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Abstract: Concept design is an early and crucial phase in product development where the general
concept of a product is created. In this stage, various aspects of the product are considered, such as
usability and technical performance, among others. Product design and development are currently
a well-established area of knowledge, and academia is increasingly including its fundamentals in
regular curricula, especially in the areas of engineering, design, and marketing. At the same time,
industrial players recognize the potential of the method for i. responding successfully to market
uncertainty and speed; ii. improving the knowledge available and the systematization of creative
processes; and iii. ensuring that the decision process is explicit and well documented. Nevertheless,
only a few studies demonstrating the concept design procedure in detail are available in the literature.
In this paper, we thus present a detailed case study concerning the design of portable thermal
slippers, so as to demonstrate the application of structured procedures and systematic approaches to
concept design, and providing a pedagogical review of methods and tools to support the analysis
and decisions along the several steps of the concept design procedure. The particular case study here
addressed resulted from the collaboration between an academic institution and a company operating
in the home footwear industry, with the design team including elements from both sides.

Keywords: concept design; concept engineering; product development; footwear industry;
thermal slippers

1. Motivation
A fundamental stage in product development is concept generation. In practice, this

is the ability to come up with new ideas for products in a systematic way that allows
maximizing the speed-to-market, which in turn shortens the life cycle of the products
in early stages. Typically, firms create a range of ideas and options, before selecting the
best one, which is then taken forward and developed. Ideas are evaluated, and the best
(or the most promising) one(s) is (are) selected using criteria aligned with the needs of
the customers and technical requirements expressed as specifications. Herein, we use
the definition of Ulrich and Eppinger [1] of product concept where a product concept is
an approximate description of the product, technology, and working principles and is
accompanied by a graphic representation and a textual description.

A relatively recent paradigm [2] assumes that firms can and should use external and
internal ideas, exploiting internal as well as external paths to market, as they advance
in using new technologies and their know-how emerges. This conceptual environment
induces positive effects and competitive advantages at various levels such as the acquisition
of technology and commercialization strategies, R&D efficiency, and corporate interactions,
among others [3]. Another area where the impact is felt is in achieving proficiency in new
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product development, which, in turn, can help many organizations in reaching success.
Product development is one of the most important factors for success and, at the same
time, one of the most difficult activities in every business. Product development is a set of
growth policies and activities, which through various steps of product generation bring
about minor or major modifications to products [4].

In product development, activities are often classified into i. concept design, ii. techni-
cal design, iii. detail design, and iv. manufacturing process design [5]. Concept engineering
is a systematic approach commonly used in the concept design phase. This method has
supporting tools and techniques and allows one to understand customers’ expectations
and convert them into physically realizable concepts [6]. Concept engineering addresses
not only each phase of the product concept decision process but also each of the supporting
routines. The complete procedure includes: i. understanding the customer’s environment,
ii. converting the knowledge acquired into product requirements, iii. operationalizing the
knowledge available, iv. concept generation, and v. concept selection. Further, each task
requires verification and validation, and the process is iterative [7].

Providing an introduction to concept design is a common practice in engineering/design
courses. In addition, firms are evolving to focus additional efforts on product development.
However, some of the specificities of the procedure are still elusive in practice or otherwise
must be adapted to the company’s culture. Literature demonstrating the application of the
concept design procedure (and the respective tools) to a case study in a systematic way is
limited. Particularly in the chemical engineering area, there has been an active discussion
about the changes needed in the curricula in order to meet the requirements of product-
based industries [8–10]. One of the top difficulties identified is the lack of comprehensive
case studies covering the many steps of product concept development. Recent textbooks
and other materials have been developed [11,12], but with partial case studies, each one
covering a particular step of the development process, while comprehensive examples
illustrating the whole journey from customer needs to new product concepts are still not
available. Application examples are also reported in mechanical and aerospace engineering
(see Guo et al. [13], Chiesa et al. [14], Woldemichael and Hashim [15] among others), but
they focus mainly on specific steps and do not address the complete procedure that goes
from needs elicitation to concept selection.

Thus, the purpose of this paper is twofold: i. analyzing the specificities and tools of the
product concept design procedure, step by step, and adopting a pedagogical perspective,
and ii. applying the framework to a comprehensive case study concerning the design
of portable thermal slippers, a project that resulted from a joint collaboration between
academia and an industrial partner. In the remainder of this paper, we refer to individuals
involved in the activities of concept design as the Design Team (DT), who are also the
authors of the present study.

The paper is organized as follows. Section 2 introduces the company and identi-
fies the customer needs. Section 3 establishes specifications for product performance.
Section 4 presents the concepts generated, combining solutions to critical technical prob-
lems. Section 5 presents the selection of concepts for preliminary design. Finally, Section 6
offers a summary of the results obtained, provides an overview of the procedure, and
analyzes the next steps of the product development process. In Sections 2–5, several diverse
methods supporting the different steps of the product concept design procedure are used,
motivated by the specific problems addressed and focusing on obtaining results so as to
proceed with the design process. This practical perspective is complemented by a thorough
selection of literature references, where the interested reader may learn more about the
methods used. Further, in the end of each of Sections 2–5, a summary of the methods used
and results attained is provided in the form of a table.

2. Eliciting Customer Needs
In this section, we identify the consumer needs and their relative importance in

acquisition behavior. First, in Section 2.1, we characterize the firm involved in the project.
Then, in Section 2.2, we identify the needs with a focus group. Finally, in Section 2.3, the
needs are ordered according to their importance through a survey.



Designs 2022, 6, 65 3 of 24

2.1. Characterizing the Firm
Here, we characterize the firm involved in this joint collaboration.
The firm produces home footwear for European markets and aims at broadening

the product mix with portable thermal slippers. This product has been requested by
customers and retailers and is aligned with the company’s expansion policy of further
integrating technology in their products. The company runs a Quality Management System
in compliance with ISO 9001:2018 standard but has low experience with Quality-by-Design
(QbD) activities, especially in product development and concept design.

The production line is organized in multi-model assembly lines. Each of the lines
produces in campaigns of one product at once according to the orders; all products share
the storage and expedition sections. The layout of the lines is organized into two functional
sections: i. the cutting section, where the fabric is cut to adequate size and form, and ii. the
stitching section, where the parts are stitched and the product quality is tested.

2.2. Identifying Customer Needs
Now, we identify customer needs. We followed the methodology of Ulrich and

Eppinger [1] and Urban and Hauser [16] to create information that can be translated
into needs. First, we organized a focus group to discuss closely related products and
aspects such as the potential use of the product, pros and cons of existing products, and
improvements to make. The meeting was conducted by avoiding direct questions as much
as possible so that the elements of the focus group could feel free to give their opinions.
The focus group was formed by eight lead users (see (von Hippel [17], Chap. 8) for the
definition of lead user) that commonly use home footwear and the owner of a production
line operating in this business area.

