user
within a user role. Thus for all i users, there is a (potentially)
unique value for all m design specifications. Because the de-
sign specifications are generated at the individual user level
from unique user characteristics, the presence or quality of
an affordance can be evaluated from a user’s individual de-
sign specifications, while maintaining the relational benefit,
which is one of the primary benefits of an affordance-based
approach. Once design specifications have been generated
for each user within each user role, designers can begin to
analyze the data for user variation.

4. CASE STUDY OF A CHILD STROLLER

This section demonstrates how the methodology outlined in
Section 3 would be applied to the design of a child stroller,

Fig. 10. Child stroller desired affordance model for operator user role.
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sometimes referred to as a pram or pushchair. The user charac-
teristics are simulated with the help of information from the US
Census as well as data from the 1988 ArmyAnthropometric Sur-
vey data set (Gordon et al., 1989). The case study was created by
simulating the user characteristics for 100 users (l ¼ 100).

4.1. Step 1: Create affordance-based representation
of needs for child stroller

For a child stroller, there are a number of affordances that the
stroller should provide to the operator. A desired affordance
model (Cormier et al., 2014) can be seen in Figure 10 for
the operator user role. If desired, this affordance model could
be expanded to include other roles; the current affordance
model is sufficient to demonstrate the methodology. These
nine affordances (n¼ 9) are now used to identify design spec-
ification metrics.

4.2. Step 2: Create design specification metrics
for stroller and map to affordances

Leveraging the desired affordance model, designers then
determine the design specifications that will influence the
presence and quality of each affordance. The most important
benefit a stroller provides the operator is the ability to trans-

port children. For this affordance, a number of design specif-
ication metrics are needed to evaluate how well the afford-
ance is realized if at all. The design specifications needed to
evaluate this affordance include the following:

1. the number of children it can transport
2. the total load the stroller can transport
3. the operational length
4. the operational width
5. the turning circle
6. the number of lay down spots
7. the number of sitting spots
8. the number of standing spots

The first two design specifications are directly tied to the
number and characteristics of the children being transported
by the operator. The operational length, width, and turning
circle impact this affordance because the stroller must be
able to operate in the desired locations to provide transporta-
tion. Further, based on the capabilities of the child, the three
different types of transport options (termed spots) will deter-
mine if a child can be transported (e.g., infants require a lay
down spot, toddlers who can sit upright can use a sitting
spot, and older child who can stand and hold on can use a
standing spot). For each affordance, designers can identify

Fig. 12. Affordance-to-characteristic matrix for stroller operators.
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the design specifications that impact each affordance, remem-
bering that previously identified design specification may im-
pact multiple affordances. This results in a total of 32 design
specifications (m ¼ 32). The 9�32 ASM seen in Figure 11
shows the final list of design specifications, along with how
they map to the different affordances.

Once the design specification metrics have been identified
for the stroller, initial targets for each metric must be deter-
mined. However, this cannot be done until the user character-
istics for the operator are known. These user characteristics
are determined in the following step.

4.3. Step 3: Create user models for stroller

With the design specification metrics known, designers must
identify the user characteristics required to generate the target
values. For each affordance, designers must evaluate what
user characteristics will influence the presence and quality of
the affordance. For the first affordance, transportation of chil-
dren, the following usercharacteristics influence this affordance:

† the number of children to transport
† the capabilities of the children
† the weight of each child
† the usage destinations

The first user characteristic is essentially implied. The ca-
pabilities of the children impose constraints on how the child
must be transported (a violation of these constraints means
the affordance is not realized). The weight of the children
must be accommodated, and the usage destinations impose
further constraints on the operating dimensions of the stroller.
This process is repeated for each affordance. The final list of
19 user characteristics ( p ¼ 19) for the operator role can be
seen in Figure 12, along with how they map to the different
affordances to create the 9�19 ACM. The general user char-
acteristics are coded such that they can be processed algorith-
mically, resulting in 66 variables that encode the 19 user char-
acteristics. Thus, the coded user character data is a 100�66
data matrix.

