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Abstract: The development and manufacturing of high-precision micro-mechatronic systems (MMS)
is a challenging task, and the high demand for individualized products complicates the engineering
design process (EDP) in particular. The established EDP for MMS is not designed for individualized
products. This article gives an overview of the challenges (critical factors) in product development
and manufacturing of individualized MMS (iMMS), a novel definition of iMMS, and describes
a new qualitative methodology in order to tailor an EDP based on use cases, so-called “Tailored
EDP-Methodology” (TEDP-Methodology). This TEDP-Methodology allows creating use-case-based
product groups through the abstraction of the use cases and evaluating the requirements, which
is essential to tailor or develop a new EDP. For the development of this new approach, a literature
review and qualitative content analysis are prefaced. The TEDP-Methodology is critically examined
and validated with a real case study for the development and manufacturing of an iMMS. This study
shows critical points within the EDP. It shows fields of action for innovative tools to support the
development process of iMMS and requirements for different product groups within iMMS. This
article has both theoretical and practical implications.

Keywords: engineering design process; micro-mechatronic systems; customization; individualization;
digital manufacturing technologies; use cases

1. Introduction

This section shall highlight the relevance of MMS and/or iMMS and explain its
suitable technologies and the necessity for new methodological approaches for iMMS
(Section 1.1). Following that, the aim of the study is defined. Section 1.2 defines the term
iMMS. Section 1.3 explains the structure of the paper.

1.1. Relevance and Aim

Smart and individualized products have become very popular and are in high de-
mand for various industries [1-3]. Micro-mechatronic systems (MMS) are key enabling
technologies for the development of smart products, such as intelligent telephones, in-
telligent sensors for machines and plants or micro robots. Yet, these only represent a
very small selection of such applications [4]. The European Commission expressed the
importance in a strategy excerpt that MMS are not only essential to digital products and
services, but they also underpin innovation and competitiveness for all major economic
sectors [5,6]. However, the increasing demand for individualization poses great challenges
to the engineering of MMS, as the entire MMS manufacturing process is based on the
concept of large-scale production [7]. The reason for a large-scale production strategy
is that MMS are often components of standardized mass products such as smartphones,
automobiles or computers [4,8]. Now, with the increasing demand for individualization, a
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growing demand can be assumed for the embedding of MMS into individualized products
or individual assembly spaces to make these products smarter or give them additional
functionality. Some examples of individualized MMS (iMMS) can already be shown in
areas of mechanical engineering and medical technology, in which individual components
of MMS are used and needed [9-11]. A typical fabrication technology for iMMS are molded
interconnect devices (MID), also named mechatronic integrated devices, due to their high
potential for functional integration, miniaturization and especially design flexibility [12].
MID are often applied in size-critical applications [13]. To ensure cost-efficient and indi-
vidualized MID production, one approach is to redesign established process chains and
use digital process chains such as additive manufacturing technologies [14]. A digital
process chain can be defined as a manufacturing chain that includes digital manufacturing
technologies (DMT). DMT are characterized by the fact that conventional manufacturing
technologies are combined with digital techniques [15]. However, there are few cases that
emphasize the challenges of developing and producing iMMS with a digital process chain.
So, there is a lack of knowledge about the engineering design process (EDP) within the
context of iMMS. To meet the requirements such as time, cost and quality, development
methods and adapted development processes can help achieve the requirements.

The general relevance of using methods and tools within the development and plan-
ning stage is well known [16]. This could play a greater role for iMMS, as these products
are highly dependent on technologies and need to fulfill various requirements such as
time, cost and quality. Gausemeier et al. [17] also describe the need for new approaches
in product development, in particular for intelligent technical systems, which are always
based on MMS. There is a gap between complexity in product and production on the one
hand and performance of the product development in industrial practice on the other hand.
This gap seems to be widening.

The aim of this study is to develop a case-based methodology that supports the
creation of an EDP for iMMS by identifying needs for product development methods
within the EDP. The research objectives are reached through empirical studies such as
expert interviews and case studies.

1.2. Definition of iMMS

A new definition for iMMS is noted in this section. The term personalization is
considered a synonym for individualization. Koren et al. [18] define mass individualization
as follows: “In the mass-individualization paradigm the customers are involved in the
design process! This is a new challenge of this paradigm. In mass-customization even if
some customers feel as if they are designing their product, the truth is that they are NOT
involved in the design of their products. They are simply selecting an option.” With this
definition, it becomes clear that individualization focuses on customer-related development
activities in order to create a higher added value for customers. In addition, the distinction
from mass production becomes clear by this definition.