The relevant customer statements were gathered and converted into perceived needs
by the DT. Table 1 shows the perceived needs identified, and we note that some of them are
associated with materials and heat storage. Further, the list includes the Price as well as
elements such as the energy charging system.

Table 1. Perceived needs interpreted from the focus group.

Perceived Needs

The product should be washable
The product should exist in a range of sizes
The product should flexible to use
The product should be cheap
The product should have a long life
The heating time should be low
The product should include a temperature monitoring system
The product should have an energy storage system
The energy usage should be efficient
The product should include an energy wireless loading system
The product should be ergonomic
The product should have low weight
The product should include elastic materials
The product should be made of ductil materials
The product should be made of hypoallergenic materials
The product should be made of anti-bacterial materials
The product should be made of biodegradable materials
The product should have non-slip sole
The product should have an efficient thermal insulation
The product should have an heat load of large duration

Next, the DT organized the perceived needs into a hierarchy using an affinity chart
(see Mizuno [18] for an overview of affinity diagrams and its application). A brainstorming
session was conducted to iteratively aggregate the needs identified into larger groups
sharing a common relation. The larger groups received new tags and became the primary
needs. Smaller groups became associated with secondary needsand tertiary needs, respectively.
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Practically, they were populated with original perceived needs. Table 2 presents a hierar-
chical list of needs obtained by construction. To simplify the interpretation, a numbering
system was used for their identification. Primary needs are identified by single digits
(e.g., “1.”) and secondary needs by two digits, where the first is for the primary need to
which they belong hierarchically and the second is for the identifier (e.g., “1.1.”). Likewise,
tertiary needs are identified by three digits (e.g., “1.1.1.”). This procedure allowed all the
elements of the DT to improve the idea of the product, discuss it, and enlarge the limits of
the functionality. This was a constructive step where creativity and understanding were
expanded.

The secondary needs 4.1. and 4.5. have multiple technological alternatives, which
are here considered as tertiary needs. For instance, the thermal slippers system may be
based on electrical heating using a rechargeable battery (need 4.1.1.), a non-rechargeable
set of of batteries (need 4.1.2.), or a thermogel (need 4.1.3.), which is a material that releases
energy when changing from a liquid state to a firm gel state. It is assumed in this stage that
the future product will only incorporate one of these alternatives, which are then seen as
exclusive. It should be noted that, strictly speaking, these tertiary needs are not defined in
the space of customer needs, since they are already possible technological solutions (and
thus they belong to the space of solutions, not the space of needs). The DT has made good
note of this imperfection and that these pre-concepts should not bias or restrict the future
step of the generation f new product concepts (which will be addressed in Section 4 of this
paper).

Table 2. Perceived needs hierarchically organized.

Perceived Needs

1. Materials requirements
1.1. Biodegradability and environmental sustainability
1.2. Hypoallergenic
1.3. Elastic
1.4. Ductile
1.5. Anti-bacterial
1.6. Non-slip sole
1.7. Thermal insulation

2. Flexibility
2.1. Flexibility to use
2.2. Range of sizes

3. Product lifetime
3.1. Utilization cycles
3.2. Loading cycles

4. Technological requirements
4.1. Heating system

4.1.1. Rechargeable battery
4.1.2. Non-rechargeable set of batteries
4.1.3. Thermogel

4.2. Heating time
4.3. Temperature monitoring system
4.4. Energy efficiency
4.5. Energy loading system

4.5.1. External
4.5.2. Via transformer
4.5.3. Wireless
4.5.4. USB

5. Washable
6. Weight
7. Price

2.3. Determining the Relative Importance of the Needs
This section describes the approach used in ordering the needs by their relative

importance.
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A survey approach was followed to determine the relative importance of the customers’
needs. The questionnaire was disseminated using a social network, and the customers
were asked to compare: i. the importance of primary needs; ii. the importance of secondary
needs of each primary need; and iii. the importance of tertiary needs of each secondary
need when existing. A behavioral anchored rating scale (BARS) with 10 levels was used for
comparison. The level “1” was for the lowest importance and “10” for the highest, and the
respondents were asked to directly compare needs’ importance giving values (from 1 to 10
in intervals of 1) to each alternative need. BARS are rating scales that add behavioral-scale
anchors to traditional rating scales and are intended to facilitate more accurate ratings
of the target person’s behavior [19]. In our questionnaire, we adopted an anchor level of
“10”, so the respondents were asked to rate at least one of the alternatives of each question
with “10”.

The data resulting from questionnaires were first analyzed and filtered to avoid
incomplete responses. The remaining data sample has 279 records, and was characterized
using basic statistics [20]. Table 3 presents the mean (represented by x̄), standard deviation
(s), coefficient of variation (Cv; expressed in %) and the relative importance (I; also expressed
in %) of the needs. Here, Cv = s/x̄× 100, and I is the ratio of the importance of a specific
need to the sum of importance of all needs of the same level (i.e., primary, secondary and
tertiary needs). To compute the relative importance of each need in a question, we first
compute the sum of averages of all of them, say ∑n

i=1 x̄i; then, the relative importance is
given by

Ii (%) =
x̄i

∑n
i=1 x̄i

× 100, (1)

where x̄i is the average for ith need and n the total number of needs compared in that
specific question. The calculation of the relative importance of secondary and tertiary needs
is performed by multiplying the relative of importance of the primary (or secondary) need
at which they belong by their relative importance expressed in a percentage. To analyze the
internal consistency of the questionnaire responses, Cronbach’s alpha coefficient was used
(see Falissard [20] for a discussion).

Table 3. Results for the relative importance of the needs obtained from the questionnaire.

Needs x̄ s Cv (%) I (%)

1. 7.25 2.68 37.0 14.9
1.1. 6.95 2.98 42.9 2.29
1.2. 7.34 2.81 38.3 2.42
1.3. 4.27 1.35 31.7 1.40
1.4. 4.41 1.02 23.2 1.45
1.5. 7.45 2.84 38.2 2.46
1.6. 7.49 2.77 37.0 2.47
1.7. 7.31 2.71 37.0 2.41
2. 6.73 2.61 38.8 13.8

2.1. 7.11 2.74 38.5 7.00
2.2. 6.91 2.82 40.8 6.80
3. 7.19 2.66 36.9 14.8

3.1. 7.42 2.82 38.0 7.58
3.2. 7.08 2.70 38.2 7.22
4. 6.37 2.85 44.8 13.1

4.1. 6.82 2.71 39.8 2.72
4.1.1. 6.72 3.19 47.4 1.031
4.1.2. 4.06 2.95 72.5 0.623
4.1.3. 6.94 2.36 34.0 1.066
4.2. 6.99 2.79 39.8 2.79
4.3. 6.92 2.86 41.4 2.76
4.4. 7.19 2.82 39.3 2.87
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Table 3. Cont.

