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INTRODUCTION

An efficient NPD process and implementation are crucial for creation of competitive
advantage for each company. Currently many advanced functionalities of new complex
products are achieved through the integration of new hardware solutions and software.
In last few years the influence of information technologies on the product functionality
has increased dramatically. Due to this fact, companies are looking more often for
methods and tools enabling design and implementation of new products in a more
effective way, taking into account needs appearing through product design process.
One such approach is MBSE. It allows for a significant increase of work effectiveness
over the entire product lifecycle, especially at the new product design and testing
phases, as well as support in the product utilisation and service phases. Such an
approach requires the development of a number of models, frequently dedicated
to a specific product/system. The designed model is always a simplified version of the
target product but it allows wider and multiple testing.

Introduction of MBSE in the business practice of enterprises requires the development
of advanced design support tools as well as entire design support platforms. This is a
process of strategic significance. MBSE affects not only a way of designing new
products, but also organization of the design process itself and the organizational
structure of enterprise. Implementing MBSE in an enterprise can bring significant
positive effects but without appropriate organisational changes of the process itself, it
can perpetuate inappropriate habits and thereby fail to achieve the planned results. The
use of lean techniques at the stage of planning changes at the enterprise as well as in
the products being developed may help to minimise the risk of not attaining the foreseen
results of implementing MBSE process in NPD.

The paper starts with a short description of the process of developing new products and
the systems engineering used in developing new technologically advanced products.
The subsequent section is a general discussion of MBSE. It is followed by a description
of assumptions of lean with special emphasis on lean NPD. The main portion of the
paper contains a review of the literature on the topic and an integrated MBSE and lean
approach to NPD processes. The final portion presents conclusions, possible directions
of future research and the bibliography.
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NPD PROCESS FOR TECHNOLOGICALLY ADVANCED PRODUCT

DEVELOPMENT

Launching a new product on the market is critical for the competitiveness of the

company. The generic new product development process consists of the several

stages (Ulrich, Eppinger, 2012):

— Planning, which includes assessment of market needs and product opportunity
potential. This stage also includes product planning and definition of ways to meet
market needs.

— Concept development, including definition of stakeholders’ needs and the
functional specification of the product. This stage involves initial concept
development, selection and testing, as well as initial product development.

— System-level design, during which work on system specification is concluded. The
stage includes decomposition of the system requirements into
component/subsystem requirements. In addition, the requirements for the
product’s internal and external interfaces are defined, as well as are the initial
production technology assumptions.

— Detail design, during which the product components are developed and the product
integration process begins.

— Testing and refinement, during which the components are integrated into systems
and product itself are tested. This stage also includes improvements of selected
elements and the entire product.

— Production ramp-up, during which the production technology as well as production
standards are developed and tested.

NPD is not a linear process, it includes many feedback loops and certain tasks may
be carried out in parallel. The duration of individual stages depends on the specific
product being developed, the development personnel’s experience and the availability
of resources. For an enterprise developing new products, NPD is one of the most
complicated processes. A contribution to new product development is made not just
by employees of research and development departments but also those representing
sales logistics, production and others. For this reason, not only technical and
technological issues but also management, including communication between
teams/persons involved in the project implementation, should be taken into account
in the implementation of such undertakings. Additionally, process designers should
take whole lifecycle of the designed product into account already at the start of NPD.
Technologically advanced and complex products are designed and implemented with
the use of the systems engineering approach, especially in the Planning-Testing and
refinement of the NPD process stage. The process of applying systems engineering
can be presented with the so-called V model, presented in Fig. 1., which assumes
that all the identified requirements must be reflected in the final product — they are
verified at individual design stages, and the finished product is validated. The
requirements for the entire product are defined first and then decomposed into lower-
order requirements relating to individual subsystems and into requirements relating to
subsystem interfaces.
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Source: (based on Forsberg et al., 2005).

Definition of requirements is accompanied by a specification of the means of the
verification and validation of the target products. The functional range of the product
and its individual components as well as the proposed product architecture are
defined in parallel with requirement determination. Of special significance in
technologically advanced products is — in addition to the integration of individual
elements of the designed product — the joint operation of different technologies,
frequently based on different areas of technical knowledge.

