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ABSTRACT

This paper presents research on a methodology to develop functional models to be utilized during
conceptual design activities for products aimed at automating or assisting with currently manual tasks.
Process models are utilized to investigate potential customers current actions, and functional models
are utilized to capture functionality of the tools currently implemented by the customer. From these
models, a designer can gather information on the customer needs and the customer’s desired goals and
outcomes. Models of the processes and tool functionality based on the customer’s current process are
combined to synthesize a new functional model for a product to more efficiently complete the
customer’s desired task. The methodology presented fits within the outcome-driven design paradigm
where products are designed based on customer’s tasks and their desired outcomes.

Keywords: Process, function, configuration, outcome-driven design, automation.

1 INTRODUCTION

It is commonly recognized that for the design of an automated product or service to succeed, the needs
of the customer must be considered throughout the design process and embodied by the final design in
a manner that makes the automated operations truly useful to the customer. This process, however, is
often foiled by the very people it is designed to help—the customers [1]. It is not a trivial process to
translate customer needs—often in customer voice—into an engineering metric or design
specification, and there is no guarantee that the customer needs are all-inclusive or even specify the
actual “root” need of the customer. Outcome-driven design, proposed by Ulwick [1] aims to
circumvent this dilemma by prescribing that designers focus on the customer’s desired outcome and
develop technologies and services to assist users in achieving their desired outcome more effectively.
Ulwick notes, “that customers ... have jobs with functional dimensions to them that arise regularly and
need to get done,” and “when companies focus on helping the customer get a job done faster, more
conveniently, and less expensively than before, they are more likely to create products and services
that the customer wants” [1]. Christensen, in The Innovator’s Solution, agrees stating that those who
“target ... products at the circumstances in which customers find themselves, rather than at the
customers themselves, are those that can launch predictably successful products” [2]. Christensen
restates this saying that “the critical unit of analysis is the circumstance and not the customer” [2]. To
that end, this research proposes a methodology to investigate the circumstances where a product will
be used such that a more complete picture can be developed for the customer’s current processes and a
deeper understanding of the desired outcome can be achieved. Information from the customer’s
current process is utilized as a basis for the customer needs and as building blocks for automated
products. Functional models [3] provide the structure to capture the operability of products currently
employed by the customer, while process models [4] capture the circumstances and customer actions
of how products are currently employed by the customer. These functional and process models,
generated from the customer’s current actions, are combined to synthesize a new functional model for
the conceptual design of an automated solution with the goal of facilitating the customer in achieving
their desired outcome.

The organization of this paper is as follows: First, related work is reviewed and is followed by an
overview of the Functional Basis, functional modeling and process modeling. A manual can opener is
used as an example through these sections. Following this background, the approach and
methodology are presented as well as relevant considerations discovered during this research. The
methodology is demonstrated by returning to the manual can opener; the functional and process
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models generated for the manual can opening process are synthesized into a new functional model for
an automatic can opener. The synthesized can opener functional model is compared to an existing
automatic can opener found in the Design Repository housed at the Design Engineering Lab in the
discussion section, and conclusions follow.

2 BACKGROUND

While there is no rule prescribing that products designed to assist a customer with achieving a desired
outcome be automated, the primary focus of this research is on the conceptual design of automated
systems to replace and aid with predominately manual processes. Automated systems such as these
often tend to be mechatronic in nature blending mechanical, electrical, computer and control systems
into a single synergistic product; there is no rule, however, stating that they must be mechatronic,
therefore, for generality, we will call them automated products. Whether the product is truly
mechatronic or automated, functional modeling tends to lend itself well to this type of multi-
disciplinary design due to the aggregated nature of each model. Chains detailing the transformations
required of each flow are often generated independently, but in a final model, they are aggregated to
illustrate how each flow must interact to affect the desired transformations and bring about the desired
customer outcome. In this research, functional modeling and process modeling are employed together
to integrate the actions of the final product with the operations of final product to capture these multi-
disciplinary product characteristics during the conceptual design of automated systems.