In this paper, the term MMS is used as defined by Schwesinger et al. Accordingly, MMS
are very small components that, in the best case, combine sensors, electronic processing of
data and physical action (actuators) [19]. Consequently, an iMMS can be defined as follows:
An iMMS is an MMS that consists of a limited number of components. At least one of them
is unique in terms of geometric shape and/or electrical or mechanical function.

1.3. Structure

Section 1 contains the relevance and motivation of this paper. Section 2 gives a brief
overview of related work in this field and uncovers areas where more research is needed.
Section 3 describes the research design and the development of the TEDP-Methodology. In
Section 4, gained results are overviewed. In Section 5, the results are discussed. The last
section provides a short summary and suggests further research.
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2. Literature Review and Research Question

This section will present, first, an overview of MMS in the context of individualization
and, second, tailoring of the EDP.

Micro-mechatronics deals with the fabrication of integrated, movable microstructures
with electronic components within a 0.1-1000 pm size range [20]. Another field of MMS is
system integration. This means the connection of different MMS components to a complete
intelligent system [21,22], whereby the complete system exceeds the micro range, for
example, intelligent individual implants in medical technology or intelligent connecting
elements in the industrial sector with individualized geometries. The latter is demonstrated
in this article in detail as a real case study. Within the many advantages achieved through
MMS, their main and most important feature lies in miniaturization [21,23]. In order to
meet this purpose and to be able to offer a high degree of freedom when it comes to
designing complex products, MID technology is recommended [24-26]. Furthermore,
MID offers various technological features that go beyond classical printed circuit board
(PCB)-based assemblies. Therefore, this technology should be described in more detail
as follows.

MID are generally defined as injection-molded plastic substrates that contain con-
ductive circuit patterns and integrate both mechanical and electrical functions [12]. In
combination with laser direct structuring (LDS), MID offer the possibility to design electri-
cal and mechanical components on three-dimensional surfaces to increase functionality and
integration levels and to reduce costs. For example, transmission lines, antennas, switches
and connectors can be integrated on carriers such as the covers of mobile phones or the
housings of car wing mirrors [27,28]. In contrast to classically manufactured electronic
assemblies, MID technology enables the functionality of the entire component through
freedom of design [24-26]. MID can be geometrically classified into four categories: 2D
(planar process surface), 2.5D (plane-parallel process surface), n x 2D (process surfaces
in angular position) and 3D (free-form surfaces, ruled surfaces) [12]. Thus, MID technol-
ogy is a suitable technology for iMMS. However, the main and starting process of MID
for manufacturing the 3D substrate is the injection-molding process [12,25]. Due to the
injection-molding process, cost-intensive tools must be manufactured. These costs cannot
be defrayed for small batch sizes, and thus, the use of MID is not economically feasible for
individualized MMS. Consequently, it is worth considering the application of DMT, such
as rapid tooling. There are very few rapid tooling application examples for the production
of MID [29]. This is probably why there is a lack of an EDP within the context of iMMS
based on MID technologies. However, a contextual EDP is an important requirement for
successful project management [30-32].

There are various sources available that discuss the influence of relevant contextual
factors within the EDP. It is generally recognized that there is a need to adapt a process
model such as an EDP to the circumstances of a project or other contextual factors [32-39].
Therefore, several papers that deal with the contextual adaptation of the EDP can be found.
Hollauer and Lindemann give a general overview of existing tailoring approaches [40].
From this overview, one can conclude that the relevant approaches to support process
tailoring are mainly in the field of software engineering. Thus, Hollauer and Lindemann
suggest that a tailoring approach for interdisciplinary engineering design is desirable [40].
In addition, only one tailoring approach could be identified that is based on case studies.
This approach, by Park and Bae, is also specialized for software engineering [41] and uses
the case-based reasoning (CBR) technique to tailor software development projects. A CBR
technique is used to find structural similarities with different characteristics [42]. The study
by Park and Bae combined the CBR technique with process slicing to identify the process
elements that are to be tailored. It consists of the steps used for generating a preliminary
process slice, retrieving the most similar case applicable to the preliminary process slice
and obtaining the final process slice using the retrieved case. However, the proposed
approach is exclusively made for reducing the effort and errors during process tailoring
for a large-sized software process; hence, it is focused on software development projects.
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There are also approaches that deal with modeling or describing the context of specific
development projects by identifying influencing factors, tailoring criteria, or determining
project characteristics, e.g., the study by Preez et al. [43]. All approaches mentioned above
were designed to configure project-specific development processes. Regarding MMS, there
are also adapted EDP such as EDP for MMS [44] or an integrated process modeling and
planning of mechatronic products [45]. However, a generally applicable and rule-based
approach to the adaptation of an EDP has not been given sufficient consideration and the
individualization aspect has not been taken into account so far.