Needs x̄ s Cv (%) I (%)

4.5. 6.66 2.64 39.6 2.66
4.5.1. 6.56 2.69 41.0 0.697
4.5.2. 5.57 3.05 53.8 0.604
4.5.3. 6.31 2.99 47.4 0.670
4.5.4. 6.47 3.26 50.3 0.689

5. 7.58 2.87 37.8 15.8
6. 6.83 2.81 41.1 14.0
7. 6.73 2.74 40.6 13.9

Two noticeable findings are observed from Table 3: i. the respondents consider most
of the needs important, and ii. the primary needs are perceived as nearly important. We
obtained a value of 0.85, which indicates good internal consistency of the questionnaire [21].

To strengthen the decision of considering the needs important enough in light of the
values system of the DT to proceed to subsequent stages of concept design, a threshold value
was set, where, by definition, the threshold is the minimum acceptable importance of a
need in order to incorporate the need in the design ([22], Glossary). Here, we adopted the
value of 5.5, which is the middle value of the BARS used in the questionnaire, but other
values can be considered. Consequently, the needs 1.3., 1.4., and 4.1.2. were considered
unimportant. Because the tertiary needs are exclusive (i.e., the adoption of one of them
implies not adopting another one), only the two most important were maintained in the
final ranking. Then, the importance of the needs was re-scaled to sum to 100%. The results
are shown in Table 4.

Table 4. Perceived needs hierarchically organized by importance.

Perceived Needs Importance (%)

1. Materials requirements 14.9
1.1. Biodegradability and environmental sustainability 2.83
1.2. Hypoallergenic 2.99
1.5. Anti-bacterial 3.04
1.6. Non-slip sole 3.05
1.7. Thermal insulation 2.98

2. Flexibility 13.8
2.1. Flexibility to use 7.00
2.2. Range of sizes 6.80

3. Product lifetime 14.8
3.1. Utilization cycles 7.58
3.2. Loading cycles 7.22

4. Technological requirements 13.1
4.1. Heating system 2.58

4.1.1. Rechargeable battery 1.269
4.1.3. Thermogel 1.310

4.2. Heating time 2.64
4.3. Temperature monitoring system 2.62
4.4. Energy efficiency 2.72
4.5. Energy loading system 2.52

4.5.1. External 1.285
4.5.4. USB 1.235

5. Washable 15.8
6. Weight 14.0
7. Price 13.9

Table 5 summarizes the tasks and the methods adopted in each of the steps of the
Customer needs elicitation phase.
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Table 5. Summary of tasks and methods adopted in the Customer needs elicitation phase.

Task Methods Results

Costumer needs identification Focus group Table 1
Costumer needs hierarchy setting Affinity diagrams Table 2
Needs relative importance Survey based on BARS, basic statistics treatment, threshold imposition Table 4

3. Preliminary Performance Specifications
In this Section, we set preliminary specifications for the product’s desired performance.
Specifications are measurable criteria that the product should be designed to satisfy.

They are required to be set at different stages of the product design process; naturally, the
targets in the concept design phase are broad and are successively revised and tightened
until the embodiment phase. Specifications must include three necessary properties. First,
they must be quantitative, measurable criteria that the product is expected to satisfy. Thus,
to be unambiguous, they must contain a metric. Second, they should be expressed using
engineering units (i.e., they can be compared on a standard scale). Finally, they must have
ideal and standard target values associated with them [23].

Section 3.1 introduces the measurable criteria used for assessing the ability of the
product to satisfy the customers. Section 3.2 sets the ideal and standard targets using
information from a benchmarking analysis of competing products.

3.1. Setting the Criteria
Here, we establish the criteria associated with their specifications and respective units.

The approach used relies on the work of Franke [24]; when possible, the specifications
proposed fall into the categories listed in his work. We also consider criteria identified
by specific standards used in the home footwear industry and materials’ quality control.
Finally, discrete (which include binary) criteria are also used to represent qualitative al-
ternatives when quantitative metrics are not available. In the last case, an equivalence
between the alternatives and indicator variables is established. The metrics associated with
the criteria to satisfy and the units to express them are listed in Section 3.2 but they were
decided on this phase of the procedure.

3.2. Setting the Targets
Now, we set the targets for metrics proposed in Section 3.1. We use the benchmarking

approach proposed by Otto and Wood [7] and follow the six-step process introduced there.
First, the DT formed a list of design issues. Next, we formed a list of competitive and

related products that may have similar functions and characteristics to portable thermal
slippers. We considered various models of different competitors, which are designated
by COMPi, where “COMP” stands for competitor and i stands for its index. Due to the
limitation in using copyrighted images or brand names of competitors, we keep them
unnamed. Next, we searched for information characterizing the selected products and
generated a database including descriptions of the i. products themselves, ii. functions they
perform, and iii. market segments at which they are aimed. The database was completed
with their performance in the dimensions used for benchmarking, when the analysis is
possible [25].

The fourth step required the comparison of the products and functions they perform
using the list of metrics considered for analysis. Our goal was twofold: i. establishing
the intervals of performance of the competitive products which served to conveniently
setting the target and standard values for our concepts, and ii. finding an ordering relation
(of performance) for each metric that allowed us to subsequently set the direction of
optimization. The information generated is shown in Table 6.

We first note that some information is unknown and must be completed as much
as possible in subsequent phases of the process, which may require testing competing
products. All needs have at least one metric, and in some cases, various metrics apply to a
single need increasing the detail of the design at this stage.
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Table 6. Results of benchmarking analysis of potential competing products.

Competitors

Perceived
Needs Metric/Standard COMP1 COMP2 COMP3 COMP4 COMP5 COMP6

1.
1.1. St. EN13432 – – – – – –
1.2. St. ISO/IEC 71:2001 – – – – – –
1.5. St. ISO 20743 – – – – – –
1.6. St. EN ISO 20345:2011 – – – – – –
1.7. Thermal cond. – – – – – –

2.
2.1. Uses 0 1 1 0 1 1
2.2. Sizes 1 1 2 1 1 7

3.
3.1. Lifetime – – – – – –
3.2. Load duration in use – 60 180 – 120 120

4.
4.1.

4.1.1. Voltage – – – – 5 220

4.1.1. Capacity – – – – – –

4.1.1. Volume – – – – – –

4.1.1. Weight – – – – – –

4.1.1. Warranty 2 – – – – –

4.1.3. Rupture tension – – – – – –

4.1.3. Weight – – – – – –

4.1.3. Thermal cap. – – – – – –

4.1.3. Warranty – – – – – –

4.1.3. Volume – – – – – –

4.2. Loading time 10 – – – – –
4.3. Existing 1 0 0 0 0 0
4.4. Energy efficiency – – – – – –
4.5.

4.5.1. Loading time – 1.5 10 – 2 –

4.5.4. Cable diameter – – – – – –

4.5.4. Cable length – – – – – –

5. St. ISO 105:C06 1 1 1 1 0 1
6. Weight 700 400 520 – – 650
7. Price 34.99 12.64 19.99 30.58 15.95 24.54

The symbol “–” stands for unavailable information.