2.1 Design of Automated Systems

Recognizing this need that mechatronic systems require an integrated approach to the design process,
the research of Li Chen, et al. establishes a functional modeling methodology for the representation of
mechatronic systems during the conceptual design stage [5]. Jayaram, et al. then builds upon their
methodology providing a further refined approach to functionally represent mechatronic systems [6].
Other research on integrated conceptual design for mechatronic systems by Gausemeier et al. focuses
on developing a functional modeling language specifically applicable to mechatronic systems [7]. The
modeling language develops hierarchical breakdown for a conceptual design of a mechatronic system
starting with the overall subsystem and decomposing each subsystem into known system and solution
elements. These functional modeling schemes, while being able to capture the interactions between
various domains present in a mechatronic system, try, however, to establish conventions that could be
considered beyond the scope of the conceptual design phase and fail to present a straightforward
approach to integrated system design.

In recognition of the need for synergy between elements in the design of automated systems,
Middleton explains principles for the development of automation concepts. These principles are
directly applied to a chemical lab environment, but are, however, directly applicable to any manual
process [8]. The proposed five-step plan details the process from conceptual design through
implementation and provides a framework emphasizing the importance of gathering a complete
knowledge of the process to be automated. Middleton recommends that designers “reengineer the
processes for automation” [8], and that “the best method for developing this detailed understanding is
process mapping” [8].

In manufacturing, similar methodologies for the development of automation concepts for system
automation have been put forth. Judd et al. propose a methodology for manufacturing system design
based upon the object-oriented and rapid prototyping principles [9]. The system, eXecutable
Specification (XSpec), focuses on increasing efficiency of a design by coordinating engineering
disciplines and consists of a methodology specifying the importance of gathering customer needs and
developing models of the processes [9]. In an effort to increase efficiency and further formalize
manufacturing systems, Gu et al. propose a four phase methodology for a systematic design approach
to manufacturing systems which starts with defining system requirements and functionality [10].
During the second phase, functionality is correlated to process variables and design parameters; this is
followed by the configuration design in the third phase. The final phase specifies the detailed system
design.

While these techniques for lab and manufacturing automation have detailed methodologies specifying
how to develop the automation and extolling the virtues of gathering customer needs, they fail to
provide detail on how the designer should understand the process and the needs. Rigorous
methodologies are not provided detailing how to gather customer information and formalized

1-300 ICED'09



nomenclatures are not utilized. The research presented in this paper addresses these shortcomings
through an outcome-driven approach where formal functional and process modeling based on the
Functional Basis is applied to investigate customer actions, identify expected goals, and derive
customer needs.

2.2 Functional and Process Modeling with the Functional Basis

Functional and process modeling can trace their roots to value analysis where Miles [11] and
Rodenaker [12] first used verb-noun pairs and input-output transformations to describe product
functionality. Miles developed functional representation based upon the premise that a product’s
usefulness stems from its functionality [11], while Rodenacker defines functions and develops models
of transformations of energy, material and information to describe a product’s usefulness [12]. Roth
extends Rodenacker’s research by adding additional functions for mechanical design [13]. A set of
twelve is then proposed by Koller [14], which Hundal subsequently refines with a proposed set of
function and flow classes [15]. Pahl and Beitz present the idea of a functional basis for product
decomposition with material, energy and signal flows [3]. Little et al. add information flows to
Hundal’s work to further refine a functional basis set [16]. Standardized sets of function and flow
terms are then proposed separately by Szykman in [17] and Stone in [18] and are subsequently
reconciled to form the Functional Basis [19].

2.2.1 Functional Basis

The Functional Basis has emerged as a standard lexicon consisting of two sets of morphemes—one for
functions and another for flows. Each set of morphemes is comprised of three levels of detail:
primary, secondary, and tertiary, and are provided in two levels of detail in Tables 1 and 2.