All this leads to the following research question: How can a methodology be devel-
oped to tailor a reference process for engineering design that takes into account case studies
that are methodologically abstracted and contextual factors that are empirically analyzed,
whereby the described methodology can be illustrated by an example of an iMMS? A
further question is: What are specifically the critical points within the EDP for iMMS?

3. Research Design and TEDP-Methodology

The research design of this paper is based on the design research methodology of
Blessing and Chakrabarti, which consists of four stages: research clarification, Descrip-
tive Study I, prescriptive study and Descriptive Study II [46]. Figure 1 shows the used
research tools and the main results for each research stage, which are contained in the
respective sections.

Chapter 1 Chapter 2 Chapter 3 -3.2 Chapter 3.3

et R RS PR RS i B | i R R R S —

i i f H T | f

! Literature review | ! Literature review | j xpectintorves & Qualiove | ] Case study i

i ! i i 4 content analysis of use cases | L !
5 35 5 S

Research
Clarification

Descriptive Study | Prescriptive Study Descriptive Study

« Evaluation with a
case study

¢ Further insights

o Direction for future

research

* Creation of a novel
methodology for
tailoring EDP

* Relevance
* Goals

* Understanding of
the problem

* Research question
* Creating data base

New research questions
Future work

Figure 1. The used design research methodology.

3.1. Approach to Identify iMMS Use Cases

Before one can classify use cases, they must be identified. The user goal technique
(UGT) is suitable for this purpose [47]. The UGT enables the identification of use cases
through a series of specific questions to the (potential) user that identify the tasks that users
would like to accomplish with the help of a system. This technique is typically used in
interviews when gathering requirements from users. In the scope of this paper, qualitative
interviews were conducted following the UGT. Instead of specific questions, requests
were made to create possible use cases. Before that, the corresponding technologies and
examples of IMMS were explained. This also allowed participants who were not specialized
in MMS to create a use case.

Participants were 17 experts, including scientists, product managers and general
managers, from different areas of industry and research. This composition was chosen to
represent the widest possible range of use cases, as iMMS are conceivable for all possible
use cases and represent an interdisciplinary domain. Each interview lasted about 30 to
50 min. The interview included the following steps:
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1.  Welcoming the interviewee and introducing the underlying definition of iMMS.

2. Presentation of some examples of iMMS, which were manufactured with the help of
MID technologies and additive manufacturing technologies.

3. Participants write or explain a detailed use case for their area under consideration of
the above-mentioned points (1 and 2).

4.  Participants explain or write the goals and requirements of their created use cases.

With the conducted expert interviews, four new use cases and four of the most
important requirements for the development and manufacturing of iMMS can be analyzed.
Another two use cases were already known, as these two use cases were carried out by our
research institute in co-operation with the industry. In order to cover more use cases and
eventually derive new product groups, these two existing use cases were also integrated.
Consequently, six use cases were collected (see Table 1), and these can be used for the
methodology. To ensure that all information from interviewees was considered and to
avoid an increase in complexity for the interviewers when explaining a use case, use
case diagrams such as the unified modeling language (UML) were not used. In addition,
the UML cannot specify interaction requirements where the system should initiate an
interaction between the system and an external actor [48]. However, this aspect could be of
great importance for the later creation of an EDP. Therefore, the collected use cases were in
a large unstructured text file and did not have a predefined format. To overcome this issue,
qualitative content analysis was applied.

Table 1. Paraphrased use cases.

Number of Paraphrased Use Cases Paraphrased Use Case

PUC1

Earmold with micro-electronics for permanent, non-invasive blood pressure
measurement at the ear. Therefore, it must be biocompatible and comply with Directive
90/385/EEC with risk class Ila. This is helpful for stress-free long-term measurements
of blood pressure and, thus, represents an enormous advance for the diagnosis and
therapy of patients with cardiovascular diseases.

