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ABSTRACT 

Industry 4.0 is based on the digitization of manufacturing industries and has raised the prospect for substantial 

improvements in productivity, quality, and customer satisfaction. This digital transformation not only affects 

the way products are manufactured, but also creates new opportunities for the design of products, processes, 

services, and systems. Unlike traditional design practices based on system-centric concepts, design for these 

new opportunities requires a holistic view of the human (stakeholder), artefact (product) and process 

(realization) dimensions of the design problem. This paper envisions a ‘human-cyber-physical view of the 

systems realization ecosystem’, termed as ‘Design Engineering 4.0’, to reconceptualize how cyber and physical 

technologies can be seamlessly integrated to identify and fulfil customer needs and garner the benefits of 

Industry 4.0. In this paper, we review the evolution of Engineering Design in response to advances in several 

strategic areas including smart and connected products, end-to-end digital integration, customization and 

personalization, data-driven design, digital twins and intelligent design automation, extended supply chains 

and agile collaboration networks, open innovation, co-creation and crowdsourcing, product servitization and 

anything-as-a-service, and platformization for the sharing economy. We postulate that Design Engineering 4.0 

will account for drivers such as Internet of Things, Internet of People, Internet of Services, and Internet of 

Commerce to deliver on the promise of Industry 4.0 effectively and efficiently. Further, we identify key issues 

to be addressed in Design Engineering 4.0 and engage the design research community on the challenges that 

the future holds. 

Keywords: Industry 4.0; Industrial IoT; Human-Cyber-Physical Systems; Smart Manufacturing, Operations 

and Services; Smart and Connected Products, Design Engineering 4.0. 
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GLOSSARY 

Cybernetics  Cybernetics is the science of “systems thinking” and deals with concepts 

such as control, communication, learning, cognition, adaptation, emergence, 

and efficiency that are necessary for understanding complex systems [1]. 

Design Engineering 4.0 

(DE4.0) 

Design Engineering for Industry 4.0 (DE4.0) represents the ‘human-cyber-

physical view of the systems realization ecosystem’ that is necessary to 

accommodate the drivers of Industry 4.0 (IoX) and provide an open 

ecosystem for the realization of complex systems.  Seamless integration of 

digital threads and digital twins throughout the product design, development 

and fulfillment lifecycle; ability to accommodate diverse and rapidly 

changing technologies; mechanisms to facilitate the creation of new 

opportunities for the design of products, processes, services, and systems are 

some of the desired characteristics of DE4.0. 

Engineering Design Engineering Design is the process of devising a system, component, or process 

to meet desired needs. It is a decision-making process (often iterative), in 

which the basic science and mathematics and engineering sciences are applied 

to convert resources optimally to meet a stated objective. Among the 

fundamental elements of the design process are the establishment of objectives 

and criteria, synthesis, analysis, construction, testing and evaluation.   

Digital Thread  Digital Thread is a digital communication framework that enables the 

streamlining of design, manufacturing, and operational processes to 

efficiently design, build, and maintain engineering products. It represents a 

data-driven architecture that links together information generated from 

across the product lifecycle.  

Digital Twin The digital twin refers to a digital model of physical entities in a cyber-

physical system. In a manufacturing context, a digital twin encapsulates 

design specifications and engineering models that are used to describe the 

geometry, materials, components, and behavior associated with a physical 

entity. It also includes the as-built and operational data unique to the specific 

physical asset that it represents. 

Global Value Chain 

Networks 

The global network of suppliers, manufacturers, customers (internal and 

external), regulators, policy makers, etc. 

Human-Cyber-Physical HCPS is a natural extension of CPS that adds the consideration of human 

interactions and cooperation with cyber systems and physical systems, 

supported by ICT [2]. 

Industry 4.0 The comprehensive transformation of the whole sphere of industrial 

production through the merging of digital technology and the internet with 

conventional industry. [3] 

Innovation in the context 

of Design Engineering 4.0 

Is based on or makes use of Industry 4.0 principles to enable or realize new 

and innovative products or product-service-systems. 

Intelligent Design 

Automation 

Design automation is a knowledge-based engineering approach which 

logically combines various engineering concepts with real time application 

study during product development [https://blog.rgbsi.com/cad-

customization-design-automation]. 

Internet of Commerce Internet of Commerce refers to the buying and selling of goods or services 

over the internet, and the financial transactions and data exchange required 

to complete the process. Transactions can be characterized as Business-to-

Business (B2B), Business-to-Consumer (B2C), or Consumer-to-Consumer 

(C2C).   
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Internet of People Refers to the digitalization of relationships between people and the 

collection, processing and application of personal data. It forms a network of 

collective intelligence and stimulates interactive communication among our 

digital selves through digital devices, the internet and sharing of data.  

Internet of Services The term Internet of Services arose from the convergence of two concepts: 

Web 2.0 and Service-oriented architecture (SOA) with the primary goal of 

creating new services using existing online resources. Web 2.0 is 

characterized by four aspects: interactivity, social networks, tagging and web 

services. SOA is a way of designing and building a set of Information 

Technology applications where application components and Web Services 

make their functions available on the same access channel for mutual use [4]. 

Internet of Things The Internet of things (IoT) is described as the network of physical objects - 

"things" or objects - that are embedded with sensors, software, and other 

technologies for the purpose of connecting and exchanging data with other 

devices and systems over the Internet. 

(https://en.wikipedia.org/wiki/Internet_of_things.). 

IoX IoX is the collection of internet technologies, namely Internet of Things, 

Internet of Services, Internet of Commerce, and Internet of People. 

Open innovation in the 

context of Design 4.0 

An expansion of the original Open Engineering paradigm/process that 

embodies one or more of the Social Product Development tenants.  

Platform to support DE4.0.   A cloud-based digital platform that supports servitization of the product 

realization process through open design and open manufacturing. 

Servitization The shift from creating (designing) products to creating (designing) cyber-

physical or cyber-social product-service-systems.  

Sharing Economy The sharing economy is a socio-economic system built around the sharing of 

resources [5]. Its application includes the shared creation, production, 

distribution, trade and consumption of goods and services by different 

people and organizations [6]. 

Smart X:  Smart Internet 

of Things, People, 

Services, etc. 

Smart X refers to the network of entities (things, people, and services) 

embedded with sensors, software, and other technologies to facilitate data 

exchange and enable intelligent decisions and to perform services.  

Social Product 

Development 

Social product development (SPD) is defined as a group of “coalescing tools 

and socio-technologies” represented by several tenants including 

crowdsourcing, internet-based mass collaboration, open innovation, and 

cloud-based design and manufacture. It is based on networked collaboration 

in design teams, lading to shorter lead times, and significant reductions in 

R&D costs. SPD supports the democratization of Design and Innovation 

across society (beyond the expert domain). [7] 

 
 

1. FRAME OF REFERENCE 

Integration of smart sensors and networked manufacturing systems has given rise to human-cyber-physical 

manufacturing systems that can address the requirements of individual customers on a global scale [8]. The 

ability to bring together technologies such as Internet of Things (IoT), Big Data Analysis, Machine Intelligence 

with traditional technologies such as Smart Automation, Supply Chain, Logistics, and Cloud Computing has 

resulted in a new wave of advances in manufacturing technology for product realization [9], which are 

collectively envisioned as Industry 4.0 [10]. Factories conforming to Industry 4.0 will integrate services across 

the entire manufacturing and operations processes and will be able to adapt to disruptions in real-time, thereby 

improving the quality of products and services [11]. The vertical integration of IoT and analytics will enable 

these factories to optimize supply and logistic networks, implement policies based on predictive instead of 

reactive behaviors, improve end-to-end throughputs, and provide services and products at a lower cost [12].  
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Industry 4.0 represents the Fourth Industrial Revolution and provides a framework to address the 

challenges arising in the integration of cyber-systems and physical resources and covers all aspects of 

manufacturing systems [13], including: robust and flexible automation; data collection, analysis, learning and 

decision making; distributed production systems; industrial IoT; and supply chain integration. Industry 4.0 is 

characterized by a digital model of end-to-end supply chain enabled by smart manufacturing processes, and 

thus provides a mechanism to transfer autonomy from the physical realm to the cyber-physical realm. Cyber 

representation of physical processes is much more involved than just networking the associated components 

of the manufacturing system and involves human interaction with the automation, leading to a human-cyber-

physical system [14]. Systems realization in the age of Industry 4.0 requires a new paradigm that considers the 

distributed and networked aspect of the manufacturing processes [15]. The design process must be able to 

satisfy the structural requirements and constraints on the design and enable the validation of the overall 

performance. The process must be theoretically sound and should also enable the use of empirical data to 

validate the models and the performance [16]. 