Table 1. Primary and secondary flow classes [19]

(Class)

Primary | Material | Signal Energy

Secondary | Human | Status Human Electrical Mechanical
Gas Control | Acoustic | Electromagnetic | Pneumatic
Liquid Biological Hydraulic Radioactive
Solid Chemical Magnetic Thermal
Plasma
Mixture

Table 2. Primary and secondary function classes [19]

(Class) Control
Primary Branch | Channel | Connect | Magnitude | Convert | Provision | Signal | Support
Secondary | Separate Import | Couple Actuate Convert Store Sense | Stabilize
Distribute | Export Mix Regulate Supply Indicate | Secure
Transfer Change Process | Position
Guide Stop

The use of a standard lexicon, such as the Functional Basis, for all functions and flows in the models
allows for direct comparisons to be made between the process and functional models. Functional and
process models may be used to research existing products and customer actions, and may be archived
and accessed for future applications. Functional and process information based upon the Functional
Basis can also be divided as chunks that can be directly aggregated to create new conceptual designs
where process models provide interaction information concerning the application of vital tools through
manual processes, and functional models provides flow transformation information on the inner
workings of the tools. By using the same lexicon for process and function, similarity is maintained
between all model structures allowing for models to be more readily integrated, archived and reused
for conceptual design activities.

2.2.2 Functional Modeling

Functional modeling provides a technique to model the flow changes and interactions within a
product. Generally, functional models consist of at least two levels: (1) a black box model describing
the overall functionality of the product and (2) a sub-functional model detailing functional changes on
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each flow through the product, and their generation is guided by the following steps: (1) generate a
black box model based on customer needs, (2) generate function chains for each flow, (3) aggregate
function chains into a functional model and (4) verify each customer need is addressed by at least one
sub-function. As an example to the generation of a functional model consider the manual household
can opener shown below in Fig. 1.

Figure 1. Manual can opener’

First, a black box model (Fig. 2) is generated based upon the customer’s needs for the product. The
customer needs are used to identify the overall functionally, which for the manual can opener is to
separate solid material. Flows required to perform the overall functionality are also identified from
the customer needs. For the can opener, the input flows include: the operator, the operator’s energy
(since it is manually powered, controlled, etc.) and an unopened can; the output flows include: the
opened can, its lid, the operator and any reactionary energies.

Operator's Energy —| Separate |—» Reactions
Solid
Unopened Can & Operator =—| Material " Opened Can, Lid & Operator

Figure 2. Black box model of a manual can opener

The functional model of the can opener decomposes the black box and is generated by considering the
transformations of each flow modeled in the black box. For each flow, a chain of functional
transformations is developed. Chains are then aggregated to form the functional model. The
functional model of the can opener (Fig. 3) follows the operator, the operator’s energy and the
unopened can through the product modeling the transformations of each flow required to deliver the
desired outcome. For instance, the operator’s energy is first imported into the can opener at the crank
as human energy. The human energy is then converted to mechanical energy through the act of
rotating the crank. A shaft transfers the mechanical energy to the sprockets, which guide the can
(modeled as solid material) along a rotating blade removing the can’s lid (also modeled as solid
material). Once the can’s lid has been removed, the desired operation is complete, and all flows are
exported from the product.
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Operalor's Import Eneray| Human Energy |Enesy 140 Export Energies Resulting
Energy | Human Energy to Mechanical Yertenen) Reactions | From Lid Removal
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Unopened Transter Can Position Guide Remove Can Expon Opened
Can " Solid Material [ | Solid Malermlt; Solid Material Solid Material ™| Solid Material Can
| | L
Operator Opericr Lt Export Removed
Solid Material Can Lid

Import Guide Export
Operator Hitadn (Cparator Hamasi Hiimin Operator
Material | Material '! i I

Figure 3. Functional model of a manual can opener

! Image from: http://www.focuspg.com/finditem.cfm?itemid=1930
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2.2.3 Process Modeling

The process modeling methodology applied through this research, and described below, is based on

traditional functional modeling. Process modeling provides a framework for modeling customer’s

actions and operations with products through two types of models: event and configuration. The
following terms related to process modeling are used throughout this paper:

e  Process Modeling: The overall approach to modeling a series of customer-driven, product-
based actions related through input and output flows, the product being designed, and time [20].

e  Configuration: A specific discrete instance of the overall functionality of the product occurring
as a part of an event. Collectively many configurations define an event of the product [20].

e Event: A set of configurations of a product, which may relate to the environments where the
product is used, changes to the operability of the product, specific applications of the product, or
sequencing of operations during the usage of the product [20].

e  Process: The sum of defined events that occur with respect to the product as a whole and aim to
meet a particular goal. Processes are tied together via the product, material, energy and signal
flows [20].