PUC 2

Monitoring and modernization of special-purpose machines for testing and measuring
of gears by using sensors. There are many disturbance variables such as vibration and
dust. High accuracy and reliability are required for the optical sensor to identify cracks
in the tooth flanks.

PUC 3

Detection of temperature, humidity or light irradiation with direction-related sensor
information. Individual room situations can be optimally detected via an individualized
sensor carrier.

PUC4

Slope measurement for special shipping containers with highly sensitive goods, as well
as real-time monitoring of CO,, oxygen concentration and humidity in the container.

PUCS5

Voltage and energy measurement of a test vehicle in pre-series development. The
sensors must withstand many disturbances such as vibrations and temperature
differences at the engine or at the high-voltage battery. At the same time, the sensor
module should be as small as possible, since the free space on the car’s power unit is
very limited.

PUC6

Temperature and humidity measurements with a smart M8 connector that is based on
the industry standard. This connector should be installed exactly where it is needed.
The data are sent to a mobile device via a standard Bluetooth module. The connector
should have enough features to be usable by early customers and will later go into mass
production.

3.2. Categorization of the Use Cases with Their Requirements

The outcomes of the expert interviews are categorized in this section, and the addi-
tional collected requirements are considered in the categorization. Qualitative content
analysis with inductive category development, according to Mayring, is appropriate to cat-
egorize expert interviews and is used for this purpose [49,50]. The main goal of qualitative
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content analysis is to reduce the extensive text material to a manageable size while ensuring
that important information is not overlooked [50]. The inductive category development
in this paper contains five steps that are inspired by Mayring’s approach. The first step
is the clarification and definition of the research question that was created in Section 1
by using the literature review. The second step determines which content needs to be
categorized. This step was conducted in the previous section. The third step paraphrases
essential text parts. For this, paraphrasing rules must be determined. According to these
rules, evaluative utterances and redundant terms are eliminated and only substantive
understanding of the terms is considered. The paraphrased use cases (PUC) are shown in
the following.

The fourth step is the reduction and abstraction of the paraphrased texts. To conduct
this, abstraction rules are necessary. Mayring mentions that there is not a standard pro-
cedure for this step [50]. Therefore, in this step new approaches are integrated. For the
abstraction, approaches from the discipline of cognitive linguistics will be used. Class
inclusion is one of these approaches and defines that objects can be classified into two
or more categories at the same time [51]. This means that features of subordinates are
included in its superordinate. Thus, class inclusion is a structural principle for categoriza-
tion. It, thus, implies that the superordinate and its abstract entities include subordinates
and its specific entities. In order to obtain a higher level of superordination, the PUC
will be superordinated through determined attributes (Figure 2). This raises the question
of which attributes can be used for superordination. As these are use cases, the typical
characteristics of a use case should be applied. These characteristics can be derived from
the general definition of a use case. Jacobson is known as the inventor of use cases and use
case modeling. He defines a use case as a set of ways to use a system to achieve a particular
goal for a particular user. Taken together, the set of all use cases is a combination of all the
useful ways to use the system and illustrate the value it will provide [52,53]. Within this
definition, a use case can also be interpreted as a sequence of interactions between one or
more actors and a specific system that results in an assessable outcome of value to one or
more stakeholders. From this, three attributes can be selected from a use case, namely, a
“sequence of interaction”, “actors” and a “system”. If these attributes are applied in the
analyzed use cases of iIMMS, three specific attributes are derived for the superordination
and the categorization of the use cases of iMMS. These are:

- “Area of application” through the derivation of “actors”;
- “Function” by deriving “sequence of interactions”;
- “Product” by deriving “systems”.

= o

Patient (Actor) (System) Company (Actor)
(;) Earmold with C;'

microelectronics

\

Satisfaction of needs v Creation of value

— Value

Figure 2. Derivation of specific attributes to categorize the use cases of iMMS. These are “area of

"o

application”, “product” and “function”.
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This derivation of the three special attributes is illustrated in simplified form by using
PUC 1 as an example (see Figure 2).

By doing this, it is possible to systematically conduct the reduction and abstraction of
the PUC. Table 2 shows the reduction and abstraction process.

Table 2. Qualitative content analysis of the PUC with the derived attributes—area of application, product and functions—
with one example in Line 2.

Paraphrased Use Cases Reduction 1 Reduction 2

Abstraction Level

Abstraction of PUC based on the derived  Abstraction of Reduction 1 based on the

PUCX attributes. derived attributes.