Next, the benchmark information in Table 6 was used to construct the product specifi-
cations of the concepts to develop, see Table 7. Here, the metrics associated with criteria are
in column 2, and the units to measure them in column 3. Further, the table also includes:
i. the standard target values for the performance of the product in column 4, ii. the ideal
target values in column 5, and iii. the direction of optimization of the performance in
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column 6. For identifying the direction we use the symbol “↗” for maximization, “↘” for
minimization, and “−→” for on target objectives.

Table 7. Product specifications (including metrics and respective target values).

Needs Metric/Standard Unit Standard Target Ideal Target Optimum

1.
1.1. St. EN13432 Bin 1 0 1 −→
1.2. St. ISO/IEC 71:2001 Bin 2 0 1 −→
1.5. St. ISO 20743 Bin 3 0 1 −→
1.6. St. EN ISO 20345:2011 Bin 4 0 1 −→
1.7. Heat transfer coef. W/(m2 ·K) 0.79 0.60 ↘

2.
2.1. Uses Bin 5 0 1 −→
2.2. Sizes Discrete 7 10 ↗

3.
3.1. Lifetime years 9 12 ↗
3.2. Load duration in use min 180 210 ↗

4.
4.1.
4.1.1. Voltage V 220 220 −→
4.1.1. Capacity mA · h 4000 6000 ↗
4.1.1. Volume cm3 400 300 ↘
4.1.1. Weight g 400 300 ↗
4.1.1. Warranty years 1 24 ↗
4.1.3. Rupture tension N/mm 61 70 ↘
4.1.3. Weight g 400 300 ↗
4.1.3. Thermal cap. J/(kg ·K) 880 900 ↗
4.1.3. Warranty years 2 3 ↗
4.1.3. Volume ml 400 300 ↘

4.2. Loading time min 10 8 ↘
4.3. Existing Bin 6 1 1 −→
4.4. Energy efficiency kWh/1000 · h 9 10 ↗
4.5.
4.5.1. Loading time min 10 1.5 ↘
4.5.4. Diameter mm 5.6 5.6 −→
4.5.4. Length m 3 3 −→

5. St. ISO 105:C06 Bin 7 1 1 −→
6. Weight g 250 200 ↘
7. Price Euro 34.99 32.00 ↘

1 Non-biodegradable: 0; Biodegradable: 1. 2 Non-hypoallergenic: 0; Hypoallergenic: 1. 3 Non-anti-bacterial: 0;
Anti-bacterial: 1. 4 Slip-sole: 0; Non-slip sole: 1. 5 Allows using at home: 0; Allows using at home and outside: 1.
6 Without temperature monitoring: 0; With temperature monitoring: 1. 7 Non-washable: 0; Washable: 1.

Summing up, the set of specifications in Table 7 is complete and unambiguous as
it allows analyzing whether the product satisfies the customers in all the dimensions
associated with perceived needs.

Table 8 summarizes the tasks included in setting the preliminary specifications and
the methods adopted in each one.

Table 8. Summary of tasks and methods adopted in the Preliminary specifications setting phase.

Task Methods Results

Setting the metrics and engineering units Engineering knowledge Table 6
Setting the targets Benchmarking analysis, engineering knowledge Table 7
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4. Concept Generation
In this Section, we develop concepts, i.e., ideas, for products that must fulfill as much

as possible the set of performance specifications established in Section 3, which in turn
are the best available objective translation of the customer needs previously identified in
Section 2. Herein, we use a decomposition approach [23] for understanding the product and
respective functions. Practically, the design task is decomposed into subproblems, which
are typically easier to understand and solve than the design task as a whole. The problems
are of three forms: i. functional models, ii. product architecture, and iii. product portfolio.
The former class is related to the basic functions of the product, the second to the physical
form and materials, and the last one to the specificities of products to construct a portfolio.
The solutions for subproblems are created from various sources and are then combined to
form concepts [26], which are then revised and verified. The steps of concept generation
include i. understanding and decomposing the problem, a task detailed in Section 4.1;
ii. generating a list of external and internal solutions for each of the subproblems associated
with product function and product architecture classes (Section 4.2); and iii. combining
solutions into different concepts (Section 4.3). Finally, the concepts generated are analyzed
regarding their ability to meet the specifications, and those that fail are eliminated from
the basis.

4.1. Understanding and Decomposing the Product
Here, we use functional decomposition to hierarchically decompose the product into

its functional and physical components and list the corresponding subproblems. These
elements should be capable of achieving the product’s functions. The physical decompo-
sition aims at identifying the elements that, when assembled together, will accomplish
the product’s function. The functional decomposition aims at representing the behavior
of the product and its parts [27]. To decompose the problem into functions, we use the
Function Analysis System Technique (FAST) [28]. FAST focuses on the functions required
by a design, process, or service to accomplish its objective [29]; here, is used fundamentally
to understand the system functions.

The FAST modeling process starts by identifying the product’s primary objective and
basic function(s). The basic function(s) are decomposed into secondary support functions
and, finally, into the supporting functions to support the basic functions. In practice, it is
represented by a diagram block, where blocks are functions and the lines connecting them
formalize relational rules. The secondary functions are the ones required for supporting the
primary functions, and the basic functions support all the others. Here, the DT first started
with the physical decomposition of the product identifying all the elements required. Then,
a functional decomposition was carried out by setting the flow of activities, i.e., constructing
the diagram block. Each of the activities was deconstructed by asking the question “what”
needs to be done (i.e., what flows and basic functions are required) to perform this particular
function. This procedure was iteratively followed until the basic functions were identified.
They represent the basic technical problems to handle in product design.

Figure 1a illustrates the proposed physical decomposition in the following elements:
1. the energy storage element; 2. the energy charging element; 3. the structural elements
including the sole, insole and upper of the slippers; 4. the on–off switch element; and 5. the
temperature control and monitoring system. Figure 1b shows the functional decomposition.
The product includes several elements (sole, insole, and upper) used for structure and
insulation (avoid energy loss). In addition, flows of information connect the on–off element
with the energy release element to characterize the action of heating, and the temperature
monitoring element with the energy storage element to characterize the action of measuring
and display of the physical signal in a convenient scale.

Table 9 lists the primary tasks and subfunctions of product’s elements, and was con-
structed by aggregating physical and functional decompositions. The list of subproblems
appears in Table 10. Here, we designate subproblems by SPi, where i stands for the
subproblem index.
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Figure 1. Product decomposition: (a) Physical decomposition; (b) Function decomposition (legend:
M—material flow; E—energy flow; I—information flow).

Table 9. Tasks and subfunctions of product’s elements.

Element Task Subfunction Associated Need

Loading system Load the storage element 2.1, 3.1., 4.1., 4.2., 4.5.
Storage system Store energy Release energy 3.2, 4.4, 6.

Sole Contact with the soil Comfort, safety 1.4.
Insole Insulate Comfort 1.1., 1.2., 1.3., 1.7., 5.

Upper Insulate Comfort 1.1., 1.2., 1.3., 1.7., 2.1., 2.2.,
3.1., 5.