Typically, process models are developed at three distinct levels of detail: black box (process) model,

event model and configuration models. The black box (process) model is considered the highest-level

event model, and it describes the overall goal or outcome of the customer through operation of a

product. Event models are a decomposition of the black box and consist of a chain of events each

describing an individual customer operation. A configuration model decomposes each event to
describe the individual changes or actions that are required to complete a particular event. Each of
these levels of detail are more specifically defined as:

e Black Box (Process) Model: The high-level process model defined by a single event
representing the entire task to be accomplished.

e Event Model: A more detailed process model consisting of multiple events that collectively
define the customer’s operations with the product.

e  Configuration Model: A detailed model of the individual actions and changes occurring to the
product as a whole and involved in completing a particular event.

To generate a process model, the following six steps are followed: (1) Identify the overall process to

be completed and the requirements necessary to complete the process. (2) Generate a black box model

for the process being modeled defining the overall process and all required material, energy and signal
flows. (3) Identify and formulate events necessary to complete the process as well as their required
input/output flows. (4) Formulate the event model consisting of chains of event. (5) Decompose each
individual event into a more detailed configuration model detailing the discrete changes to the product.

(6) Verify that each process requirement is addressed within the process models.

As an example of how to generate process models, consider the operation of the manual can opener

shown in Fig. 1 and modeled functionally in Fig. 2 and 3. (1) The first step to generating a process

model is to identify the overall process and the requirements. For the can opener, let’s consider two
potential operation events during its ownership, can opener storage and can lid removal. For these
events, the can opener must easily configure for storage as well as for can lid removal. Since the can
opener is manual, it must have a mechanical advantage to afford operation to a wide range of
operators, and finally, since the diameter of a can is non-standard, the operation of the can opener must
be independent of the cans diameter. (2) Once the process is fully understood, a black box model (Fig.
4) of the process is generated specifying the high-level event and all necessary flows.

Can Opener, Can Can Opener, Opened Can,
&Operator  —"| Operate [  Lid& Operator

Can Opener

Operator's Energy—*= — Operator's Energy

Figure 4. Black box (process) model for the operation of a manual can opener

(3) Individual events are now decomposed from the black box detailing the operations expected by the
customer. For the can opener, these events will be its storage, store can opener, and can lid removal,
remove can lid. Flows necessary are the can, the can opener, the operator and the operator’s energy.
(4) An event model is now generated linking each of the identified events through the flows. The
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event model, shown in Fig. 5, models the store can opener event as well as the remove can lid event.
These events are connected through the material flow of the can opener. The material and energy
flows for the operator are present in both events. The operator flows are discontinuous between the
storage and operation events to represent that the flows do not have to represent the same operator.

Operator
perator's
& Canl TEI‘IG!QY
_—— Can
an Opener & Dpenegr’ Cag Opener, Opened Can,
Operator Store Remove Lid & Operator
Operator's _| Can Opener Can Lid
Energy

— Operator's Energy

¥ v
Operator & Operator's
Energy

Figure 5. Event model of the operation of a manual can opener

(5) A configuration model is generated similarly to a functional model with the designer “being the
flow” and considering what changes must occur to the product—the manual can opener in our
example—to achieve the desired outcome. The configuration model of the event remove can lid
shown in Fig. 6 models the operator collecting up the can opener, couple human & can opener, before
coupling the can opener to the can. Once coupled, the can’s lid—modeled as solid material—is
removed. To monitor the removal, the operator detects the progress of the lid’s removal. The operator
processes status, and once the lid is fully removed, the can and the can opener are divided. Following
the operation, the can opener, opened can, lid and the operator flows are exported from the system. (6)
The process modeling process is concluded with the modeler verifying that each of the requirements
identified in step one are represented at least once in the process model.

can e e e

Can Import o | Couple Human & Transfer
Opener Can Opener CanOpener  Eresll Can Opener ffess

L] ] ] e S——
Export Operalor &
Import Cougle Human & Transler |
Can " = 2 L Hurman Material alor's
Solid Ma!aﬂa}l ™| ok Materiais Soikd Material g | 2