The digital transformation of manufacturing industries brought about by Industry 4.0 has created a 

framework through which substantial improvements in productivity, quality, and customer satisfaction can be 

achieved. This digital transformation not only affects the way products are manufactured, but also creates new 

opportunities for the design of products, processes, services, and systems. Earlier attempts at implementing 

Industry 4.0 involved traditional design practices based on system-centric concepts and siloed-designs and 

focused on enabling interactions between humans and cyber-physical systems, integration of smart sensing 

and AI technologies, improvement of user experience, and strategic engineering for product creation. However, 

such approaches are lacking as these new opportunities require designers to take into account user preferences 

and how users like to interact with the products and between themselves (Internet of People); how businesses 

can monetize services (Internet of Commerce); how to customize products and services to user requirements 

while producing products of ‘zero lot size’ and ‘mass production costs’ (Internet of Services); and how to 

design systems that can collaborate and adapt to improve product quality, process reliability, system agility, 

and sustainability of the systems realization ecosystem (Internet of Things). Therefore, Design Engineering of 

the future, that is, Design Engineering 4.0, must embody a ‘human-cyber-physical view of the systems 

realization ecosystem’ and reconceptualize how cyber and physical technologies can be seamlessly integrated 

to identify and fulfil customer needs and garner the benefits of Industry 4.0. The embodiment of human-cyber-

physical view of the systems realization ecosystem represented by Design Engineering 4.0 is shown in Figure 

1. 

In this paper, we review the evolution of Engineering Design to Design Engineering 4.0 in response to 

advances in several strategic areas and lay out the prospects for systems realization in the age of Industry 4.0. 

A vision of Design Engineering 4.0 is outlined in Section 2 in accordance with four perspectives, human, 

system, cybernetics and business. In Section 3, we present the key principles of Industry 4.0 and discuss 

emerging issues and opportunities in several strategic areas. In Section 4, future directions and outlooks for 

Design Engineering 4.0 (DE4.0) are discussed from the human, business, systems, and cybernetics 

perspectives. Our view on the outlook and challenges for the Design Engineering 4.0 community are then 

presented in Section 5. 
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Figure 1. Design Engineering 4.0: Human-cyber-physical View of the Systems Realization Ecosystem. 

 

2. ANATOMY OF DESIGN ENGINEERING 4.0 IN THE CONTEXT OF INDUSTRY 4.0 

Industry 4.0 has transformed manufacturing industries into a new paradigm of smart, cyberized and 

sustainable production and operations, making possible substantial improvements in productivity, quality and 

customer satisfaction of products, processes and services [17]. The expected technological advances facilitate 

revolutionary changes that can bring about significant impact on many industrial sectors. Industry 4.0 has 

profound implications on many aspects of our society, such as Electric Utility 4.0 [18], Healthcare 4.0 [19]; 

[20], Dentistry 4.0 [21], Service 4.0 [22], Agriculture 4.0 [23, 24], Supply Chain 4.0 [25], Materials 4.0 [26], 

Construction 4.0 [27], and Logistics 4.0 [28, 29], to name but a few.  

The digital innovations of the Fourth Industrial Revolution not only affect the way factories produce, but 

also invest in the design and engineering techniques of products. The Industry 4.0 principles we elaborate on 

in Section 3 allow for significant improvements in product design thanks to the integration of software 

components (e.g., sensors, GPS) that, connected to machinery or other physical objects, make it possible to 

collect data from the field. The integration of sensor-enabled products into the IoT enables new opportunities 

at every stage of the product life cycle, including their design process itself. Access to data and information 

generated during the use of a product enables designers to constantly monitor product performance and the 

way the product is being used.  For the potential benefits of smart manufacturing to be realized, the adoption 

of Industry 4.0 principles must therefore be accompanied by the implementation of management systems 

through redesign of product realization that makes it possible to store, share and use data collected in the field 

and ensure proper management of information throughout the product lifecycle.  

A vision and outline of the new era of Design Engineering 4.0 (DE4.0) including its key principles and 

dimensions is provided in the following subsections. 
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2.1 Envisioning Design Engineering 4.0 
Motivated by the trend of smart factories of the future towards Industry 4.0, DE4.0 is envisioned to make 

it possible to better leverage capabilities and resources in a human-cyber-physical production environment. 

Product realization through strategic engineering of product creation suggests itself to be of primary 

importance for companies to gain competitive edges [30, 31]. Product design must address individual customer 

needs along with diverse market niches, while maintaining low costs and near mass-production efficiency [32, 

33]. Build-to-order and reconfiguration have become common norms. The traditional spectrum of product 

fulfillment therefore must be expanded to encompass marketing, design, production, as well as the supply and 

value chains, which must be aligned with the self-adaptability of a learning organization [34]. The DE4.0 

horizon is shifted from a physical product perspective to a total life cycle experience [35]. Design should be 

more than just dealing with pieces of hardware, but rather should be enacted as co-design of the product and 

its realization in the context of an entire smart factory ecosystem, including fulfillment, services, user 

experience and human satisfaction at both the individual and the community levels, which are fulfilled 

coherently in a smart and connected manner [36]. 

The evolution of Engineering Design and its interplay with the industrial processes of manufacturing is 

shown in Figure 2. In the early years represented by Industry 1.0, industries attempted to leverage hydraulic 

and steam power with the emphasis being on offloading labor-intensive manufacturing processes. Design and 

manufacturing in this era mimicked the process adopted by the human operator. Over time, electrification and 

assembly lines made possible the mass production of products. These developments in Industry 2.0 meant that 

products could now be designed to have greater functionality. As a result, Design Engineering 2.0 took into 

consideration the advances in Industry 2.0 to design products that could be produced in large volumes and at 

higher rates. The focus of design engineers shifted to product assembly and this led to the push for 

standardization and interchangeability of parts/processes to harvest the economy of scale. In some cases, 

redesign was performed to address issues in manufacturing. Industry 3.0 is characterized by increasing 

automation and the use of CNC machines. Designs were digitized, the manufacturing processes were 

networked, and data was shared across processes to ensure high quality products with tight tolerances. The 

advent on CAD and automation of design processes meant that design could be validated using simulation 

models to verify manufacturability and to optimize designs. In this period represented by Design Engineering 

3.0, design and manufacturing became an iterative process that was more tightly coupled than ever before. For 

example, CAD designs were used directly in the manufacturing process using CNC Machines. Assembly 

process was dictated at the manufacturing end and design considered the need of manufacturing / assembly.  

Industry 4.0 looks at networked manufacturing systems that can add product personalization to a mass-

produced product. This means that design engineers must now partition base functionality of the product from 

customizable features, while achieving economics of scale and scope through make-to-order production. The 

digital transformation of Industry 4.0 is seeding the new economics of DE4.0, which enables product 

realization to convert the benefits of digital and smart manufacturing into revenue and profit. DE4.0 opens up 

opportunities for new revenue streams and empowers product development to be agile, responsive, cost 

effective and fast to markets. Engineering Design is evolving to a new paradigm for design by customers 

through co-creation of product value chain fulfillment in a human-cyber-physical environment [32]. Main 

characteristics of DE4.0 include user experience and personalization, smart and connected product ecosystems, 

mass customization [37], focus on business models and value chains, open innovation and co-creation, and 

data-driven decision making, which will be elaborated in the subsequent sections. 

As the technology advances, Design Engineering will continue to evolve and become integral to the design 

of all systems and not just the manufacturing systems. Systems in the future will incorporate traits of cyber, 

physical, and social networks, be distributed across geographical domains, have a much wider presence in the 

cloud, and have no discernible boundaries between their physical and virtual implementations. These systems 

will have to interact with human users as well as services in a seamless manner. This interaction which is a 

defining characteristic of entities in Smart X is one of the main drivers of design methods that attempt to deliver 

on the promise of Industry 4.0. The requirements for these systems stem from the advances of Industry 4.0 and 

the design of these systems will be the next frontier in design engineering. We envision a universe of DE4.0, 

as shown in Figure 3.  
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Figure 2: Design Engineering 4.0 in Line with Industry 4.0 

 

 

2.2 Design Engineering 4.0 Dimensions, Perspectives and Enablers 
Engineering Design involves executing a product design and development process step-by-step through 

creating and iterating products that solve specific users’ problems or address specific needs in a given market. 

It is generally understood as a three-dimensional space comprising human, process, and product. However, 

DE4.0 goes beyond the three-dimensional space of conventional engineering design to a human-cyber-

physical view of the systems realization ecosystem. This ecosystem can be visualized through four different 

perspectives, namely, human, system, cybernetics and business, see Figure 3. In the inner circle representative 

perspectives are presented. In the outer circle state-of-the-art enablers of the perspectives are presented, see 

Figure 3. However, dimensions and enablers are not mutually exclusive to each of the perspectives. 

For example, at the intersection of human-business perspective and business-cybernetics perspective, as 

dimensions different groups of stakeholders involved in the product design and development process from 

customers or end-users who posit market needs and usability requirements, through designers who account for 

design decisions, and through manufacturers, workers and suppliers who commit in the product fulfilment 

process, see quadrant social-service in Figure 3. At the intersection of human-system perspective and system-

cybernetics perspective, design process dimension coincides with a timeline of various design tasks and 

resources that are organized as design projects and enacted throughout a product realization lifecycle, from 

requirement analysis to prototyping, production, logistics, and end-of-life where enablers vary from CAD, 

CAM, DFMA, DFMLC, and so on, see quadrant cyber-physical in Figure 3. At the intersection system-

cybernetics perspective and cybernetic-business perspective, the product dimension refers to specific contents 

of the product at different stages of the design process, including requirement information, decision variables 

regarding design and manufacturing, physical or digital form of the product, CAD/CAE models and assembly 

drawings, production and service operations plans, and so on, see quadrant cyber-service in Figure 3. These 

are some examples of diverse design topics are placed in a four-dimensional space of Design Engineering 4.0, 

as presented in Figure 3. This characterization of design helps stereotype multiple facets and the broader scope 

of design problem solving. For any design research topic, the four basic questions could be “Who/Whom”, 

“What”, “Where”, “How” and When” along the respective human, system, cybernetics and business 

perspectives. 
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Figure 3: Design Engineering 4.0 – Perspectives and Enablers 

 

In the broader context of Industry 4.0, digitization, data, and new types of IT infrastructures have become 

the ultimate drivers for innovation in the production engineering process. With a view to advancing design 

research into the digital era, the preceding dimensions need to be connected with Industry 4.0 key principles 

for Design Engineering presented in Section 2.3. In concert, they will significantly enrich the DE4.0 research 

landscape of the future. 