Earmold with micro-electronics for

permanent, non-invasive blood pressure

measurement at the ear. Therefore, it o

must be biocompatible and comply with - Medical industry

Directive 90/385/EEC with risk class ITa.  Customized and functionalized orthoses - H.ighly individualized products
This is helpful for stress-free long-term on a high-risk patient to measure vitality. with MMS

measurements of blood pressure and, - Measuring on the human body

thus, represents an enormous advance for
the diagnosis and therapy of patients
with cardiovascular diseases.

Table 2 shows both a maximum necessary detailed view by the PUC and an abstracted
view by Reduction 2 that establishes a basis to categorize the collected use cases. This
presented approach allows collecting and allocating requirements to the respective use
cases. Product and manufacturing requirements are among the most important influencing
variables for the EDP, which are, therefore, among the most important criteria for creating
or tailoring an EDP [54-57]. Through the conducted expert interview in Section 2, require-
ments and their importance were also surveyed. Accordingly, in the last and fifth step, the
assessed requirements should be integrated into the reduction process. By doing this, a
categorization of iMMS based on use cases in order to review and tailor pre-existing EDP,
will be ensured.

The main requirements for iMMS are specified in the following:

Production time;
Reliability;
Costs;

Batch size.

In order to ensure objectivity in the evaluation of the requirements and to avoid a
central tendency error, a list with an explanation of the levels was created. This list is
shown in Table 3.

Table 3. Explanation of the assessment and list of the general requirements.

List of the Main Requirements for iMMS Explanation of the Assessment

Relevance of production time (pt) High < 3 months, medium = 4-6 months, low = 7-12 months

High = harm to people, medium= high financial damage of property,

Relevance of reliability (r) low = minor damage of property

Low = Costs of the MMS are a lot higher than the final product,
Relevance of costs (c) medium = Costs of the MMS are more or less the same as the final
product, high = Costs of the MMS are a lot less than the final product

Planned batch sizes (bs) Low = 1-20 pc., medium = 21-500 pc., high > 500 pc.
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With the steps shown above, characteristic product groups for iMMS can be created.
Consequently, the EDP can be adapted and tailored to the created product groups. So, the
methodology can be defined as follow: Qualitative content analysis + Assessments of the
requirement = Product groups (see Table 3).

Figure 3 shows the logical approach of the methodology. With this, product groups
are characterized and can be traced back quickly and easily. These are, for example, that
the costs and the batch size play an eminent role for this product group. The characteristics
of the analyzed product groups are important influencing factors for the EDP. Therefore, it
is important to create product groups for production processes and for tailoring of an EDP.

i I 3 ; Product
Inductive qualitative content analysis + Assessed requirements # groups

Paraphrased use cases Reduction 1 Reduction 2 Assessment of the Categorization
requirements
r c b

Abstraction level  pt s Product groups
Area of application m Ful

. . . . Product group x (=
O O O Combination x)
e & | &

Production time [pt] Reliability [r] cost [c] Batch size [bs] . = High O = Medium O =Llow

Figure 3. Short excerpt of the inductive categorization of use cases with requirements to create product groups (methodology).

3.3. Real Case Study

In order to find a suitable reference process for iMMS from the variety of available
reference processes for product development, which then can be adapted more precisely to
the respective analyzed iMMS product groups, a real case study is presented in this section.
Additionally, this case study validates the conducted methodology in Section 3.2.

Case studies constitute an appropriate empirical investigation for decision prob-
lems [58,59]. It is, therefore, intended to conduct a case study for decision making in order
to find suitable reference processes. Section 1 shows that MID and DMT are appropriate for
the manufacturing of iMMS. Therefore, these technologies are considered and in use. These
technologies enabled manufacturing an iMMS according to the definition in Section 1, as
illustrated in Figure 4.

Standard component
Temperatur and humidity sensor

Individualized component 4
Plastic circuit carrier

N

e
Individualized component
Conducting path

Standard component
Bluetooth wireless module

Figure 4. Smart connector as iMMS.
In this case study, PUC 6 is considered because, in this use case, the product is very

complex and requires several manufacturing technologies. The complexity of this product
is confirmed by the fact that there are very few soft tooling applications that include
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undercuts. The soft tooling consists of four components, which are injection mold, ejector
mold and two different slides (see Figure 5).

(d) (c) (b) (a)

Figure 5. Overview of the soft tooling components that are printed with digital light processing
(DLP): (a) ejector mold; (b) cavity; (c) injection mold; (d) slides M18 and M14.