On–off system Control storage system Load control 3.2, 4.3., 4.4.
Temperature control &

monitoring
Information of charge

availability Control energy release 4.3., 4.4.
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Table 10. Subproblems associated with products functions.

Subproblem Description

SP1 Sole. Form
SP2 Sole. External material
SP3 Sole. Internal material
SP4 Insole. Lining material
SP5 Insole. Structural material
SP6 Upper. Form
SP7 Upper. Internal lining material
SP8 Upper. External lining material
SP9 Upper. Structural material
SP10 Upper. Zipper of structure containing the heating element
SP11 Heating system. Energy source
SP12 Heating system. Temperature control system
SP13 Heating system. Temperature monitoring system
SP14 Heating system. On–off system
SP15 Heating system. Loading system

4.2. Finding Solutions
Here, we propose solutions for the subproblems identified in Section 4.1. The solutions

arise from two distinct sources: i. external search, where, by external, we mean existing
products, experts opinions, patents, and other published information; ii. internal search,
which includes ideas generated by the DT in brainstorming sessions promoting associations
and analogies. The solutions obtained by external search were gathered by observing com-
peting products in use and analyzing available technical information. For convenience, the
same set of products considered in benchmarking analysis (see Section 3.2) was considered
in this task and used for constructing the basis of solutions. Further, an intensive analysis
of free patents’ bases and scientific published sources was also conducted.

To generate internal solutions, the DT observed products in use with the similarity of
functions and adapted the ideas using analogies. The solution fragments produced were
then filtered and refined to be used herein. The experience of some of the DT elements as
well as the knowledge of the materials’ characteristics was crucial in this phase.

We limit the research on materials to a superficial analysis where the fundamental
properties were compared to specifications to shorten the number of concepts to feasible
alternatives in a preliminary screening. The problem of comparing physical properties
in-depth to optimize the choice was postponed to subsequent stages, namely the product
prototyping and the design for robustness, which may include experimental plans to
optimize the performance. The adopted alternatives are commonly used in similar products
and are within the portfolio of raw materials for which the firm already has experience and
suppliers.

Table 11 presents all the solutions found for each identified subproblem. To help in
the interpretation, we designate a solution by Sj_SPi, where the first “S” is for solution,
j identifies the solution index, “SP” is for subproblem and i identifies the subproblem (see
Table 10 for the list of subproblems considered). The source used to generate the solutions
is also discriminated, and we use “Extern.” for solutions resulting from external search and
“Intern.” for internally generated fragments.
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Table 11. Solutions prescribed for subproblems in Table 10.

Subproblem Source Solution Subproblem Source Solution

SP1 Extern. S1_SP1: Planar with structured track SP2 Intern. S1_SP2: Foam
Intern. S2_SP1: Planar with vibram track Intern. S2_SP2: XPS
Intern. S3_SP1: Planar with zigzag track Intern. S3_SP2: EPS
Intern. S4_SP1: Planar with truck track Intern. S4_SP2: Cork

SP3 Intern. S1_SP3: Virgin rubber SP4 Intern. S1_SP4: Modal
Intern. S2_SP3: Styrene/Butadiene Intern. S2_SP4: Wool
Intern. S3_SP3: Espadrille Intern. S3_SP4: Cotton
Intern. S4_SP3: Neoprene Intern. S4_SP4: Bioactive trevira
Intern. S5_SP3: Ethylene/Propylene

SP5 Intern. S1_SP5: XPS SP6 Extern. S1_SP6: Shoe
Intern. S2_SP5: Foam Extern. S2_SP6: Boot
Intern. S3_SP5: Gel memory foam
Intern. S4_SP5: EVA
Intern. S5_SP5: Polyethilene
Intern. S6_SP5: Latex

SP7 Extern. S1_SP7: Wool SP8 Extern. S1_SP8: Plush linen
Intern. S2_SP7: Modal Extern. S2_SP8: Flannel
Intern. S3_SP7: Cotton Extern. S3_SP8: Polyester
Intern. S4_SP7: Bioactive trevira Intern. S4_SP8: Linen
Intern. S5_SP7: Riso/Polar Intern. S5_SP8: Velvet
Intern. S6_SP7: Borreguillo Intern. S6_SP8: Twill

SP9 Extern. S1_SP9: Spongy material SP10 Extern. S1_SP10: Zipper eclair
Intern. S2_SP9: Feathers Intern. S2_SP10: Zipper velcro
Intern. S3_SP9: Polyester
Intern. S4_SP9: Dacron cotton
Intern. S5_SP9: Burel

SP11 Extern. S1_SP11: Gel SP12 Intern. S1_SP12: Temperature selector
+ Resistence

Extern. S2_SP11: Natural seeds Intern. S2_SP12: On–off control
+ Resistence

Intern. S3_SP11: Rechargeable battery
Intern. S4_SP11: Clay balls
Intern. S5_SP11: Peltier tablet

SP13 Extern. S1_SP13: Thermocouple +
Potentiometer SP14 Extern. S1_SP14: Switch

Intern. S2_SP13: Thermostate Intern. S2_SP14: Switch in potentiometer
Intern. S3_SP13: Resistive capacity

SP15 Extern. S1_SP15: Charging base
Intern. S2_SP15: Microwave oven
Intern. S3_SP15: USB

4.3. Generating Concepts
In this section, we generate concepts from solutions listed in Table 11.
The approach followed to generate concepts relies on the combination of solutions

for each of the subproblems identified (see Table 10), which are in turn associated with
the product’s subfunctions [1,7]. The number of possible concepts is naturally very large
since the number of possible combinations increases geometrically with the number of
subproblems and solutions. The DT used physical and geometrical incompatibilities
to reduce the number of generated concepts to a tractable value. Then, eight concepts
incorporating a broad range of solutions were chosen to be analyzed in further detail.

Let the concepts be represented by Ck, where “C” stands for concept and k for the respective
index. To simplify the identification, the concepts were named as follows: C1 is Tough Slipper,
C2 Teddy Slipper,C3 Ecofriendly Slipper, C4 Techno Slipper, C5 Vintage Slipper, C6 Sprint Slipper,
C7 Star Slipper, and C8 is Diamond Slipper. Table 12 lists the combination of solutions adopted in
each concept; each column is for a different concept (Ck), each line corresponds to a subproblem
(SPi) and each cell of the matrix SP× C is a specific solution adopted.
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Table 12. Concepts generated by the combination of solutions.