 

2.3 Key Principles for Design Engineering 4.0 
Regardless of many variations in the definition of Industry 4.0 [17, 38] the core principles are commonly 

agreed upon to allow manufacturers to investigate a potential transformation to Industry 4.0 technologies [39-

41]. The following key Industry 4.0 principles are summarized with respect to design engineering.   

(1) Connectivity, virtualization and interoperability: These principles are empowered by digitization and IoT 

pervasively deployed in a human-cyber-physical production engineering environment. By connecting and 

digitizing business and production operations through cloud computing for software programs and data storage, 

interoperability facilitates the product or system to exchange contextual information with other products and 

systems. The design flow can utilize interoperability to extend the interaction between machines and humans 

beyond simple and defined cases. Moreover, digital transformation makes possible many virtual resources to 

be from one or more physical resources. Through virtualization, the hardware environment of product 

realization can be simulated by creating digital twins of physical assets using data from sensors, while software 

is used to divide one physical server into multiple virtual servers that act like unique physical devices. Digital 

twins, or 3D models, are used to optimize machine performance, allowing what if scenarios to be run and the 

impact of new equipment to be tested. They can also act as companions for physical objects for operators to 

view the real-time status of the machine, analyze performance, test solutions and identify potential issues 

before they arise, and thus to extend the life of physical assets, uncover operation inefficiencies, reduce 

maintenance costs and understand manufacturing systems better. The core benefit of virtualization is to reduce 

hardware costs and the number of physical resources needed. With virtualization, applications, desktops, 

servers and data are no longer dependent on one physical device, improving reliability and enabling add-ons 

to be included when required.  An holistic overview of the principal concepts, functioning, and main 



9 
 

characteristics of this technology, as well as present the main trends of operating, communication, and use 

based on various case studies is presented in [42] 

 (2) Big Data and Information Transparency: A smart factory is capable of collection and analysis of 

data in real-time, allowing decisions to be made immediately and at every moment. Real-time capability is not 

only limited to market research but also to internal processes such as the failure of a machine in production 

line. Smart objects can identify the defect and delegate tasks to other operating machines, contributing greatly 

to the flexibility and the optimization of production. Big data and analytics are the core capabilities of real-

time informatics driven by digitization and integration of vertical and horizontal value chains, as well as 

digitization of product and services, along with digital business models and customer access. Such information 

transparency afforded by Industry 4.0 provides operators with comprehensive information to inform decisions. 

It requires that information systems should be able to create virtual copies of the physical world by 

configuration of digital data into sensor data. For this to be achieved, raw sensor data must be aggregated with 

compatible context data. 

(3) Decentralization, Modularity, and Interactivity: The ability of a cyber-physical system enables 

decentralized decisions to be made by the components of the system on their own and to perform their tasks 

as autonomously as possible.  Only in the case of exceptions, interference, or conflicting goals, are tasks 

escalated to a higher level.  The ability of a cyber-physical system to work independently facilitates modularity, 

such that in a dynamic market, a smart factory can adapt to new markets.  It is useful when the smart factory 

must adapt fast and smoothly to seasonal changes and market trends. With modularity, a business can be split 

into small, well-defined teams that focus on specific elements of the business operation.  A business that 

implements modular systems, such as software platforms for accounting or HR, allows the company to 

purchase only what it needs and add more in the future as needed. It is different from outsourcing as modular 

systems still need to be designed to interact with, and connect to, the rest of the business. The interactions 

among the modular units and their connections to the central business are coherently enabled through the cyber 

infrastructure and information sharing in the smart factory. In times of Industry 4.0, the associated networking 

of things provides new mechanisms and ways of interacting to be defined at both the process and product 

related sides. 

(4) Service Orientation and Networked Resources: A cyber-physical system is running by offering 

services via the Internet based on a service-oriented architecture. In Industry 4.0, production must be customer-

oriented. People and smart objects and devices must be able to connect efficiently through the Internet of 

Services to create products based on the customer specifications. Through the Internet of Services, the physical 

resources become networked and are organized coherently in the virtual world.  

In the context of current and evolving state of design engineering, and the key principles required for its 

success some opportunities and challenges for DE4.0 are described in what follows.  

 

3. OPPORTUNITIES AND CHALLENGES FOR DESIGN ENGINEERING 4.0 

While Industry 4.0 mainly focuses on manufacturing and production, it is important to develop specific 

design guidelines that are implementable through Industry 4.0 technologies [43, 44, 45]. Designing and 

developing products for, and in the era of Industry 4.0 is fundamentally different from principles in the context 

of system-level design. While system-level design also considers different technical domains such as 

mechanics and electronics, till recently it did not account for the networking between different elements such 

as products and machines. For a holistic approach to considering the challenges in product development 

concerning the integration of Industry 4.0, it is important to examine a dichotomy between Industry 4.0 

principles and the human, artefact and process dimensions of design. In Table 1, a grid of key Industry 4.0 

strategic areas in correspondence to the artefact, process and human dimensions of design is depicted. It 

provides a positioning framework of DE4.0 spanning nine strategic areas. These strategic areas represent many 

emerging issues and opportunities for DE4.0 research, addressing either the improvement of effectiveness 

(focusing on the artefact) or the increase of efficiency (focusing on the process) or the enhancement of 

satisfaction (focusing on the human), as elaborated below.  
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Table 1: Design Engineering 4.0 Strategic Areas in Line with Industry 4.0 

 

 
 

3.1 Smart and Connected Products 

Many products that used to be standalone digital devices in the past are going to be connected as networked 

smart devices in the future. This means that smart products can communicate with each other and can generate 

significant customer benefits. Compared to a conventional product, the functionality and the possibilities of 

the business model are larger by a multiple for a connected smart product. Combination of multiple disciplines 

such as mechanics, software, electronics, and especially the integration of completely new business models 

should make their way from being not cross-linked into a smart connected world. It is significant to intertwine 

digital and physical features across the whole product lifecycle [46]. 

Traditional design efforts are mainly focused on how to enhance the interactions between designers and 

customers. Smart sensing and cyber-physical systems technologies make possible direct involvement of the 

customers early in the concept generation and evaluation processes, and to ascertain accurately customer needs 

through real-time product usage feedbacks. Envisioning the benefits of early customer and supplier 

involvement in the design stage, DE4.0 should perform as a decision framework of modeling and analyzing 

the interactions of product design with the upstream customer and market concerns and with the downstream 

product fulfillment issues. Product development will evolve from typical functionality-based products to smart 

connected products with embedded ICT components to provide massive product usage feedbacks [47]. 

Embodiment of a digital thread throughout design, production and consumption/use is the core of developing 

smart and connected products.   

A smart and connected product act as an intelligent product/device to tell future product in-use situations 

by collecting user data and product operating data directly from the physical products in real time. It is possible 

that a group of physical products can communicate and collaborate directly with one other. Furthermore, a 

physical product connected to the cloud-based environment can interplay with an intangible service on the 

Internet. A smart product can be monitored, controlled, and upgraded remotely [48]. The equipped sensor 

technologies make the product to be aware of condition information regarding the product and its environment. 

It is also equipped with control technologies to adapt the product autonomously in response to internal or 

external commands. At the backend, the smart and connected products integrated into modern production flows 

can self-process, store data, communicate and interact within the industrial ecosystem. Starting from the 

earliest practice of enabling products to identify themselves via RFID, the products’ capabilities to provide 

information have since evolved. Today a smart product not only provides its identity, but also describes its 

status and lifecycle history. Embedding computing algorithms and machine learning capabilities will enable 

these products to learn and optimize the outcomes at every production stage while providing valuable data for 

maintenance and troubleshooting in case of failures. 

 

Key questions:  

 How can the design process of smart products be directly influenced and improved through near-

real-time analysis of vast amounts of user data automatically collated from prototypes and/or 

released products being used in diverse ecosystems of other interconnected smart products? 

 To what extent will computers be able to autonomously shape design aspects of smart and 

interconnected products or conceive new innovative features based on user data analytics 

(autonomous or semi-autonomous data-driven design and innovation)? 

 How can customer privacy and the ethical usage of data from interconnected smart devices be 

designed into such products (technical aspects) and the corresponding legal framework, including 
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the General Data Protection Regulation and new policies governing the usage of smart and 

interconnected products across countries? 

 How can user interfaces for and user interactions with smart products be designed so that they are 

intuitive and inclusive, and able to autonomously adapt in response to other smart products they 

get connected to (autonomous context awareness and adjustment)? 

 Smart and interconnected products rely on standardized communication protocols and data 

exchange formats.  How can these be designed into such products so that they can be autonomously 

updated over the air without requiring direct user interaction or IT expertise? 