The project was carried out in co-operation with a company that develops and dis-
tributes high-quality connectors worldwide. The goal is to develop and produce an
intelligent electrical connector with contacts on the input side and a substrate that was
customer-specifically and individually developed. The idea and aim are to produce rapidly
for early customers who can then provide feedback for serial production. In order to be
able to validate the feasibility of series production at an early stage, it makes sense not
to print the component directly (rapid prototyping or direct manufacturing) but to use
an additively manufactured tool insert (soft tooling). That way, the injection-molding
process can be validated, and failure costs in the subsequent production of steel tools can
be avoided (see Figure 6).

Figure 6. In-process injection molding with soft tooling with slides.

Before establishing the EDP for new products, it is important to obtain market insights
regarding customer demands. The co-operating company found out, from its own market
analysis, that real-time monitoring of physical variables is more and more important
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for customers. Beyond this market analysis, Section 1 underlines the relevance of smart
systems. After ensuring the demand, the development process starts. The EDP started with
the idea stage, which was supported by brainstorming and design thinking techniques.
After the idea stage, the project leaders who know the customer and market requirements
defined specific requirements. These two stages were conducted with employees from
the middle and senior management. This took about five working days. The next step
consisted of the system design also called “conceptualization” or “cross-domain solution
concept”. In this step, for the first time, the involvement of all disciplines (micro-electronics,
micro-mechanics, informatics) is required. As there were adaptations and suggestions
from each domain, primary ideas and requirements had to be adapted. This caused high
costs and time delays already at early stages. Most of the adjustments and suggestions
were made in order to manufacture more reliably and efficiently. It was obvious that the
suggested alternative solutions from each department were more economical and efficient
and still met the requirements. The next step was domain-specific design and modeling.
At this stage, the developer carried out detailed work, mostly focusing on each domain
separately. The next step was system integration, which means that the outcomes from the
different domains were integrated into an overall system. In this step, one challenge was
to work with 2D design tools as well as with 3D design tools, as fully matured 3D design
software solutions do not exist yet [60]. Therefore, different software solutions had to be
applied, which complicated the integration of the assemblies from different disciplines.
This means that in this project, Creo, AutoCAD and Eagle were used separately. Figure 7
gives an overview of these steps.

Design process

= Market analysis = Brainstorming/ = Requirements list = Expert = Expert
Design Thinking and checklist knowledge knowledge
according to = ECAD and = MCAD
Pahl/Beitz MCAD

Loops because of alternative
solutions and suggestions

L
Middle and senior management -~ Cross-domain collaboration

Figure 7. Overview of the design process for PUC 6 with the used methods and participants.

From this phase, the manufacturing process starts. Figure 8 shows the manufacturing
process chain with the related technologies. Injection molding is marked because it is
only used for certain use cases such as PUC 6. Some correction loops were also carried
out during the manufacturing process. The reasons for these correction loops were the
individuality and complexity of the component and the missing empirical values for the
machine parameters with soft tooling, which is why defective components were also
produced. The assembly was carried out manually due to the small batch size. An
automated assembly would have also been possible but the planning for this automation
process would have cost more time than the manual implementation. After these steps,
reliability analysis was completed based on the defined requirements. Thereby, no bugs and
defects were found. Simultaneously, the framework for the Bluetooth radio module was
coded with the emBitz development environment, and the arm cortex m0 architecture was
used. A universal Windows application was used for the implementation. The software
implementation took about two working days. The installation of the software into the
smart connector took 1 h, testing included.
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Figure 8. Implemented digital manufacturing process chain for iMMS.

The whole development phase took about nine working days, and on average, six
employees were needed. The manufacturing phase required six working days with five
employees. Figure 9 shows the final product used as the minimum valuable product (MVP)
for the co-operating company.

Figure 9. Final product in which the iMMS is integrated.

4. Implementation and Results

This section implements the methodology presented in Section 3 and summarizes the
findings. In Section 3, the novel TEDP-Methodology was created with the aim and focus to
categorize the use cases into product groups. For this purpose, various approaches were
used. The implementation of the TEDP-Methodology is shown in Figure 10.
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Figure 10. Inductive categorization of all analyzed iMMS use cases under consideration of requirements to create product

groups.