4.4. Step 4: Generate target and acceptable values
for each design specification metric

With the design specification metrics and relevant user char-
acteristics identified, the connections between them are iden-
tified. For the identified connections, mapping functions are
then developed that capture how the user characteristics influ-
ence the design specifications. These mapping functions are
created to generate target values for each design specification
metric from the identified subset of user characteristics; a sim-

Fig. 13. Specification-to-characteristics matrix for the child stroller.
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ilar approach could be used to generate acceptable values (this
is omitted for brevity).

The process for connecting design specifications outlined
in Step 4 of the methodology (see Section 3) was applied to
generate the connections shown in Figure 13, resulting in
the 32 � 19 SCM. The dotted boxes shown in Figure 13
show potential connections between the design specifications
and user characteristics; connections are indicated with a box.
With the connections identified, the mapping functions used

to generate design specifications could be developed. For this
case study, these functions contain a combination of logic and
mathematical models. An example is shown in Figure 14 for
the design specifications transportation length, width, and
height. These design specifications are a function of the
methods used to transport the stroller and the automotive
characteristics. In this case, because targets are being iden-
tified, the most restrictive case is determined. Once all of
the functions are established, the generation of a unique set

Fig. 14. Mapping function for transportation dimension design specifications.
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of design specifications for each individual user can be auto-
mated (i.e., each design specification is generated with its re-
spective mapping function).

These design specifications represent the set of information
that will move forward into conceptual design. If user charac-
teristics could not be mapped to design specifications, this
subset of the user characteristics themselves would be part
of the information that moves forward into conceptual design
along with the design specifications. For this case study, the
influence of all user characteristics was captured by the gen-
erated design specifications.

The result of this process is that the 32 design specifica-
tions could be generated from the 19 user characteristics. Fur-
ther, because the generation of individual design specifica-
tions is now automated, a large number of users can be
considered with only a moderate increase in computational
cost. For this case study, the user characteristics were simula-
ted. However, in practice, this information could be mined
from a number of sources or gathered through market re-
search. This approach then provides a formal mechanism to
transform this data into usable design information.

5. CONCLUSIONS AND FUTURE WORK

This paper presents an affordance-based method to produce
relational design specifications in the early stages of a design
process. These design specifications are produced for each in-
dividual based on the user’s unique characteristics (knowl-
edge base, anthropometry, etc.). As such, they provide a
formal mechanism to capture the influence of user character-
istics on design specifications. Further, the method also iden-
tifies user characteristics that cannot be (fully) captured by
design specifications, and should be considered later on in
the design process. As such, the method transforms user in-
formation into technical engineering information when possi-
ble, while identifying the subset of user information that
should be considered later in a design process. This informa-
tion then drives conceptual design, providing the required in-
formation to explore a variety of design methodologies
(robust design, product family design, etc.).

Future work will focus on testing the method on different
types of design problems. This will further formalize how
the range of different user characteristics can be worked
into the mapping functions. In addition, there is potential to
identify and create a suite of mapping functions that can be
tuned to individual design problems. This will leverage exist-
ing work from different engineering domains. For example, a
review of the design for human variability models should pro-
vide a subset of models for artifact interfaces.

A much broader aspect of future work is formally extend-
ing this method to interact with other early design process
tools to better understand the design problem. This method
produces individual design specifications, but other tools
such as discrete choice analysis have the potential to supple-
ment this information by identifying relative importance of
these specifications. Further, there is potential to use discrete

choice analysis focusing on usage scenarios to better inform
the mapping functions when generating acceptable target val-
ues. Finally, the proposed methodology generates a large
amount of information. Techniques to process this informa-
tion and help designers understand the user variation prior
to entering conceptual design will need to be developed
and refined. An initial effort regarding this can be found in
Cormier (2014).
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