 

3.2 End-to-end Digital Integration  
The new digital systems of Industry 4.0 gauge data from both physical and digital sources across the entire 

product realization process. While Industry 3.0 deployment of manufacturing informatics achieves a physical 

to digital transformation, the cyber-physical digitization in Industry 4.0 powers the physical act of product 

development, manufacturing, distribution and performance within one ongoing cycle, which entails a physical-

digital-physical information value loop [49]. Within this loop, real-time information and intelligence flow 

between physical and digital aspects of the product realization process. The digital-to-physical connection 

enables vertical networking of product development to rapidly respond to various changes that come as result 

of shifting demands, stock levels or unexpected equipment faults. It is the leap from digital back to physical, 

from connected, digital technologies to the creation of a physical object, that constitutes the essence principle 

of Industry 4.0 [50]. Smart factories are highly connected entities, with different systems being able to interact 

with one another and adjust their performance. The physical-digital-physical loops enables horizontal 

integration via a new generation of global value chain networks at a higher level of information transparency. 

Companies can locate and respond to problems faster. Such organization-wide networks can record 

information from all the operations including intralogistics and warehousing, to prototyping and production, 

to marketing and sales to downstream services. Every aspect of the product development process is logged and 

can be assessed and analyzed at any time. This end-to-end digital integration principle implicates a smart 

product development process and model-based design systems engineering. 

First, many companies used to focus on product innovation, with limited attention to the chance of product 

development model innovation. Industry 4.0 indicates powerful new efficiencies by streamlining product 

realization processes in and outside of the R&D department through digital integration. Smart virtual product 

development has been advocated for rapid integration of diverse new technologies [51]. Smart connectivity of 

Industry 4.0 has inspired more and more business model innovations, often delivered by start-ups, which has 

gained significant market success [52]. Traditional companies need a change in product development capacity 

per discipline. For instance, the mechanical parts need to be reduced according to the share of functions, so 

that mechanical parts will take on in the future. By digitally connecting design processes and data across the 

organization, manufacturers can create a digital assembly line that stretches seamlessly from partners to the 

factory floor to customers [53]. In addition, DE4.0 calls for both horizontally and vertically integrated product 

development models [54]. Developing networks can be helpful for the necessary integration of the vertical 

value chain across the suppliers and customers. Interdisciplinary project teams lead to an integration of the 

horizontal value chain and to a better communication and collaboration without thinking and acting in silos 

[38]. Especially design project management needs to integrate employees from all hierarchy levels to integrate 

the different perspectives on the product specifications.  

Second, digital integration in Industry 4.0 creates opportunities for smart design to be achieved through 

integration of product models, design methods and decision support tools [45]. Components and product 

models in a cyber-physical production system are heterogeneous and span multiple disciplines, requiring 

multiple domain models to represent the physical aspects, requirements, architectures, behaviors, spatial-

temporal constraints, and interfaces at multiple levels of abstractions [55]. Model-based design utilizes formal 

and sufficiently complete models, processes, their environments, and their interactions. The goal of a model-

based design is correct-by-construction, where properties of the synthesized models of the designed system 

predict the properties of the implemented or manufactured system with sufficient accuracy. For example, 

OpenMETA is developed as an integrated tool suite to provide a manufacturing-aware design flow, which 

covers both cyber and physical design aspects [56]. Likewise, DARPA’s AVM project emphasizes a fully 
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integrated product model and component-based design flow for product realization [57]. For model integration, 

a large suite of modeling languages and tools are available for multiphysics, multi-abstraction and multi-

fidelity modeling and analysis, such as OpenModelica, Dymola, Bond Graphs, Simulink/Stateflow, STEP, and 

ESMOL. To integrate modeling languages for smart product development, mathematical models can bring 

together abstractions that are imported from individual languages and required for modeling cross-domain 

interactions. Both domain-specific modeling languages, like CyPhyML and FORMULA, and unified system 

design languages, such as SySML or AADL, institute a layered language architecture and specification of 

explicit semantics. These formal design systems engineering modeling languages are useful to act as an 

integration infrastructure of design software tools by creating and executing complex analysis flows, while 

enabling software-as-a-service using repositories and analytic services [58]. 

 

Key questions: 

 How can digital design representation models and physical manufacturing systems and processes 

be integrated to realize the next generation of horizontally and/or vertically integrated Smart 

Computer-Aided Design and Engineering systems? 

 How can Design for Manufacturability principles be advanced to include the latest possibilities 

brought about through digitization and smart processes (e.g., new Design for Additive 

Manufacture guidelines)? 

 How can distributed physical design and manufacture environments be composed, managed, and 

controlled by autonomous software processes? 

 How can the interoperability of Information Technology (CAD, CAE, etc.) and Operational 

Technology (manufacturing operations management, scheduling, etc.) be advanced? This is also 

knows as IT-OT-Convergence. 

 How can software-defined cyber-physical networks be realized so the technical computing 

infrastructure for cyber-physical design and manufacture systems can entirely be brought under 

control of software, without human interventions? 

 How can cyber-technological change and social change be integrated to foster the democratization 

of design, manufacture and innovation? 

 How can the disruptive innovation capability enabled by Social Product Development be 

integrated with the disruption technology capabilities in industry?  

 

3.3 Customization and Personalization 

Design for mass customization by product family design and platform development has been well 

recognized in the age of Design 3.0 [59, 60] The digital integration in Industry 4.0 offers unprecedented 

opportunities for satisfying various requirements and business goals of diverse stakeholders involved in the 

product realization value chain. The general gist of product customization is through configuration of different 

product modules within a well-planned product platform, which is mainly based on retrospectively known 

customer requirements in the target market segments. DE4.0 makes it possible to involve customers early in 

design and proactively plan marketing-engineering interfaces in product line design, while optimizing 

economics of scale and scope through coordinating not only the product platform and modules but also the 

corresponding platforms and modules of product fulfillment including processes and engineering logistics [61]. 

Customer integration and marketing-engineering interaction with product family design are suggested to be 

an important area of DE4.0.  

In addition, the digital integration extends the traditional landscape of customer satisfaction to broader 

dimensions, for example, identifying product characteristics that cause different degrees of satisfaction among 

different customers, understanding the interrelation between the buying process and product satisfaction, 

determining the optimal amount of customization and customer integration, explaining the key factors 

regarding the value perception of customers, and justifying an appropriate number of choices from the 

customers’ and marketing perspective. Equally important are customers’ decision-making processes when 

interacting with product families and in turn developing proper fulfillment capabilities.  Hence, it is important 

to support decisions of customers at the frontend, which coincides with consumer behaviors in business 



13 
 

systems based on early customer involvement in the product customization process. At the backend, the smart 

connectivity extended platforms for comprehensive product families through a synergy of increased customer-

perceived value and cost reduction in design, manufacturing, and the supply chain [36]. Comprehensive 

product families share a multidimensional core of assets such as standardized components, manufacturing, 

supply and distribution processes, customer segmentation and brand positioning. To support coordination of 

the demand and supply chains with product families, the platform strategy is extended to the entire continuum 

of product fulfillment, including customer platforms, brand platforms, product platforms, process platforms, 

and logistics platforms. The extended product development platforms facilitate the enterprise to create 

dynamically stable capabilities that enable the firm to adapt, integrate, and reconfigure the manufacturing skills 

and competences, to adapt to a changing business environment and to respond to customers’ requirements in 

a timely manner.    

While customization hinges upon differentiation of product offerings through combinations of a large 

variety of product and marketing features, personalization is anchored in user experience through fulfillment 

of usability in terms of functional, affective and cognitive customer needs [62, 63]. Smart sensing and ambient 

intelligence technologies enable acquisition and analysis of customer affective needs [64] and support 

intelligent reasoning in human-centered design [35]. For example, physiological measures are widely 

recognized to be an objective user experiment instrument for analyzing customer affective/emotional needs 

[65, 66], predicting task intent in human-robot interaction design [67], and recognizing user intents in robotic 

control design [68]. User experience design lends itself to be a critical pillar of design for mass personalization 

[32]. In addition, the smart connectivity pervasively available in a cyber-physical operational environment 

enables a cohesive collaborative network of fulfilling product or service personalization among SMEs and 

networked resources to achieve low volume or even one-of-a-kind production or service delivery [61, 69, 70]. 

Moreover, the massive data generated through user interactions with the cyber-physical system empowers 

product informatics for personalization. For example, personalization design needs to envision a product’s use 

environment-based customer need identification, in which explicit modeling of the product usage context’s 

influence on customer preference and product performance is critical [71]. User generated contents such as 

online customer reviews reflect observations of a product in use as a way of gathering raw data from customers 

[72]. The product usage context implies a combination of application conditions and product’s operating 

environment for which a product is to be used through interaction with the user(s) and the objects in the 

environment [73]. Data mining and machine learning from massive data generated by users enables 

identification and prediction of latent customer needs for personalization design [74] or developing open 

product and service architectures to be deployed as a cyber-physical co-development model to support product 

personalization [48]. Furthermore, Industry 4.0 digitization and enabling technologies tremendously enhance 

verification of personalization design through immersive virtual prototyping [75], user authentication [76], and 

scenario learning of use cases [77]. 