The results in this section provide the fundamentals for a use-case-based EDP in the
engineering area of MMS. They show that there are use cases for IMMS. Consequently, the
trends and the relevance mentioned in Section 1 are also confirmed. The results also show
that iMMS can be used for different branches of industry. Further results from Section 3.2
are the definition of the requirements for iMMS. This was shown in Table 3.

From these results, it is clear that the importance of the requirements strongly depends
on the individual use case, although it is always based on iMMS. This is the reason why
each use case has to be attributed to a different product group, and no group of use cases
within the same product group has emerged from this study. The tailoring of an EDP
for iMMS is more difficult due to the diversity of product groups, as this would require
tailoring a separate EDP for each product group. In order to create a general EDP for all
iMMS, it is sensible to give all requirements a high weighting. Then, this would be the
most demanding case. That means that the requirements “production time”, “reliability”
and “costs” can be ranked as having the highest relevance. For the requirement “batch
size”, it is sensible to set both high and low, as both strategies can require high engineering
demands. By using this approach, a fictitious product group is used to create an EDP and
this EDP meets all requirements. Another approach is to prioritize the evaluation that
emerged from this study. By doing so, it becomes clear that costs and reliability would need
the highest priorities. In summary, this new methodology provides an overview of the
diverse characteristics of product groups. These characteristics are important influencing
factors for the design process and, therefore, helpful when a design process is newly created
or tailored.

In Section 3.3, a use case for iMMS was implemented, and the design and manufac-
turing process was observed. The goal was to test and confirm the manufacturability of
complex iMMS with DMT and to find a reference process that is similar to the conducted
design process. The gained insights and results of the case study are as follows:

1.  The implemented design process for the smart connector is similar to V-Model-
Guideline 2206 for mechatronic systems of the German Association of Engineers
(VDI) but not transferable without modification [61].

2. The development and manufacturing of iMMS with digital technologies in a short
time (approx. 15 working days) are possible.

3. Inboth the design process and the manufacturing process, cost-intensive revision
loops had to be executed.
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4. There is a need for methodological support within the design process, especially in
the area of manufacturability, reliability and CAD software tools.

5. Expert knowledge plays a very important role in the effective development and
production of iMMS.

Based on the first result, it can be assumed that the V-model is the basis for tailoring
and creating a new EDP for iMMS. Nevertheless, VDI 2206 cannot be transferred one by
one, as gaps have been identified. Additionally, a model as abstract as VDI 2206 cannot
meet the specific requirements of the iMMS. For example, there is no reference to cross-
domain work during the planning and defining of requirements. Furthermore, in the VDI
2206 guideline, corrections and verifications are only carried out during system integration,
although this can already be important during the definition of requirements. Furthermore,
the commonly existing design processes always assume that prototypes are manufactured.
However, for individualized products and especially for iMMS, this is more cost-intensive
and time-consuming than for mass products. This reinforces the need for a tailored EDP.
Further results show deficiencies and optimization potential within the design process.
These results provide new reference points in further research, especially for the area of
design engineering.

5. Discussion

From the literature review, it was shown that the combination of the two technologies,
MID and rapid manufacturing, is a promising approach for the manufacturing of iMMS.
However, there is a lack of development processes and tools that would ensure support for
the development of iMMS. Furthermore, it could be shown from the literature review that
there is also a lack of a systematic approach to context-specific tailoring based on use cases.
Based on this literature analysis, a new approach could be examined and developed.

The findings show that the rule-of-ten cost curve concerns iMMS in particular. Hence,
there is a reason to believe that the cost curve is even steeper. It is, therefore, even more
important to apply product development methods for iMMS. Past findings show that the
development of iMMS requires specialized knowledge. Hence, the use of an engineering
tool in the context of iMMS can be of great help in that process. In the following, the
research questions (RQ) presented in Section 2 shall be discussed:

(1)  “How can a methodology be developed to tailor a reference process for engineering
design that takes into account case studies that are methodologically abstracted and
where contextual factors are empirically analyzed?”

(2) “What are specifically the critical points within the EDP for iMMS?”

RQ 1: By asking experts and users for possible use cases and requirements and using
Mayring’s qualitative content analysis, a new tool to tailor EDP can be developed. This
method will make it possible to create product groups based on user cases. These product
groups can then be used to build/create an EDP. The product groups consist of contextual
factors that are essential and crucial for a new EDP. As a result, this method proves to be
useful for an EDP that aims to develop new (types of) products. Yet, there are weaknesses
of the method, which shall be mentioned. One of them is the risk of neglecting important
contextual factors due to the abstraction process. Furthermore, it can be challenging to find
and interview experts. Additionally, while interviewing experts to develop potential use
cases, it is important to determine which of the technologies have to be considered. In this
study, MID technologies were considered in combination with DMT, resulting in use cases
that came into being by the previously mentioned technology, and therefore, it could be
not suitable for all iMMS.