Concepts

Subproblem Tough Slipper Teddy Slipper Ecofriendly Slipper Techno Slipper Vintage Slipper Sprint Slipper Star Slipper Diamond Slipper

SP1 S3_SP1 S1_SP1 S3_SP1 S2_SP1 S1_SP1 S2_SP1 S3_SP1 S1_SP1
SP2 S2_SP2 S1_SP2 S4_SP2 S2_SP2 S4_SP2 S2_SP2 S4_SP2 S4_SP2
SP3 S1_SP3 S5_SP3 S1_SP3 S4_SP3 S1_SP3 S1_SP3 S4_SP3 S4_SP3
SP4 S3_SP4 S2_SP4 S1_SP4 S1_SP4 S2_SP4 S4_SP4 S4_SP4 S4_SP4
SP5 S5_SP5 S2_SP5 S6_SP5 S3_SP5 S4_SP5 S3_SP5 S3_SP5 S3_SP5
SP6 S2_SP6 S2_SP6 S1_SP6 S1_SP6 S2_SP6 S1_SP6 S2_SP6 S2_SP6
SP7 S6_SP7 S5_SP7 S2_SP7 S2_SP7 S1_SP7 S4_SP7 S4_SP7 S4_SP7
SP8 S6_SP8 S1_SP8 S4_SP8 S2_SP8 S2_SP8 S3_SP8 S3_SP8 S3_SP8
SP9 S5_SP9 S4_SP9 S5_SP9 S4_SP9 S1_SP9 S4_SP9 S2_SP9 S2_SP9
SP10 − − S1_SP10 − S2_SP10 − − S1_SP10
SP11 S3_SP11 S3_SP11 S2_SP11 S3_SP11 S1_SP11 S3_SP11 S3_SP11 S1_SP11 and S3_SP11
SP12 S3_SP12 S1_SP12 − S1_SP12 − − S1_SP12 S1_SP12
SP13 S2_SP13 S1_SP13 − S1_SP13 − S3_SP13 S1_SP13 S1_SP13
SP14 S1_SP14 S2_SP14 − S2_SP14 − S1_SP14 S2_SP14 S2_SP14
SP15 S3_SP15 S3_SP15 S2_SP15 S1_SP15 S2_SP15 S3_SP15 S1_SP15 S1_SP15 and S2_SP15

The symbol “−” stands for “Non-required”.
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All the generated concepts were supported by graphic and textual representations.
The graphic representations have the form of sketches, including the solution elements
(see Figures 2 and 3). The textual description describes (in words) the technical solutions
adopted. Due to space limitations, only the textual description of the concept Diamond
Slipper is presented in Table 13, but equivalent descriptions were produced for the all the
concepts developed.

Table 13. Description of the concept Diamond Slippers.

The track of the sole is of vibram type; the internal material of sole is cork; the material of the middle layer of the sole is neoprene; the lining material of the insole is
bioactive trevira; the structural material of the insole is gel memory foam; the slippers are of boot type; the material of the internal lining of the upper element is bioactive
trevira; the material of the external lining of the upper element is polyester; the thermal material of the structure is feathers; the bag of the thermal element has a zipper
eclair; the product is prepared for two energy sources, i. thermal gel and ii. rechargeable battery; the temperature control system includes a temperature selector and
a resistance; the monitoring system uses a thermopar and potentiometer; the switch mechanism is an on–off button incorporated in a potentiometer; and the charging
system has also two alternatives, i. charging base; and ii. an external source (microwave oven).

The concepts generated were submitted to validation using the specifications of Table 7.
The performance and solution of physical elements of each concept were compared to target
values. Concepts that clearly do not allow reaching the standard targets were eliminated
(although they are geometrically and physically feasible). Consequently, the resulting
concepts of this phase are: i. Tough Slipper; ii. Teddy Slipper; iii. Techno Slipper; iv. Star Slipper;
and v. Diamond Slipper, designated by List 1 in subsequent Sections.

(a)

(b)

(c)

Figure 2. Cont.
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(d)

Figure 2. Graphical representation of concepts: (a) Tough Slipper; (b) Teddy Slipper; (c) Ecofriendly
Slipper; (d) Techno Slipper.

(a)

(b)

(c)

(d)

Figure 3. Graphical representation of concepts (cont.): (a) Vintage Slipper; (b) Sprint Slipper; (c) Star
Slipper; (d) Diamond Slipper.
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Table 14 summarizes the tasks included in the phase of concept generation and the
methods adopted herein.

Table 14. Summary of tasks and methods adopted in the Concept generation phase.

Task Methods Results

Setting the problems Physical and Functional decomposition (via FAST) Table 10
Finding solutions External and internally generated solutions Table 11
Concept generation Combination of solution fragments Table 12
Preliminary concept screening Comparison with specifications List 1

5. Concept Selection
Here, we address the concept selection for subsequent tasks, namely concept prototyp-

ing and testing. The task of selecting the more promising concepts is crucial but complex,
as it requires decisions under scenarios of large complexity and uncertainty. Typically,
the DT is required to set criteria for comparison and then compare abstract entities—the
concepts—to establish a relative order. Very often, the elements of the DT have different
perceptions at the beginning, and the procedure firstly serves to articulate differences in
understanding and to achieve a consensus [30]. We followed the approach proposed by
Ulrich and Eppinger [1] and Otto and Wood [7] and decomposed the procedure into four
sequential steps: i. concept screening, where concepts are compared to find a set of feasible
(promising) alternatives (see Section 5.1); ii. improvement of concepts with negative solu-
tions (see Section 5.2); iii. concept rating, where concepts are compared using the relative
importance elicited for customers’ needs, in order to find the alternatives to develop (see
Section 5.3); and iv. robustness analysis of the previous choice via Monte Carlo sampling
methods (see Section 5.4).

5.1. Concept Screening
This Section addresses the comparison of concepts to reach a set of physically feasible

alternatives. The approach followed is a four-step process [7]. First, the DT agreed on the
criteria used for comparison. The adopted criteria (first column of Table 15) are aligned
with the needs elicited from the customers and corresponding product performance specifi-
cations (see Table 7 in Section 2). To stimulate the creative aspects of concepts, the criterion
Price was not considered in this phase, as it may hinder creative aspects of the concepts
under evaluation, but, naturally, it must be incorporated in the decision in subsequent
development phases. The objectives considered are in column 1 of Table 15. To simplify the
subsequent mathematical treatment, let CRl be the representation of the lth criterion.

The second step required the DT to compare concepts. To simplify the process, one
reference product existing in the market was considered (see the column 2 of Table 15),
and the concepts emerging from Section 4.3 were compared to the reference for each of the
criteria. Using a physically existing reference product is a common solution adopted for
reducing the comparison bias [31,32]. The product chosen for reference was one of those
previously considered in benchmarking analysis; here, it is denoted by R. In the discussion
motivated by the comparison, the elements of the DT increased the understanding of the
concepts and respective functional elements, which allowed reaching consensual positions.

The method used for concept screening was the decision-matrix based method pro-
posed by Pugh [33]. Concepts are compared to the reference using a scale with three levels:
{+1, 0,−1}. The sign “+1” corresponds to “better than”, “0” stands for “the same as”,
and “−1” for “worse than”. The results of the comparison of the concepts to the reference
product are in columns 3-7 of Table 15.