Figure 6. Configuration model for the remove can lid event

3 APPROACH & METHODOLOGY
The initial goal of this research is to investigate the relationship of functional and process models such
that both may be employed to assist with the collection of customer needs from a customer-based,
outcome-driven perspective. As a methodological statement, both functional and process models are
prescribed to be generated in conjunction with the collection of customer needs to design products to
assist customers with manual processes. Potential automated subsystems to assist with each manual
process are then synthesized—in the form of a functional model—for each manual process based upon
the functional and process models. During this process a number of considerations are discovered:

e  When creating a conceptual functional model for an automated solution, functionality can be
derived from the customer’s current process and the products currently being employed. From
the functional models developed for the products, function chains detailing core functionality can
be extracted. From the process model, the customer’s actions indicate sensing, operability and
mobility requirements for an automated solution.

e  Since the functional model of the automation solution is being developed at the conceptual level,
human-based interactions with the product require little change when considered for the
functional model of the automation solution. Human energy—a secondary Functional Basis
term—may be rewritten as its primary level term, energy, to represent an unknown energy source
in the conceptual design.
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e  Process and functional models from the manual process often reveal an array of human senses
such as vision with eyes and tactility with skin that obviously cannot exist in their natural form in
an automation solution and must be replaced with engineered solutions. Sensors, whether in
humans or automated devices, also require processing. These sensors and their processors,
however, when modeled functionally with the Functional Basis, have the same functionality
whether they are solved via a natural solution or an engineered solution and only require a change
with the energy source.

e  Needs and objectives may change with the automation of a manual process. Alternatively, they
may not be fully met with the customer’s process. Formal methods for determining customer
needs, which are well established in design literature and can be found in many design
engineering texts [21-24], should be followed in conjunction with the process and functional
decompositions of the customer’s current process to ensure that all customer needs are identified.

From the approach taken in this research, the following six-step methodology, illustrated in Fig. 7, is

derived:

Figure 7. Approach for the development of conceptual functional models for automating
processes

The first step is to fully explore and understand the customer’s current actions, the goals desired, and
the products currently employed by the customer as they work to reach a desired goal. Exploring the
current process should reveal the majority of the needs of the targeted customers. The proposed
methodology, first, prompts the designer to study the customer’s actions in the current manual process.
Process and functional modeling are employed to more fully explore the manual process and any
products currently used by the customer. Once designers fully understand the current manual process,
needs that have been identified are correlated to the current process to identify its shortcomings. From
the collected functional and process information, a black box model is generated for a product to
automate the manual process. The black box model considers the overall functionality and all
input/output flows, and is decomposed into a functional model detailing the transformations required
for all input and output flows. Once the functional model is generated, it is verified with the collected
customer needs and automation objectives to ensure that all requirements are met.

The methodology is formalized as the following set of six steps:

1. Determine the automation objectives. Discuss the current process with the customers; discuss the
products currently being used. What are the shortcomings? What are the benefits? Monitor the
customer while carrying out the process.

2. Develop models of the current process and any products currently being used during the process
following the procedure outlined in Sect. 2.2.2 and Sect. 2.2.3. Use the Functional Basis [19] for
terminology to ensure consistency between both functional and process models.

3. Correlate customer needs and automation objectives to the process and functional models; if
discussions with the customer reveal needs are not met in either model, use the unattended
customer needs to determine additional functions and flows to address the unmet needs.

4. Develop a black box model for the automation solution considering the black box functionality
and the inputs from the process model, its associated product, and all unattended customer needs.
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5. Develop a conceptual functional model for the automation solution by:

a. Extracting the core functionalities from the functional models of the products
currently used in the manual process,

b. Converting human interactions such as mobility, actuation, sensing, operational
energy, etc from the process models into non-energy specific functional equivalents,

c. Aggregating the core functionalities with the non-energy specific functional
equivalents for the process-based product interactions,

d. Developing and aggregating function chains for each of the flows not addressed in the
manual process.

6. Verify that all of the customer needs are addressed by functionality within the final functional
model; if they have not all been met, return to Step 3 to identify and borrow the functionality in
original current processes. If the functionality is not in the original process and functional models,
address the customer needs by correlating function and flow to each of the needs and aggregating
the additional functionality into the newly synthesized functional model.