RQ 2: Some critical factors regarding RQ 2 were found. The testing of iMMS requires
a great deal of extra effort, and thus, a normal “design freeze” cannot be accomplished
and consequently should not be included in the available EDP. To make matters worse,
customers expect fast processing and high reliability from individualized products. In
order to develop products quickly and reliably, product development methods, such as the
design for manufacturing, are more important than ever. However, the application of such
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methods can be time-consuming. Therefore, it is worthwhile to define secured tolerance
spaces that have already been tested before an order is placed. An example would be the
available pre-knowledge about the maximum and minimum size a person can be in order
to produce orthoses.

Limitations

This study provides an operational method and shows that it is sensible for iMMS
to create a new EDP that also prescribes the necessary product development methods. In
addition to its findings, the present study, however, has limitations, which must be taken
into account when interpreting the results. Such limitations are:

e Based on the literature analysis, only MID technology and DMT were considered in
the survey and during the creation of the use cases.

e  The requirements for iMMS and the explanations of the requirements were defined
and determined through 17 experts. With a larger population of experts, it is probable
that additional requirements need to be identified.

e Even though the use case with the most effort has been conducted through a real
case study, not all collected use cases could be conducted and, therefore, could not
be validated.

e  Detailed use cases were considered in this work, but use cases are often presented in a
short and simple way. Thus, collecting detailed use cases remains a challenge.

6. Conclusions and Further Work

This work had the primary goal to systematically provide a solid groundwork based
on use cases in order to establish a reference process for the development of iMMS. For
this purpose, needs, critical points and existing approaches were identified, and a new
approach was presented. Before that, the relevance of the work was shown, and definitions
of the terms “mass customization” and “individualization” were collected. Subsequently,
a new definition of the term iMMS was created. Due to the technology dependency of
MMS, a technological framework for the manufacturing of iMMS was also established
in Section 1 through previous work and a detailed literature review. These are MID
technologies in combination with DMT. Based on these technologies, use cases for iMMS
were created and collected through expert interviews. After creating a repertoire of use
cases, a novel methodology to abstract use cases in product groups was developed that
is based on qualitative content analysis. Then, the requirements for each use case were
defined and evaluated with the experts. The abstraction of the use cases was an easement
for defining requirements. Consequently, product groups were formed for the respective
use cases, which have both the most important development activities gained through the
qualitative content analysis and weighted requirements. Thus, the novel methodology
allows a qualitative assignment of properties and characteristics to product groups with
their weighted requirements. Finally, a real case study was conducted to analyze and
confirm the manufacturability with MID technologies and DMT and to find suitable
reference processes that can be later tailored to iMMS. Furthermore, the case study revealed
weaknesses and gaps within the design process for iMMS. This case study also shows the
integration of automated slides into soft tooling that is fabricated from the same material
as the soft tooling and operated by the clamping forces of the injection-molding machine.
This production process is also a novelty [29] and has not been investigated in the context
of EDP. It is especially the necessary correction loops that have to be executed due to the
individuality of the products, which is the main challenge in the development of iMMS.
On top of that, digital technologies, such as additive manufacturing, must be used for
the production of individualized products. Such technologies are new. Hence, very few
empirical values are available. With the gained insights from this work, new research
questions can be derived. One of these could be: Which product development methods
can help reduce correction loops within the development and manufacturing of iMMS?
This enables creating a novel EDP with the supported methods. Nonetheless, the defined
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requirements can expand and change as more use cases are collected. In the context of this
work, it also became clear that valuable knowledge was gained through real case studies.
A recommendation to identify further critical points of the design processes for iMMS is to
implement and observe further real case studies.
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Abbreviations

CAD  Computer-aided design

CBR Case-based reasoning

DMT  Digital manufacturing technologies
EDP Engineering design process

iMMS  Individualized micro-mechatronic system(s)
LDS Laser direct structuring

MID Molded interconnect device(s)

MVP  Minimum valuable product

PUC Paraphrased use case(s)

RQ Research question

TEDP  Tailoring engineering design process
UGT  User goal technique

UML  Unified modeling language

VDI German Association of Engineers
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