The essence of the expanded V model can be characterised based on the example
of brake system design in cars. To put it very simply, the modern car brake system is
controlled electronically. Writing the software that controls the whole system requires
knowledge of programming, and specifically programming embedded systems. The
software is installed on specially designed PCBs — Printed Circuit Boards. Designing
such a board requires appropriate knowledge on electronic circuit functioning. The
most important element of a brake system are mechanical-hydraulic devices that use
a set of sensors to receive and transmit signals (commands and information on the
state/position of selected elements) to the circuit board. Designing a mechanical-
hydraulic device requires appropriate knowledge of mechanics and fluid mechanics.
The operation of the entire system depends not only on the correct operation of its
individual components but also on the correct design of the interfaces between the
elements, which requires interdisciplinary technical knowledge. For this reason,
research and development results at each stage of the V-model must be
compared/verified with the results of work in other technology domains.

MBSE

The International Council on Systems Engineering (INCOSE) defines MBSE as a
formalized application of modelling to support system requirements, design, analysis,
verification and validation activities beginning in the conceptual design phase and
continuing throughout development and later life cycle phases (INCOSE, 2007).

The use of systems engineering in new product development significantly reduces the
occurrence of technical errors and the risk of the product not meeting the
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stakeholders’, and especially customers’, requirements. On the other hand, however,
performance of a project in line with the systems engineering approach may require
the preparation of many separate documents, frequently describing only a specific
aspect of the product, e.g. the architecture or requirements, thus making the
description incomplete. For this reason, documentation developed as part of
traditional systems engineering often requires verification in terms of the integrity and
consistency of individual documents. The development of software tools assisting the
product development process has allowed for the use of models located in one
repository. This single model is assumed to take into account all the key product
development perspectives as well as all the product lifecycle stages. The MBSE
concept is presented in the figure below (Fig. 2).

Science

Assemblies

Future: Shared system model
with multiple views, and
connected to discipline models

Today: Standalone
models related through
documents

Fig. 2 Transformation from current practice -Traditional SE to future practice —- MBSE
Source: (Fosse, 2014).

The MBSE approach is used mainly in the design of large IT systems but with the
development of tools for modeling all types of physical phenomena it is now possible
to design and verify even very complex products based on many different
technologies.

When using MBSE models, IT systems are usually described using SysML. The
language enables describing models based on the 9 types of diagrams with red
borders (Fig. 3): behavior, requirements, parametric, structure.
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Fig. 3 Types of SysML diagrams
Source: (Fridenthal et al., 2012).
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It must be emphasised that MBSE is undergoing constant development. A broader
application of this approach depends on development of modelling tools which allow
new product modelling and design taking into account different perspectives. It is
crucial to implement interfaces between different tools especially if the model includes
different perspectives. Another important factor with an impact on the model’s
development is development of SysML so as to make possible its use to develop very
complex models covering multiple technology domains.

LEAN-BASED APPROACH
Lean management has had a large impact not only on the organisation of production
but also on other enterprise functions. Lean originated from the Toyota Production
System, the main assumptions of which were presented by T. Ohno (Ohno, 1988).
Lean was seen as the main reason for Japanese automotive manufacturers’
advantage over their American competitors (Womack et al., 1990). It was soon
realised that introducing lean only in production processes without extending it to the
enterprise’s other functional areas not only may not bring the desired effects but may
sometimes also hamper the introduction of lean in manufacturing. This applies
particularly to new product development, i.e. when a product is developed without
taking production process organisation into account, the manufacturing may turn out
to be more costly that originally assumed. This is why subsequent work focused on
using lean management in other functional areas of the enterprise, including the office
functions (finance, HR) and logistics. The next step was to apply lean in different
industries, not in the area of production but services, such as banking, health care
and education.

The first attempts to implement lean in product development processes were

conducted in the early 2000s. These activities fell both into the general and

comprehensive categories (Ward, 2007, Morgan, Liker, 2007) and focused on
selected tools, e.g. value stream mapping and management in new product
development (Oppenheim, 2004) or identification and elimination of waste (Oehmen,

Rebentisch, 2010). Later, papers were published on the use of Lean in the

development of technologically advanced products (Oehmen, 2012, Oppenheim,

2011).

The structure of the NPD processes should be based on the following principles

(Oppenheim, 2011):

— Value, meaning all activities should generate value.

— Value Stream, according to which value is generated as a result of processes.
Identification of sources of waste within processes — areas that do not generate
added value — and their elimination, thereby improving the process and the quality
of the outcomes (products) of the process.

— Flow, meaning ensuring the constant flow (of information, materials) in the process
without unnecessary stoppages, slowdowns, interruptions or delays.

— Pull, meaning that information is produced at the appropriate time, in the correct
amount and quality corresponding to external or internal clients’ requirements (next
process, activity).