Following the application of the above methodology, the designer has a functional model representing

the required operations for a product to automate or assist a customer with a previously manual

process. At this point, the designer is in the conceptualization phase of engineering design [3] where
the functional model is a key part of a design framework to ensure that customer needs are fully
captured in potential solutions principles. To apply the functional model in the design framework,
components may be paired to each of the functional operations [3, 21], the concept may be
modularized based on functionality [25], behavioral analysis may be performed to validate model
operability [26] and concept robustness can be improved through function-based failure [27] and risk
[28] analysis.

4 EXAMPLE—AUTOMATION OF THE CAN OPENING PROCESS

4.1 Automation of the Can Opening Process

When developing an automation solution to replace or assist with a manual process, it is important to
fully understand the manual process and the product being replaced with the new technology. To that
end, let’s consider, once again, the can opener example explored previously in Sect. 2.2.1 and 2.2.2.
First, an automation objective must be determined; let’s assume that the manual can opener does not
provide adequate mechanical advantage to allow operators to easily remove the lid from a can. Thus,
an automatic can opener is required such that the can opener itself provides the power for lid removal.
The second step is to model the current manual process of removing the can lid and to model the
manual can opener. These models have previously been generated in Sect. 2.2.1 and 2.2.2. Third,
customer needs are correlated to the process and functional models; a potential correlation of customer
needs to function-flow pairs taken from the functional and process models is provided in Table 3.

Table 3. Customer need to function correlation

Customer Need Function-Flow Pair

e Convert Human Energy to Mechanical Energy
Powered removal of can lid | e Transfer Mechanical Energy

e Remove Solid Material (lid)

o Guide Solid Material (can)

e Position Solid Material (can)

e Divide Can Opener & Solid Material (can)
Easy to remove opened can | e Export Solid Material (lid)

e Export Solid Material (can)

e Detect Solid Material (can)

e Process Solid Material (can)

e Detect Solid Material (lid)

e Process Solid Material (lid)

Easy to place can

Start when can is placed

Stop when lid is removed
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Since the manual can opener and the assistive/automatic can opener share the same objective—remove
a lid from a can—the black box functionality remains the same. The only change that must occur is
with the energy input flows (Fig. 8); the secondary flow, human energy, is converted to its primary
type, energy, to represent the unknown specifics about the energy used in the conceptual design.

ObeLgiol’ Nuobeueq QU i 20119 NSISUS)| —p (Obsueq cou' Mg g ObsLgjoL
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Figure 8. Synthesized conceptual black box model for an automated can opening product

The black box model is now decomposed into a functional model describing the specific
transformations occurring to each input and output flow. During this decomposition process, specific
functionality may be extracted from the functional and process models initially generated for the
process based around the manual can opener. Both the functional and process models describe the
importation of the can, positioning for lid removal, and exportation of the lid and open can. These
mobility function-flow pairs are borrowed from the manual process to describe how the operator and
can should interact in the new concept. From the process model, functionality describing the detection
and processing of the status of the can is borrowed; the operator, however, no longer performs this
detection. Instead, human energy is replaced with energy to specify an unknown energy source. Also,
from the functional model, the transfer and conversion of energy are borrowed. Again, the flow of
human energy is represented with the primary level term, energy. To complete the energy flow
function chains, the function blocks, actuate energy and distribute energy, are added addressing the
customer need for the can opening process to be automatically start and stop. To activate the
automatic on/off capability of the can opener, the can is detected upon placement into the automatic
can opener (modeled as detect solid material) and the status of the lid removal is detected during
operation (also modeled as detect solid material). A complete, aggregated functional model for the
conceptual can opener is provided in Figure 9.

Export Removed
Solid Material Can Lid

o Rt Autonatic OROH -~ == ---~

g - ,
Energ Import Actuate Distribute Convert |E Transfer & Detect Process | | Converl Stalus
Energy Energy Energy Energy Energy Solid Material Status to Control
L)

Cnrwert Ei Transfer
Energy Energy
n»m-m;w
Detect Guide Remove Opened
Solid Material Solid Material Solid Material So!ld Matenai
Can )
Unopened Import Pasition Export ::;:m
Can Solid Material Solid Material [easticns From Lid
¥ Removal
Operator

Figure 9. Synthesized conceptual functional model for an automated can opening product