 

Key questions:  

 How can smart sensing and ambient intelligence technologies be leveraged to enable acquisition 

and analysis of customer affective needs, thereby identify product characteristics that maximize 

degrees of satisfaction among different customers?  

 How can customers’ decision-making processes when interacting with products and product 

families be better understood, and how the resulting knowledge can be used to develop robust 

fulfillment capabilities? 

 How can marketing-engineering interfaces be proactively planned by involving customers in the 

early-stage design through Industry 4.0 technologies? How can data mining and machine learning 

from massive data generated by users enable identification and prediction of latent customer needs 

for personalization design? 

 How can the demand and supply chains be coordinated with product families? How can the design 

of product platforms be carried out in an integrated manner with the design of manufacturing 

processes and fulfillment logistics? How can the platform strategy be extended to the entire 

continuum of product fulfillment, including customer platforms, brand platforms, product 

platforms, process platforms, and logistics platforms? 
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3.4 Data-driven Design 

Companies embracing Industry 4.0 must deal with both prescriptive and predictive analytics. Big data is 

essential for optimizing performance at every stage of development, from design through production. 

Performance data from the end-use environment can also lead to engineering design changes for future 

versions. Big data is also needed to identify and analyze consumer trends, which can directly impact what 

engineers make, and how they make them. The characteristic of big data and information transparency in 

Industry 4.0 intensifies a data-driven approach to continuous design improvement and next-generation product 

prediction [47]. The data-driven decision-making process exemplifies an information feedback loop of 

collecting, storing and analyzing data from customers and end-users of the products, with the goal to discover 

new needs or identify changes in usage patterns, and in turn to provide information about new product offerings 

back to the customers [78]. By exploiting large, versatile, and highly contextualized product through-life data, 

design engineers can harness their organization’s competitive edge by uncovering patterns, novel insights, and 

knowledge through data-driven design [79]. It is desirable to make use of feedbacks from ex-post-facto data 

to investigate the patterns and behavior relationships underlying the actual product usage information [80]. 

While data-driven design makes better informed decisions possible for developing better products, enormous 

and multiplex user- and product-generated data brings about many challenges, alongside unmatched 

opportunities, for advancing the theory, methods, tools, and practice of Engineering Design for products, 

systems, and services [81]. This data-driven analysis approach is motivated by the belief that, when we know 

how customers are using the products, we can meet their needs better. The basic rationale is to base design 

decisions on facts, but not assumptions, which coincides with an inverse thinking of problem solving [82]. 

Therefore, a data-driven analysis approach is envisioned to be a mainstream business model for companies to 

innovate their product development and take a proactive approach to discover driving factors underlying 

product in-use situations based on analysis of vast product usage information [83]. 

Monitoring and gathering product usage data serve as the basis for performance degradation assessment 

and data-driven design improvement [84]. Combining the product design with customer research based on a 

data-driven analysis approach may provide information to guide the search space of design concepts and extract 

the trend of customer preference for future product design accurately [85]. While data-driven design is 

appealing, the essential impact and best form of data-driven analysis for design theory and methodology have 

yet to be fully understood. The prevailing methods of data-driven analysis essentially strive to exploit user 

generated content or experiment and simulation data to approximate good surrogate models for better modeling 

of the design problem. The challenge is that the design process itself cannot be driven by whatever data per se; 

but rather it is design knowledge and informatics acquired from data that can support designers to make 

informed decisions [73]. In this sense, data-informed design may reveal the essential characterization of 

knowledge-based design decision making underlying data-driven design [86]. For example, Kusiak [87] points 

out that the most important toll gates of innovation are the generation of new ideas and their evaluation, and 

thus a data-driven analysis approach to innovation helps improve designers’ limited ability to generate and 

evaluate many potential innovation alternatives. Lin et al. [88] outline a six-phase UNISON framework for 

data-driven innovation to capture user experience and preference among the factors of product form designs 

to derive useful rules, and in turn to explore new design concepts to enhance product user experience. Jiao et 

al. [89] envision a data-driven analysis approach to product portfolio planning by incorporating peer influence 

of social network effects. Ma and Kim [90] propose a predictive data-driven model for determining the optimal 

product family architectures with customer preference data by k-means clustering. Ma et al. [91] exploit the 

time-dependent product usage data for design improvement by assessing product function degradation based 

on collected time-dependent data of performance features.   

To summarize, data-driven analysis consists of both prescriptive and predictive analytics.  Prescriptive 

analytics makes use of machine learning to help decide a course of action based on predictions anchored in 

simulation of the future state.  Prescriptive analytics works with predictive analytics to determine outcomes 

based on limited information. 

 

Key questions: 
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 How can data-driven analysis be used to extract customer preference trends and to establish the 

search space of future product design? 

 How can data-driven analysis approach to innovation help in improving designers’ limited ability 

for generating and evaluating large numbers of potential design alternatives? 

 How can a data-driven analysis approach be used to incorporate peer influence on a social network 

during product portfolio planning? 

 

3.5 Digital Twins and Intelligent Design Automation 

Design used to be practiced through a tedious iterative and rigid development process, in which designers 

and engineers elicit customer requirements, generate design concepts, create physical forms, verify designs 

virtually and physically to determine how they perform, and refine designs until they meet the specifications, 

while keeping time and budget under control. With decentralization of decisions through modularity and digital 

interactions between the cyber and physical entities, a new wave of intelligent design automation [92] becomes 

real in DE4.0, in which engineers dedicate their creative efforts to what they are building rather than how to 

follow the workflow [93]. By utilizing the web of digital threads, designers and manufacturers can seamlessly 

obtain and exchange part design and manufacturing information, thereby promoting cyber design and digital 

manufacturing to establish a design chain in both the cyber and physical spaces [58]. Design automation has 

evolved as a human-cyber-physical network wherein multiple manufacturing resources are pooled over the 

internet to provide design and production services that could be located at remote sites [94]. This information, 

when gathered concurrently during the design phase of products and incorporating AI and machine learning 

algorithms, can assist in making judicious downstream decisions such as manufacturing, assembly, and testing 

[95]. For example, ontologies are well-known for design knowledge modeling by representation and 

integration of knowledge related to decision-based design of both products and their designing processes 

enabling a knowledge-based platform for decision support in the design of engineered systems [96, 97]. 

While embracing big data and analytics, intelligent design automation hinges upon lifecycle product data 

management that integrates product information exchange and intelligent decision support within a coherent 

framework of design knowledge management and data value extraction, such as a data-information-

knowledge-wisdom (DIKW) pyramid model [98]. For this purpose, the digital twin is a newly emerging and 

fast growing technology that enables digital integration of the physical and virtual world [99].  A digital twin 

is a virtual representation that serves as the real-time digital counterpart of a physical object or process. Though 

the concept originated earlier, the first practical definition of digital twin originated from NASA in an attempt 

to improve physical model simulation of spacecraft in 2010.   

A digital twin essentially entails an integrated multiphysics, multiscale, probabilistic computational model 

for engineering simulation of a complex product, functioning to “mirror the life of its corresponding physical 

twin [100]. It serves as a bridge between the physical world and the digital world by leveraging CAx systems 

in the digital world and IoT in the physical world [101]. Digital twins and big data analytics are mutually 

reinforcing technologies to account for smart design and manufacturing in twofold: a physical product can be 

made more intelligent to actively adjust its real-time behavior according to the recommendations made by the 

virtual product, whereas the virtual product can be made more factual to accurately reflect the real-world state 

of the physical product [102, 103]. Digital twins tremendously boost intelligent design automation by 

incorporating computational intelligence. Utilizing digital twins, Computer-Automated Design (CAutoD), 

commonly known as virtual rapid prototyping, has emerged as an extension of traditional CAD by 

implementing biologically-inspired machine learning techniques to intelligently search and evaluate the design 

space for innovative and optimal solutions [104]. 

Application of digital twins to the multiple domains of product realization further strengthens co-design 

and co-development of the product lifecycle. While digital product twins with integrated production knowledge 

are developed to support DFX, digital production twins with integrated product knowledge enables function-

oriented production control [105]. A digital twin model is widely used for usage monitoring of complex 

engineered products such as an engine [106]. While the physical product in use is monitored in real time, the 

product digital twin continuously records the product usage status, use environment data, operating parameters, 

etc. As a result, users can keep abreast of the latest state of the product, whilst the designers run the virtual 

model to simulate the operation conditions of product in different environments. A high-fidelity digital twin 
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model supports smart MRO planning based on the prediction for health condition, remaining life, and fault 

diagnosis, while design strategies for proactive maintenance to avoid the sudden downtime [107]. 

 

Key questions: 

 How can feasible design concepts be generated by computers? 

 How can design concepts generated by humans be evaluated by computers? 

 Is it possible for computers to learn and display creativity in the generation of design concepts? 

 How can digital twins of humans be integrated with digital twins of production engineering 

systems and processes, for example in the context of training robots to collaborate with humans 

on assembly lines, or even in the context of the design process? 

 

3.6 Extended Supply Chains and Agile Collaboration Networks 

The fusion of cyber and physical product realization in Industry 4.0 leads to virtual structures in the value 

chain and supply chains, which require organizational and managerial tasks for relevant cross-company 

operational processes to be fulfilled through distributed networks of manufacturing, logistics and distribution. 

Careful design of these networks and supply chains is essential to insure fail-safe performance [108]. 