— Perfection, meaning that constant improvement methods should be used, aiming
at performance of all activities in accordance with the customer’s expectations
(with the possible exception of planned testing).
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— Respect People, meaning that an organisation should promote interpersonal
relations that motivate workers to achieve the best objectives based on teamwork,
trust, helping, and involvement in the work performed including organisational
improvement.

— All actions related to Lean within NPD processes should focus on identification and
elimination of all types of waste presented in Table 1.

Table 1
Types of waste in NPD processes
Overproduction Creating more information than the next process needs
“Reinventing the wheel”
Waiting Waiting for information/decisions
Information or decisions waiting for further processing
Wrong process Performing unnecessary activities/tasks
Transportation Unnecessary flow of information
Motion Unnecessary actions in the performance of tasks
Inventory Collecting information which is not subsequently used
Reworks Quality management based on control and not preventing the occurrence of
errors

Source: Based on (Oehmen, Rebentisch, 2010).

Effective identification and elimination of waste has an especially significant impact
with respect to principles 2 and 3. It should also be emphasised that the
implementation of Lean should be considered in two dimensions:

— Engineering work, i.e. what has been developed;

— NPD process organisation and management, i.e. how the product was developed.

AN INTEGRATIVE APPROACH MBSE AND LEAN FOR NPD

Since, as mentioned above, the products that are designed and offered on the market
are becoming more and more complex, developers have to make use of more efficient
techniques. MBSE is an area of knowledge that is developing constantly, especially
with the ever-larger use of software in products. Lean management has proved itself
in production process improvement as well as in other areas, e.g. the NPD process.

Literature review

The literature review consisted of a query both of MBSE & Lean topics in scientific
databases (ScienceDirect Journals, Elsevier, SciTech Premium Collection,
Technology Collection, Materials Science & Engineering Database) which identified
only 38 items, of which 22 were in scientific journals. Closer analysis showed that only
15 publications related to the NPD process but these publications did not focus
directly on the management issues of NPD processes. The results of the review are
presented in the table (2) below.

All the identified publications are relatively new, with the oldest being from 2012
(Pineda et al., 2012). The majority of the publications describe examples of new
product development or implementation. Three publications were overviews. The
products which the publications concern involve both physical elements and software.
The analysis of the review results took into account the phase of the project and the
type of work on which the publication focused.
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Table 2
Results of literature review
Publications’ area of interest Publication
Product development process focused (Shafiee et al., 2017)

on software development
Product development process focused (Esridge et al., 2016, Haghighatkhah et al., 2017, Li,
on software and hardware Lockett, 2017, Marseu et al., 2016, Pineda et al.,
2012, Rodic, 2017, Siedlak et al., 2018, Silventoinen
et al,, 2014, Sporer, Brenner, 2016)

Product development process focused (Welo et al., 2013)
primarily on hardware
Organization management (Esridge et al., 2016, Marseu et al., 2016, Rodic,
2017, Ulonska , Welo, 2013)
Review papers (Chen, 2016, Esridge et al., 2016, Haghighatkhah et
al., 2017)
NPD process
Planning phase/Concept development (Pineda et al., 2012, Rodic, 2017, Shafiee et al.,
phase 2017)
Design & Testing (Li, Lockett, 2017, Shafiee et all, 2017, Siedlak et
all, 2018, Sporer, Brenner, 2016, Ulonska , Welo,
2013)
Production (Li, Lockett, 2017, Marseu et al., 2016, Siedlak et
al., 2018, Ulonska , Welo, 2013)
Whole process (Chen, 2016, Haghighatkhah et al., 2017,

Silventoinen et al., 2014, Welo et al., 2013)
Type of design activity

Requirement identification (Pineda et al., 2012, Shafiee et al., 2017, Sporer,
Brenner, 2016)
Verification & validation (Shafiee et al., 2017, Sporer, Brenner, 2016,
Ulonska, Welo, 2013)
Architecture management (Li, Lockett, 2017, Marseu et al., 2016, Shafiee et
al., 2017, Sporer, Brenner, 2016)
Design (Li, Lockett, 2017, Shafiee et al., 2017, Siedlak et

al., 2018, Sporer, Brenner, 2016)
Integration/Implementation (production) (Li, Lockett, 2017, Marseu et al., 2016, Rodic, 2017,
Siedlak et al., 2018)

All type of activities (Chen, 2016, Haghighatkhah et al., 2017,
Silventoinen et al., 2014, Welo et al., 2013)

Description of an integrative approach

NPD based on models significantly changes the approach to new product design.
MBSE is particularly effective in designing products with a high saturation with
software. This is partially due to the high availability of commercial and freeware
modelling tools. However, the highest benefits of MBSE-based design can be
achieved in constructing a complex model of the target product. The development of
such a model requires effective communication between its individual elements.