4.2 Discussion

This functional model generated during the conceptual design of a product generates a framework for
subsequent conceptual design activities. This framework can be visualized through the can opener
example. During conceptual design, the energy source for the can opener is unknown, thus we
broadly term the motive power source as energy. Broadly defining a flow at the primary level of the
Functional Basis allows for a wider variety of alternatives to be considered during conceptual design;
for instance, the can opener could be wind-up with a spring to store the energy or solar powered with a
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battery to store energy, or use a laser to cut off and remove the can lid. Once a solution principle is
chosen for each functional transformation, the functional model should be updated to reflect additional
functionality required for the chosen solution principles. This additional functionality, termed
auxiliary functions [3], may continue to be added even into the embodiment phases of design. It is an
iterative process possibly requiring multiple iterations until solution principles have been identified for
all additional functionality. At the completion of this iterative process, embodiment of the design
continues with special layouts being developed, materials being selected, cost analysis being
performed and finally, with detail design, the design is turned into a final product [3].

Through this research, each of the synthesized models was compared to actual products currently on
the market to for correlations and inconsistencies. The manual can opener can similarly be compared
to an existing automated can opener (shown in Fig. 10) found in the Design Repository housed at the
Design Engineering Lab. Both the existing and concept have similar black box models sharing the
same high-level functionality, separate solid, and many of the same flows. The operator has been
more specifically called out as hand and the flow of energy in the concept has been replaced with the
secondary flow, electrical energy, in the existing product. The functional models also share similar
functionalities; both the concept and the existing product rely on the operator to position the can for
operation, and once the lid has been removed, both devices trigger an automatic actuation of energy to
stop operation.

Black Box Model of an Existing Automaltic Can Opener

—EEp  geparate

Can solid Can, Lid
Hand > M’

Functional Model of an Existing Automatic Can Opener
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ae. | 4 |

ee. ee. | ee. ee.lome me me.
[ )
3 of | ME
. _ L .
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solid | soid | solid soid | soid
I Hand ’ I Hand ‘ I Hand
Lit Export | Lid
soid |
Hagd, Import | _Hand
solid

Figure 10. Black box and functional models for an existing automatic can opener2

There are differences as well. The existing product is less automated than intended with the concept;
the actual product relies on the operator’s hand to secure the can into place while the concept uses the
energy of the device to guide the can into the appropriate removal position. Also, there are flows in
the existing product such as, change electrical energy, convert electrical energy to mechanical energy,
change mechanical energy, and transfer mechanical energy, to deal with the electrical energy flow.
These flows dealing with specific implementation have yet to be considered in the conceptual
functional model, and would not be directly considered until concept generation. If the design process
were to continue for the conceptual functional model of the automated can opener, solution principles
would be paired to function, auxiliary functions were identified, and new solution principles would be
paired to the auxiliary functions. This would occur iteratively until a concept is fully developed. It is
then possible that the updated functional model would more closely resemble the can opener found in
the Design Repository; however, depending on the customer needs, chosen solution principles and

? Functional model from: http://repository.designengineeringlab.org
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identified auxiliary functions, it is just as likely that the can opener may share very little in common
with the existing product in the Design Repository.

5 CONCLUSIONS

During product design it is important to remember that “customers—people and companies—have
jobs that arise regularly and need to get done. When customers become aware of a job that they need
to get done in their lives, they look around for a product or service that they can hire to get the job
done” [2]. These jobs are the outcomes for which customers seek products and services to assist.
When developing products within an outcome-driven design paradigm, it is important to fully
understand the current process taken by the customer. The methodology developed through this
research provides the starting point for a designer to develop conceptual functional models based on a
process currently taken by a customer.

In this paper, we demonstrated how functional and process modeling may be employed to investigate a
customer’s current process and the tools being employed through that process. The combination of
these models is then demonstrated such that conceptual functional models may be generated for a
potential solution to assist or automate the job of the customer.

Further research will investigate the models generated from the customer’s manual process for
potential weaknesses in the customers’ current actions. Places where weaknesses exist in the
customers’ current actions represent ideal locations where automation could be utilized to allow the
customer to more effectively reach their desired outcome. Integrated functional and process modeling
would thus be generated very early in the design process and be iterated as the design evolves. So,
instead of the design-based abstractions focusing on how the product will include each feature, it will
focus on the outcomes expected by the customers as they complete their tasks.
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