For a clear systematization of the method, let ”Ck � R, CRl” be the logical proposition
stating that concept Ck is better than the reference regarding the lth criterion. Similarly,
”Ck ≺ R, CRl” states that Ck is worse than the reference and ”Ck ≈ R, CRl” that Ck performs
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similarly to the reference. Let ∆k
l be the score received by concept Ck regarding a criterion

CRl , with possible values +1, 0 and −1. ∆k
l is then given by:

∆k
l =


+1, if Ck � R, CRl

0, if Ck ≈ R, CRl

−1, if Ck ≺ R, CRl

(2)

The overall performance of concept Ck is now measured by:

Ok =
L

∑
l=1

∆k
l , (3)

where L is the number of criteria.
In the third step, the DT ranked the performance of the concepts using the metric

Ok. The alternatives that rate poorly are removed from the analysis, and the promising
alternatives should be re-examined. Table 15 shows the results of concept screening. The
concepts Teddy Slipper and Tough Slipper are preferred over the reference in some criteria
but perform worse in some others, which results in an overall score O = 0. The concepts
Techno Slipper, Star Slipper, and Diamond Slipper appear as promising alternatives but should
be re-analyzed, and if possible improved, since they are in some cases dominated by the
reference, in particular in the Biodegradability criterion (see the seventh line of Table 15).

Table 15. Results of concept screening.

Comparison of Concepts to R (Expressed in Terms of ∆k
l Indicators [see Equation (2)]).

Criteria R Teddy Slipper Tough Slipper Techno Slipper Star Slipper Diamond Slipper

Flexibility to use 0 +1 +1 +1 +1 +1
Washable 0 0 0 0 0 0

Temperature control 0 0 0 0 0 0
Non−slip sole 0 0 0 0 0 0
Hypoallergenic 0 0 0 +1 +1 +1

Biodegradability 0 −1 −1 −1 −1 −1
Utilization cycles 0 0 0 0 0 0

Loading cycles 0 −1 −1 −1 −1 +1
Energy efficiency 0 0 0 0 0 0

Weight 0 +1 +1 +1 +1 +1

Ok 0 0 0 1 1 3
Rank 4 4 4 2 2 1

Action Yes Revise Revise Yes Yes Yes

The fourth step of the procedure—improving promising concepts—is addressed next.
Practically, it may generate improved and/or additional concepts, and if this happens, a
second round of concept screening will be needed.

5.2. Attacking the Negatives and Improving Concepts
This Section deals with the improvement of negative-ranked criteria of the set of

promising concepts. This task is more a reformulation of some concepts and, consequently,
the generation of new ones than it is a selection step.

First, the DT analyzed the negative-ranked criteria of all concepts in Table 15. Then,
we focused on the most promising alternatives, i.e., Star Slipper and Diamond Slipper con-
cepts,and used the basis of solutions (Table 11) to prescribe physically compatible alterna-
tive solutions for criteria that compare negatively with R.

This reanalysis resulted in improved concepts named Star Slipper+ and Diamond
Sleeper+, characterized in Table 16 and sketched in Figure 4. The concept Diamond Sleeper+
has the characteristics of a high-range product incorporating two distinct solutions for
subproblems SP11 and SP15. The concept can be used to extend the product mix. On the
contrary, the concept Star Slipper+ has the potential for being an entry range product in the
firm’s mix.
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Table 16. New concepts generated by the combination of solutions.

Concepts

Subproblem Star Slipper+ Diamond Slipper+

SP1 S2_SP1 S2_SP1
SP2 S4_SP2 S4_SP2
SP3 S1_SP3 S1_SP3
SP4 S4_SP4 S4_SP4
SP5 S6_SP5 S6_SP5
SP6 S2_SP6 S4_SP6
SP7 S4_SP7 S4_SP7
SP8 S4_SP8 S3_SP8
SP9 S2_SP9 S2_SP9
SP10 − S1_SP10
SP11 S3_SP11 S3_SP11 and S4_SP11
SP12 S1_SP12 S1_SP12
SP13 S1_SP13 S1_SP13
SP14 S2_SP14 S2_SP14
SP15 S1_SP15 S1_SP15 and S2_SP15

The symbol “−” stands for “Non-required”.

(a)

(b)

Figure 4. Graphical representation of concepts: (a) Star Slipper+; (b) Diamond Slipper+.

The new set of alternatives was ranked using the approach introduced in Section 5.1.
The results are shown in Table 17. The concepts Techno Slipper, Star Slipper+, and Diamond
Slipper+ should be further analyzed and rated using a finer comparison scale. This task is
addressed next, in the concept-rating phase.
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Table 17. Results of concept screening for new set of concepts.

Comparison of Concepts to R (Expressed in Terms of ∆k
l Indicators [see Equation (2)]).

Criteria R Teddy Slipper Tough Slipper Techno Slipper Star Slipper+ Diamond Slipper+

Flexibility to use 0 +1 +1 +1 +1 +1
Washable 0 0 0 0 0 0

Temperature control 0 0 0 0 0 0
Non-slip sole 0 0 0 0 0 0

Hypoallergenic 0 0 0 +1 +1 +1
Biodegradability 0 −1 −1 −1 0 −1
Utilization cycles 0 0 0 0 0 0

Loading cycles 0 −1 −1 −1 −1 +1
Energy efficiency 0 0 0 0 0 0

Weight 0 +1 +1 +1 +1 +1

Ok 0 0 0 1 2 3
Rank 4 4 4 3 2 1

Action Yes No No Yes Yes Yes

5.3. Concept Rating
Here, we rank the remaining concepts using an increased resolution scale able to better

differentiate among competing concepts. The approach followed also relies on the method
of Pugh [33], introduced in Section 5.1.

The scale used herein is also ordinal with five levels. The scale levels are the elements
of Γ = {5, 4, 3, 2, 1} where “5” means “much better than the reference”, “4” means“better
than the reference”, “3” means “same as the reference”, “2” means “worse than the reference
” and “1” means “much worse than the reference”. The criteria used for comparison are
the same as those used in Section 5.1. The result of the comparison of concept Ck to the
reference is stored in the score variables ∆k

l ∈ Γ.
To incorporate the relative importance of the customer’s needs in the decision, the

criteria are weighted. The weights, designated by wl (for lth criterion), were set based on
the relative importance of needs elicited in Section 2.3 (see Table 4) whose satisfaction they
intend to measure. They were set by the DT after consensus and sum to 1.0 (see the second
column of Table 18). The overall performance of the concepts is now measured by

Ok =
L

∑
l=1

wl ∆k
l . (4)

The results of concept rating are shown in Table 18. Alternatives Star Slipper+ and
Diamond Slipper+ have the potential to progress to testing phase, the former as an entry-
range product and the latest as an high-range product.

Table 18. Results of concept rating.

Comparison of Concepts to R (Expressed in Terms of ∆k
l Indicators in Γ).