The use of MBSE is justified at the concept development stage. A well-constructed
model allows for verification of the product concept, including performance of initial
analyses, e.g. using the Finite Element Method (FEM), and other types of simulations
related to the functionality of the product being designed. The use of models enables
the creation of a uniform communication platform for the individual teams involved in
the new product design and implementation process.

Implementing MBSE together with Lean will allow the team to achieve additional
effects.

Focusing on models instead of preparing all kinds of documentation describing the
model is in line with the Lean approach since it is an attempt to eliminate the activities



432 Multidisciplinary Aspects of Production Engineering — MAPE vol. 2. iss. 1, 2019

that do not generate value — preparing and transmitting documentation.

The use of lean techniques and tools can be started already at the NPD process
analysis stage in the organisation, e.g. by using value stream mapping. There are
currently a number of process mapping methods which can be used in mapping the
new product development process, e.g. BPMN (Business Process Modelling
Notation) or EPC (Event-driven Process Chain). Another issue is the level of detail of
the map, and on the other hand, ensuring its legibility. Depending on the method and
level of detail, it is possible to focus on different types of waste occurring in the
process.

Then, in the process of improving the NPD processes, it is possible to manage the
timing of the project and streamline the process flow (Oppenheim, 2004). The tools
used in the NPD process can be classified into the following categories:

— Identification and analysis of waste e.g. causal diagrams, VSM;

— Improvements of implementation e.g. SMED, poka-yoke;

— Process monitoring e.g. andon, supermarket.

The development of target value stream maps of the NPD process should consider
the advantages offered by the use of MBSE tools.

The individual stages of the NPD process are predisposed to different degrees to the
use of MBSE and Lean. The figure (4) below shows the dependencies between NPD
process stages in the context of applying MBSE and lean.

MBSE application
.

Concept Detail desi Testing and Production
development En refinement ramp-up
o~

Lean application

Fig. 4 Application areas of MBSE and Lean in the NPD process

It is worth mentioning that the benefits of using lean management tools increase with
the development level of the NPD process toward implementation. The closer a
product is to implementation, the easier it is to use lean tools.

CONCUSIONS

The research conducted shows that the use of advanced MBSE and lean tools and

techniques in the development of new products is not widespread. At its basis, MBSE

contains many elements of lean management, i.e. it helps in eliminating waste in the

NPD process, and specifically enables:

— Presentation and analysis of the products being designed and their elements with
the use of graphic models which, in addition to giving a clearer understanding of
the products being developed, also greatly simplifies communication between the
NPD process stakeholders;

— Scaling of applied solutions, e.g. subassembly designs;

— Testing and verification of the product elements being designed;

— Multiple use of the designed assemblies and subassemblies.
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Both approaches are focused on improvement and perfecting of the process. MBSE

is used mainly in the development of new products/systems. Lean, on the other hand,

can be used at the stage of engineering and especially implementation.

Implementation of an integrated approach should take into consideration:

— The specific characteristics of the products being developed, e.g. the industry the
product is related to, the degree of software saturation;

— The NPD process organisation, e.g. whether there are many subcontractors
involved or the process is developed entirely within one organisation.

Future research will focus on analysis of integrated approach implementations and

definition of which MBSE and lean tools can be used at specific NPD stages as well

as utilization of MBSE for Digital Twin concept development, which is crucial for

Industry 4.0 implementation. Another potential research area is the use of Agile and

MBSE. Software engineers frequently emphasise that Agile is convergent with Lean.
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Abstract: An effective and efficient New Product Development (NPD) and
implementation process is crucial for creation of competitive advantage for each
company. Due to this fact, companies are more and more often looking for methods
and tools for improvement of NPD processes. The paper deals with an integrated
Model Based Systems Engineering (MBSE) and lean approach to NPD. The
individual stages of the NPD process are predisposed to different degrees to the use
of MBSE and Lean. The research conducted shows that the use of advanced MBSE
and lean tools and techniques in the development of new products is not widespread.
There is a room for future research.

Keywords: model based systems engineering (MBSE), Lean management, New
product development (NPD)