Management tasks are realized and controlled by information flows within the connected enterprise networks, 

and they are running parallel to the physical supply chain flow. Consequently, the value streams throughout 

the extended supply chains require appropriate design of digital fulfillment in the cyber platform to be able to 

control the parallel information streams and to handle the execution of related business operational tasks [109]. 

Extended supply chains in Industry 4.0 are formed by agile collaboration networks and connected product 

design chains. Agile collaboration networks describe the direction of horizontal integration, allowing 

manufacturers to focus on their competencies by offering customized products in any market [110]. Connected 

design chains are formed through vertical supply networks allowing the integration and automation of physical 

processes and providing increased transparency [111]. Design of smart supply chains facilitates decentralized 

production logistics control and data-driven operational excellence [112]. Decentralized production logistics 

control is formed by a network of machines with self-organization and process configuration allowing 

materials handling in production control to be decentralized [113]. The rich data generation of the production 

and logistics processes provides a solid foundation for achieving data-driven operational excellence [114]. 

Following a design science approach, [115] examine the implications of blockchain and the industrial IoT in 

supply chain management for Industry 4.0. New opportunities exist for designing sustainable supply chains in 

line with smart and connected product realization processes in Industry 4.0 [116]; [117]. 

Design of digital supply chains must be aligned with the virtual value chain planned for product realization 

within connected enterprise. For effective supplier management, the dynamic reconfigurability of supply 

networks that Industry 4.0 promises requires re-examining service-level agreements with upstream and 

contracted suppliers. Dedicated capacities, enhanced risk profiling, IP protection and the reliability of materials 

will all need to be included. Supply chain reconfiguration design is closely coupled with product platforming 

and product family design decisions [118]. Supply chain visibility is important to respond as quickly as 

possible to planned and unplanned events in order to increase productivity and reduce risks [119]. Product 

architecting, production planning and supply chain decisions must be coordinated according to the digital 

threads of product realization in DE4.0. Demand forecasting and product planning will be tremendously 

improved through big data analytics enabled by smart and connected product realization. Supply chain design 

requires a connection of production capabilities with the logistics decisions based on a clear understanding and 

translation of fluctuating demand patterns into targeted production units [120]. To achieve agility and supply 

resiliency without compromising time to market, supply networks need realignment based on the supply 

network design that considers a digital product realization value chain. A Gartner study showed that this is an 

area where many companies fall short of expectations [121]. As smarter factories take root, ensuring that 

alignment is done in a holistic way, not just within manufacturing or logistics, will be critical. Digital supply 

chain operations need to be planned within the enterprise product innovation platforms. New physical devices, 

such as products, tools or even factory equipment, will have interconnected technologies embedded in them. 

The way things are manufactured will require new thinking, and what new IT calls product innovation 

platforms, which aim to define and design products but also to manage product lifecycles [122]. 
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Key questions: 

 How can DE4.0 principles be applied to ensure fail-safe performance of the entire virtual value 

chain for product realization, which includes product design, production planning, and the supply 

chain? 

 How can the rapidly changing demand signals be used to dynamically adapt the value chain? 

 How can the effects of disruptions in any part of the supply network be rapidly mitigated through 

rapid and holistic redesign of the product, the manufacturing process, and/or realignment of the 

supply network? 

 

3.7 Open Innovation, Co-Creation and Crowdsourcing 

The main drivers of DE4.0 are long-term innovations, especially for business model innovations 

integrating with vertical and horizontal capabilities and co-creation strategies, which are a collaborative 

strategy to grow together with customers and stakeholders [123]. Industry 4.0 ultimately targets to achieve 

individual production down to lot-size one at costs close to mass production. To do that requires a tight value-

network integration within the production line but also with suppliers via de-centralized control of production 

processes. Not a new concept though, open innovation has paved the way for using collaborative innovation 

to its best advantage in Industry 4.0. It facilitates design of a hyper-connected business that includes 

manufacturers as part of a broader and more integrated value chain in an ecosystem of the right stakeholders 

[124]. In Industry 4.0, ever fewer organizations can rely exclusively on an internal R&D process to generate 

innovation. A model of cooperative innovation as an ecosystem is increasingly critical to drive value for all 

stakeholders involved [125]. DE4.0 implements an innovation pathway as co-creation, such that strategic 

partners actively collaborating to create and deliver customer-centric products and services that capture greater 

values, more rapidly and at lower risk than traditional product-development practice [126]. Value co-creation 

is rooted on a fundamental concept of human-centric innovation motivated by Society 5.0 [127], which aims 

to enrich the welfares of both workers and customers, while generating growth and real business value. DE4.0 

adopts a holistic approach that leverages upon three critical pillars: human empowerment, creative intelligence, 

and connected infrastructure [128].  

In the context of integrated materials, products, and manufacturing process design, digital co-design has 

been advocated as the capability of a network of participants in the value chain, including material scientists, 

systems designers, software developers, and end customers, to come together and share 

material/product/manufacturing process/market data, information, knowledge, and resources instantly and in 

an integrated fashion, thereby to collaborate and facilitate a cost-effective co-creation of value supporting open 

innovation. [78] present a digital co-design architecture anchored in the decision-based design paradigm while 

integrating product and process models, design methods, and decision support tools. Industry-inspired example 

problems are reported to demonstrate the utility of the digital co-design. A designer/decision-maker/user can 

carry out various design tasks systematically in relation to digital model development and integration [129], 

co-design problem formulation and goal-oriented inverse design exploration [130], uncertainty management 

and robust concept exploration [78] , and knowledge-based co-design guidance and decision support for the 

users using a cloud-based decision support platform [130]. 

Collaborative design has been well developed in the age of Design 3.0 to deal with engineering decisions 

as collaborative negotiation [131] and support design with customers by iterative decision making [132]. Open 

innovation and value co-creation in DE4.0 exemplify a new strategy of design by customers through 

crowdsourcing [133].  Crowdsourcing has been recognized as a connecting approach to installing the open 

business model by transcending organizational boundaries in order to leverage resources and capabilities 

across distributed stakeholders [134]. Different from the conventional strategy of outsourcing in supply chain 

management that emphasizes how to assign a task to a designated agent, crowdsourcing utilizes an open call 

to a crowd for maximally exploiting the external resources [135]. Crowdsourcing entails a new value-based 

model as a social-economic cyber platform in which products and services are created and delivered in an 

open, collaborative, and distributed manner [136]. Acting as a cyber transaction platform, crowdsourcing is a 

large problem-solving model that utilizes Internet technologies to coordinate, negotiate, and manage the 

crowds for performing the specific organizational tasks of product realization [137].  It entails a superior broker 
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system to coordinate the information and material flow among the stakeholder crowds and therefore enable the 

companies to crowdsource their peripheral activities and concentrate on their core competitive [138]. Product 

realization by crowdsourcing takes advantage of a digital crowdsourcing platform established in the cloud-

based cyber space [139] which makes it possible for the crowdsource to explore external knowledge and 

resource while coordinating the activities of designers and manufacturers as a collaborative product fulfillment 

network [140]. 

Key questions: 

 How can data from real-time events be infused into design and manufacture processes?  For 

example, how could the design of product packaging be adjusted to represent the shape of the 

mascot of a football team that won a derby? 

 How can crowdsourcing be effectively leveraged for both not-for-profit and industrial/commercial 

design processes? 

 How can Open Innovation be extended to include other elements of Social Product Development 

(Crowdsourcing, Mass Collaboration, Cloud-based design and manufacture)? 

 How can the various models of crowdfunding be leveraged in the design of commercial products? 

 How can vast amounts of customer feedback on online platforms be leveraged to advance customer 

co-creation? 

  How can data-driven approaches such as Social Network Analysis be used to analyze and improve 

the behavior and performance of design teams to identify designers or teams of designers whose 

activities is likely to lead to breakthrough innovations more often than that of others, or to identify 

team members that hinder the innovation process through design solution fixation.  

 

3.8 Product Servitization and Anything as a Service (XaaS) 

Many manufacturing companies have developed product-service systems (PSS) as a means to enable 

collaborative consumption of both products and services with the aim of pro-environmental outcomes [141]. 

Such a servitization business model enables sustainable product development that has the potential to minimize 

environmental impacts of both production and consumption [142]. An Industry 4.0 factory is equipped with 

ubiquitous connectivity in the manufacturing environment, allowing collection of significant volumes of 

dispersed information to support distributed decision making in fulfilling manufacturing tasks [8]. The new 

open manufacturing capabilities enabled by crowdsourcing platform [143] will create opportunities for 

transforming and expanding the manufacturing sector by developing intelligent cognitive assistants to perform 

as decision support systems, which facilitates the fulfillment of manufacturing as a service (MaaS) [144]. The 

compelling need for accommodating a dynamic and collaborative network of manufacturing services has a 

broader implication for a service-oriented paradigm to be deployed as XaaS and extended to the entire 

manufacturing regime to act as service manufacturing [145]. Another implication is dedicated to social 

manufacturing [146] that aims to take advantage of the interactive relationships among the manufacturer 

crowds to foster a manufacturing service network as an autonomous organizing process. The trend of cloud-

based design and manufacturing offers a framework of connecting smart entities across a population of 

companies, thus enabling a demand-capacity matching mechanism to serve collaborative product realization 

[147]. Crowdsourced manufacturing enables fulfillment of MaaS through a cyber platform based on cloud-

based design and manufacturing [143] which is organized as a dynamic resource sharing mechanism among 

the manufacturer crowds while engaging more manufacturer population in the MaaS network [148]. 