Criteria Weight R Techno Slipper Star Slipper+ Diamond Slipper+

Flexibility to use 0.19 3 4 4 4
Washable 0.06 3 3 3 3

Temperature control 0.07 4 4 4 4
Non-slip sole 0.06 3 4 4 4

Hypoallergenic 0.06 2 4 4 4
Biodegradability 0.06 4 1 3 4
Utilization cycles 0.19 3 3 3 3

Loading cycles 0.18 4 3 3 4
Energy efficiency 0.08 4 4 4 4

Weight 0.05 3 4 4 3

Ok 3.33 3.40 3.51 3.70
Rank 4 3 2 1

Action No No Yes Yes

5.4. Robustness of the Choice
This Section analyzes the robustness of the rating of concepts and selection made in

the previous subsection and can be seen as a validation step.
The decision for the two concepts (Star Slipper+ and Diamond Slipper+) involves var-

ious sources of uncertainty and inaccuracy, namely the weights wl and the scores ∆k
l in
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Equation (4). To overcome this problem, we use Monte Carlo sampling to generate a large
set of scenarios, varying the values of these parameters, and then determine the domi-
nantconcept for each scenario, i.e., the concept with the maximum score for Ok. Monte
Carlo sampling is a computational technique based on constructing a random process
for carrying out a numerical experiment by n-fold sampling from a random sequence of
numbers with a prescribed probability distribution [34].

Here, we assume a normal distribution to generate random numbers, simulating
uncertainty in criteria weights. Specifically, we consider independent normal distribu-
tions N (wl , sr

l ) for each weight, where sr
l is the re-scaled standard deviation of weight

wl , estimated from the relative importance of customer needs (see Table 4 in Section 2.3).
The reference values of weights, wl , are in the second column of Table 18. The re-scaled
standard deviation of weights is given by

sr
l =

sl wl
100 x̄l

, (5)

where sl and x̄l are the standard deviation and the average of the importance of lth need in
original BARS, respectively. To ensure that the weights sum to 1 in each scenario, we first
generate L random numbers, and then re-scale them to unity. This procedure is repeated
for each scenario; the number of scenarios, N, used in this study was set to 1× 106.

Regarding scores ∆k
l , we consider an uncertainty of ±1 for scores 2, 3, and 4; −1

for score 5; and +1 for score 1. This is simulated using independent integer uniform
distributions for each ∆k

l . More precisely, ∆k
l ∼ U (γ

k
l ), where γk

l is a subset of Γ =

{5, 4, 3, 2, 1}; when ∆k
l = 1, γk

l = {1, 2}; when ∆k
l = 2, 3, or 4, γk

l = {∆k
l − 1, ∆k

l , ∆k
l + 1};

and when ∆k
l = 5, γk

l = {4, 5}. This approach is also repeated for N scenarios.
For each scenario n ∈ {1, · · · , N}, we determine the concept k∗ with the best perfor-

mance, i.e., k∗n = arg[maxk(Ok)]. Then, we compute the frequency of dominance of each
of the concepts, i.e., the number of times the concept Ck is the best over the total number
of scenarios:

fk =
∑N

n=1 1k∗n=k

N
, (6)

where 1k∗n=k is an indicator variable that is 1 when k∗n = k and 0 otherwise.
The results of Monte Carlo sampling analysis are displayed in Figure 5 and they

show that: i. concept Diamond Slipper+ is extensively dominant when the weights wl are
varied (keeping scores ∆k

l at their nominal values—see Figure 5a)—and ii. concept Diamond
Slipper+ is also dominant when scores ∆k

l vary (with weights wl fixed at their nominal
values; see Figure 5b). In the second case, the dominance is weaker, with the concept Star
Slipper+ also being well ranked. A similar analysis incorporating the Price as an additional
criterion may reduce (or extinguish) the gap between both concepts. The findings obtained
in Section 5.3 are thus corroborated with this sensitivity analysis, and we can now conclude
with more certainty that concepts Star Slipper+ and Diamond Slipper+ are good candidates
to progress to prototyping and testing stages.
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Figure 5. Frequency of dominance of concepts (in %) obtained varying (a) the weights with
wk ∼ N (wl , sr

l ); (b) the scores ∆k
l ∼ U (γ

k
l ). Legend: Concept 1—Reference; Concept 2—Techno

Slipper; Concept 3—Star Slipper+; Concept 4—Diamond Slipper+.

Table 19 summarizes the tasks included in the concept selection phase and the methods
adopted herein.

Table 19. Summary of tasks and methods adopted in the Concept selection phase.

Task Methods Results

Concept screening Method of Pugh Table 17
Improving the negatives Combination of solution fragments Table 16
Concept rating Weighting method based on Pugh’s method Table 18
Sensitivity analysis Monte Carlo sampling Figure 5

6. Conclusions
We have considered the concept design phase of product development via concept

engineering, a method that allows i. systematization of creative processes and of knowledge
acquisition; ii. reproducibility of decisions that are well documented and explicit; and iii.
the construction of a knowledge basis that can be used to deal with market uncertainty and
speed and also to simplify the product development process. Concept design is an early
and crucial phase in product development, and firms that use systematic methods to design
their products are very often well suited to succeed in responding to market dynamics.
Concept engineering is a systematic tool to handle product development activities that
ensures the compatibility of the customer voice with the technical performance of the
developed product as well as with technical resources and restrictions of the company. It is
currently often used in quality-by-design activities.

Concept engineering follows a sequence of steps that aims at i. focusing on the product
on customer needs; ii. generating knowledge towards the optimization of product quality
given the available resources; and iii. generating knowledge that can be subsequently
used to speed up the development process and increase the efficiency of the firm in
similar activities. Despite the interest in the method, which developed in academia about
30 years ago and is now adopted by industrial and services companies, systematic studies
demonstrating its use and especially the details of its implementation are still elusive. In
addition, the method became part of engineering, marketing, and design courses, and
students may benefit from having a comprehensive and systematic study addressing
the problem.

Herein, we demonstrated the use of concept engineering in the design of new concepts
of portable thermal slippers, a joint project between academia and a firm that already
operates in the market of home footwear. The procedure followed is structured into four
main steps: i. elicitation of customer needs (Section 2); ii. preliminary specification of the
desired product performance (Section 3); iii. concept generation (Section 4); and iv. concept
selection (Section 5). We adopted systematic tools whenever possible, with the main goal of
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constructing a framework that assures the reproducibility of the procedure and the results.
We ended up with two concepts: Star Slipper+ and Diamond Slipper+. The former is focused
on entry-range segment and the latest on high-range niche, in a combined strategy that
aims at widen the product portfolio.

Other systematic tools can be used in various steps of the procedure to increase the
quantitativeness of the complete methodology, with one example being Conjoint Anal-
ysis [35]. However, the tools used herein combine i. the quantitative nature to be used
within systematic methods to handle complex problems and ii. the easiness to be adopted
by regular companies and academic institutions.

The final proposed concepts are good candidates to progress to subsequent phases,
namely, i. concept prototyping and testing, ii. detailed specification, iii. robust design,
iv. economic analysis, and v. the manufacturing process design.
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