Consistent with the service orientation principle underlying MaaS and PSS, X-as-a-service (XaaS) 

constitutes an important aspect of design thinking in Industry 4.0. Servitization consists in selling solutions 

and outcomes to the customers, rather than tangible products. Instead of just providing the means to fulfill the 

user’s needs, manufacturers are now delivering the actual value out of that tangible object [149]. For example, 

Rolls Royce has introduced “CorporateCare,” an accessory and engine replacement service. With sensors 

proactively predicting maintenance requirements for the engines and a lease plan for engines during plane 

maintenance, Rolls Royce can offer proactive engine rental services [150]. This allows customers to focus on 

their core businesses while reducing their risk. The sensors are used not only once a product is delivered, but 
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also they are put to use in the manufacturing phase to monitor their progress as they move through the 

production line, achieving a new business model of Engine-as-a-Service (EaaS). 

Industry 4.0 opens up the possibility to implement comparable product as a service (PaaS) business 

models also for complex products involving cross-company operations and a complex supply chain owing to 

the power of internet-use and cyber-physical systems. It makes the full production process traceable and 

transparent so that life-cycle oriented business models like a PSS can be realized also for sophisticated products 

[151]. Such a PaaS business model represents the realization of a service design concept where the customer 

does not primarily purchase or own a product itself but rather buys the service the product is realizing with the 

consequence that the product design changes into servitization design [152]. In this regard, product 

servitization represents sustainable design since not the material product stands in the focus of the product 

value chain but the service realized by the product. Nevertheless, new challenges exist for successful PaaS 

design solutions regarding how to be connected to a strong and coherent brand identity, as well as the IP and 

ownership issues in practical PaaS business operations [153]. 

 

Key questions: 

 How can products be redesigned so they become product-service systems that add value to the 

customer experience in the context of smart and interconnected consumer eco-systems? 

 How can design and other product realization processes and associated systems be made available 

to both the general public and industry on a pay-as-you-go basis? 

 How can computers on demand identify and configure appropriate resources and tools required 

for a product creation task based on the IoT and IoS? 

 How can product realization-related services be registered, managed, offered and provided through 

online platforms? 

 How can product-realization-related services composed by computers be validated to meet 

industrial certification requirements?  

 

3.9 Platformization for the Sharing Economy 

With evolutionary innovations based on smart and connected hardware and the Internet+ business 

ecosystem [154], Industry 4.0 fosters a wide range of disruptive innovations that have the potential to 

fundamentally change the industry landscape. In particular, a sharing economy via service-providing digital 

platforms is emerging and holds huge opportunities for the manufacturing world [155]. The sharing economy 

is also referred to as the access economy, crowd-based capitalism, collaborative economy, community-based 

economy, peer-to-peer (P2P) economy, platform economy, renting economy and on-demand economy [156] 
[157]. The sharing economy differs from the traditional maker economy in the business model design for 

reallocation of firm activities to external partners [158]. The firms used to be operated as a transaction-oriented 

manufacturer with focus on production and co-fulfillment of manufacturing activities based on physical 

product and process platforms. In contrast, a sharing economy firm works as a sharing-platform operator and 

focuses on consumption rather than production. It servitizes the product realization process through open 

design and open manufacturing over a cloud-based digital platform in the cyber space to coordinate the 

physical flows of product fulfillment among many co-creation XaaS providers [133].  The sharing economy is 

a socio-economic system built around the sharing of resources [5]. It includes the shared creation, production, 

distribution, trade and consumption of goods and services by different people and organizations [6]. These 

systems take a variety of forms, often leveraging digital platform-driven crowdsourcing to empower 

individuals and corporations with virtual product realization information that enables distribution, sharing and 

reuse of excess capacity in goods and services [140]. 

This strategic area of DE4.0 calls for innovative design of suitable platform business solutions, which is 

very challenging because of the complexity of a wide range of possible business models, and many different 

players with varying interests and motivations. This is an important area that design innovation can find new 

opportunities. For example, a new process is being developed using virtual Minimal Viable Products (MVPs) 

and the Build-Measure-Learn cycle in a process inspired by Google Ventures Design Sprints to understand 

market opportunities and involve all stakeholders early on [159]. A MVP traditionally would be defined as the 

bare minimum feature set required to release a product or service commercially. An example of a virtual MVP 
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is the landing page built as a mobile App for Bosch Healthcare Solutions to investigate the potentials of an 

emergency service called “Lifebuddy”. Design solutions of a sharing platform also need to test the value 

proposition, the pricing model, and the market viability of a product or service before building anything. It is 

also helpful to work with various players in the B2B field, developing platform business solutions. It is 

common that companies fear of working with competitors, but when traditional companies are entering the 

platform world, today’s competitors have to become partners and customers. If not, it is likely to end up 

building another dead silo solution. To generate enough traction for the platform to become relevant, co-

creation, especially when led by an external design organization, can help to overcome corporate borders and 

offer a neutral playground, where competitors meet to discuss joint opportunities [160]. 

Design for platformization aims at a new platform-based, digital product together with complementary 

ICT services, indicating a significant application area of product informatics.  Firms move from producing and 

selling physical products with at most product-related services toward digital products with related digital 

services. The meta-dimension of value capture moves from one-time sales to continuous subscription fees, in 

which customers do not pay for the ownership of a physical product but for its availability [161].  The meta-

dimension value chain shifts from mass production of physical products toward mass customization of digital 

products [162].  External developers thereby play a more important role in product development and design 

[163]. Based on extensive industrial case studies, Weking et al. [164] summarize two platformization 

strategies. Product-related platformization describes how firms use their experience from manufacturing and 

selling asset-intensive machinery and turn it into a new digital product. The new offering primarily addresses 

unsolved customer problems. In contrast to product-related platformization, process-related platformization 

makes use of a firm's experience with internal processes and smart production and transforms it into a new 

digital platform involving many XaaS providers. The value proposition is an integrated solution of a digital 

PaaS rather than solving other customer's problems. Firms are more focused on service and support rather than 

intermediating [165]. For example, the GE Software Center has developed the IoT platform Predix as an 

internal solution for machine operators and maintenance engineers to reduce GE machine downtimes and to 

schedule maintenance checks more profitably [166]. 

 

Key questions: 

 How can product-related and process-related platformization strategies be designed, which rely on 

value capture through subscription fees, in which customers do not pay for the ownership of a 

product but for its availability? 

 How can external developers be engaged and incentivized to participate, thereby enriching the 

platform over time? 

 

DE4.0 bears the potential for disruptive and potentially seminal changes in the way new products and product-

service-systems of the future may be brought about. In the following section, we highlight some promising 

opportunities for research in DE4.0.  

 

4. OPPORTUNITIES FOR DESIGN ENGINEERING 4.0 RESEARCH AND EDUCATION  
As an area of engineering, design research focuses on the principles, theory and method for understanding 

and improving the process of design to facilitate the creation and realization of new products and technologies 

[167].  Three basic dimensions of DE4.0, namely, human, artefact, and process postulate the subject matters 

and scopes of fundamental design research. Research in Engineering Design is grounded in theory and aims to 

advance scientific knowledge about design systems engineering as a discipline [168, 169]. The DE4.0 

principles have profound implications in identifying future directions for design research. Centering around 

the main theme of DE4.0, the emerging issues and outlooks for future research can be conceived from the 

human, business, system, and cybernetics perspectives and driven by IoX, as shown in Figure 1. These strategic 

directions are inspired from the IEEE’s system, man and cybernetics perspectives towards human-system 

integration [170] and coincide with the core elements of a strategic engineering design program [31]. 
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4.1 The Human Perspective – Design for User Experience 

(1) User Experience Design towards a Product Ecosystem: Deployment of smart and connected 

technologies makes many new products being introduced to the market that they are no longer islands of their 

own to fulfill self-contained functionality.  A modern product like a smart phone works not only because of its 

inherent industrial and interface design, but also because of the ecosystem in which it “lives” [171]. Likewise, 

the MyFord Touch exemplifies a product ecosystem that has been designed to enable personalized in-car 

experience in the form of human interactions with the entire interior environment [161].  Along the same lines, 

a Xerox customer can choose to either purchase a printer with potentially a service plan, or simply a printing 

service, where the printer is located at the customer’s facility but not owned by the customer any more.  These 

are all examples of a more holistic view of filling the customer need. As customers become more connected, 

products and related services are increasingly knitted into a larger ecosystem of touchpoints. The physical 

product is not alone, whilst other factors can be conducive to the users’ emotional and hedonic experience; and 

in turn contributes to the value added [172].  This results in blurred boundaries between products, services and 

networks.  It is often user experience (UX) that makes product ecosystems appealing in many industries [173]. 

We have been convinced by the trend of product value fulfillment progressing from traditional function-

focused product and service fulfillment to nowadays customization and personalization [62]. 

Pine and Gilmore [174] have envisioned an experience economy underlying this trend, which has indeed 

come to fruition in many industries.  Product design traditionally copes with physical products and emphasizes 

mainly functional requirements, yet with limited consideration of customers’ affective and cognitive needs or 

roles in decision making [175]. It is therefore imperative for product design to bring in the human-system 

interaction explicitly [176, 177]. Product ecosystem design for UX deals with a dynamic unit that consists of 

all interdependent products and users, functioning together with its surrounding ambience, as well as their 

interactive relations and business processes [63].  There are many fundamental issues deserve scrutiny in 

relation to user-centered design and emotional design. An important research question to be addressed is 

regarding a deeper understanding of human-product-ambience interaction [64]. New opportunities exist for 

identifying promising topics for UX design research, such as modeling and analysis of customer affective and 

cognitive needs using augmented intelligence technologies [66]. 

(2) Cloud-based Computer Supported Collaborative Work (CSCW) for Future Work of Designers: The 

human dimension of DE4.0 highlights the importance of user experience not only for customers as end-users 

at the frontend but also for multiple stakeholders at the backend of product realization. Working within a 

human-cyber-physical system environment, the experience of designers becomes critical for developing 

computer-supported cooperative work [178, 179].  As unveiled by the NSF’s big idea on future of work at the 

human-technology frontier [180], the future work of designers are challenged by having to work with 

exponentially growing techniques. It is important for convergence research to understand and influence the 

impact of AI and automation technologies on designers and design work, understand and develop the human-

technology partnership to augment human cognition, illuminate the emerging socio-technological landscape, 

understand the risks and benefits of new technologies, and foster CSCW that promotes designer well-being. 

Many research opportunities exist for understanding how designers work within groups and organizations and 

the impacts of technologies on those processes, for example for the case of open design [181].  Understanding 

of the characteristics of interdependent group work will contribute to the objective of designing adequate 

computer-based technologies to support designers’ cooperative work.  

Over the years, CSCW research has identified a number of core dimensions of cooperative work, including 

awareness, articulation work, and appropriation (or tailorability), which are largely been derived through the 

analysis of existing systems [178]. However, the complexity of the domain makes it difficult to produce 

conclusive results, as the success of CSCW systems is often so contingent on the peculiarities of the social 

context that it is hard to generalize. For example, one of the most common ways of conceptualizing CSCW 

systems is to consider the context of a system's use [182].  Relating directly to the core of cyber-physical 

product creation, cloud-based CSCW has emerged as a promising service-oriented product development model 

[166] in which service consumers are enabled to configure, select and utilize customized product realization 

services ranging from computer-aided design software to entire reconfigurable manufacturing systems. 

Noteworthy research problems can be formulated to examine the potential benefits of cloud-based CSCW, 

such as ubiquitous access to design and manufacture resources, on-demand scalability, multi-tenancy, 
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increased resource utilization, reduced capital cost and complexity, reduced maintenance and personnel cost, 

accelerated time-to-market, as well as attractive pricing [147]. 

(3) Social Product Development for Democratization of Design, Manufacture, and Innovation: 

Delegation of design used to be a pragmatic systems engineering solution to managing a complex product 

development project through outsourcing. It shifts various design responsibilities to a general contractor, 

outside of a formal design-build contract, by way of the contract, specifications, or directives of the owner, all 

of which result in exposure to the general contractor when the delegated design is a problem or is perceived to 

be a problem [183]. DE4.0 enables a service-oriented product development model, in which service consumers 

are enabled to configure, select and utilize customized product realization services ranging from computer-

aided design software to entire reconfigurable manufacturing systems. This extends the design delegation 

principle to become social product development, i.e., to offer or utilize anything needed to take an idea for a 

new product all the way from conceptualization to production via the IoT and XaaS. It encompasses several 

exciting phenomena such as crowdsourcing, open innovation and mass collaboration [7], but is a relatively 

undeveloped and unexplored area within both academia and the context of technology transfer.  

The increased affordability of 3D printing has been one of the most significant motivators for the 

democratization of design, manufacture and innovation. The democratization of design, manufacture and 

innovation defines empowerment of the masses in social product development. It is the process whereby power 

has been taken from those with wealth and given to those with innovative ideas. Previously, the main barrier 

that stood before these individuals was manufacturing, but now affordable 3D printing means prototyping and 

production is easily accessible. Key issues worth investigating include the sociotechnical aspects [184] and 

how to utilize the cloud-based computational infrastructures to support social product development for 

democratizing design, manufacture, and open innovation. More challenging issues and research questions to 

be addressed include integration of digital twins and digital threads, integration of models and simulation tools 

spanning processes and length scales in line with different domains in axiomatic design, defining 

computational workflows that support decision making and span multiple activities and users, defining 

modular, reusable sub-workflows for specific processes, design of cyber-social decision networks, 

implementation of reliable and stable connections to external databases on materials, products, processes, and 

customer surveys, development of knowledge-based assistance mechanisms to enable different types of users 

to participate in design-related decision making, security of data and privacy control, capability to explore the 

design and solution space for implementation of systems that conform to Industry 4.0 construct, and robust 

implementation of Industry 4.0 construct through dynamic and cost-efficient reconfiguration of manufacturing 

processes during their operations. 

 

4.2 The Business Perspective – Design as Strategic Engineering 

(1) Smart Innovation and Business Value Chain Design: A smart product itself is a cyber physical system 

providing new features and functions based on connectivity and smart services. It opens the way for the 

business growth where new technologies offer and enable the digitization of delivery services. Smart 

innovation is comprised of extended innovation and connected lifecycle innovation. Extended innovation has 

two streams of information that comes from the inside out and the outside in. Advanced product lifecycle 

management (PLM) systems form the connected lifecycle innovation, which can be accessed from anywhere, 

especially through mobile apps. Achieving smart innovation is implemented as a through-engineering across 

the entire value chain, in which all the product development and manufacturing activities are integrated and 

coordinated with the product life cycles. New synergies emerge between product development and production 

systems through two types of value chain integration.  

The first is vertical integration whereby all the systems in the traditional automation pyramid are affected, 

from field and control levels to production level, operations level and enterprise planning level. Vertical 

integration will make the traditional automation pyramid view disappear. The same goes for several systems 

and applications across these various levels. Other systems such as Enterprise Resource Planning (ERP) will 

dramatically change while still others will be replaced by rapidly emerging applications in the scope of 

Industrial IoT platforms, specifically manufacturing platforms and vertical platforms for various tasks and use 

cases in the many aspects of industrial applications that get ever more features and become combined in an 



23 
 

interoperable systems-of-systems approach and by digital transformation platforms and business applications 

where IoT platforms and functionalities get integrated into.  

The second is horizontal integration which is not about the hierarchical view of several systems as in 

vertical integration but about the end-to-end value chain, from supplier and the processes, information flows 

and IT systems in the product development and production stages to logistics, distribution and ultimately the 

customer. Decentralized intelligence in manufacturing impacts various systems employed in industrial markets 

and in the end is all about data and how, why and where it is used at the right time and right place for the right 

reasons to paraphrase the DIKW model [98] from data to knowledge with the additional layer of decisions for 

actions.  

More research issues worth of investigating are related to semi-autonomous and autonomous decisions in 

an Industry 4.0 system. It is important to examine the essence of the business value chain of self-organizing 

plant and autonomous production [185].  It is of particular importance to justify to what extent for value added 

in product fulfillment when adopting as much automation as possible with IoT, artificial intelligence, the new 

integrated systems, advanced analytics and so forth that all play a role in the business value chain. New value 

stream mapping methods are deemed to be an important research opportunity for a holistic analysis of design 

value streams in the digital age [39].  Design of Industry 4.0 business models is crucial for new product 

development to garner competitive edges for companies to succeed in the digital economy [119].  In this regard, 

rich opportunities of design research exist in the strategic domain for smart innovation and value creation [186, 

187] 

(2) Collaborative Crowdsourcing of Product Fulfillment: The emerging human-cyber-physical 

production systems will provoke changes in many ways for future manufacturing concerning MaaS fulfillment 

in the factory of the future. Leading experts expect that less basic, repetitive work but more ambitious tasks in 

collaboration with the crowdsourcing platform, and thus, the factory of the future will not be deserted, but 

organized as a network of crowdsourcing platform-driven manufacturing services [188]. Product fulfillment 

through crowdsourcing has observed as an emerging trend towards Industry 4.0. It offers new opportunities 

for reaching external partner’s knowledge and resources while allowing companies to focus on their core 

competencies [143].  The open innovators, open designers, and open manufacturers are all engaged through an 

inter-organizational network and their crowdsourcing relationships are contractually tied to collaboration for 

fulfilling different knowledge and capabilities along with a coherent product fulfillment flow [189]. 

An important issue is regarding the crowdsourcing contracting mechanism [140] which is akin to 

traditional supply contracting that formally formulates the transactions between the stakeholders to pursue the 

coordination of diverse decision makers and organize them into supply chain networks [190]. There is a stream 

of research of negotiation system for coordination of distributed enterprises, which is consistent with the 

product fulfillment process [191]. This type of proposing systems entail a bilateral negotiation scheme 

coincides with a supply contract with an emphasis on the design of the efficient negotiation mechanisms, 

protocols, and strategies [192]. In practice, every organization and entities in the supply chain networks are 

operating in heterogeneous environments with different objectives and constraints [193].  Since it is observed 

that a successful crowdsourcing decision-making process requires diversity and independence of the 

individuals in the crowds [194], the crowdsourcing contracting is more challenging than conventional supply 

contracting [195], thus lending itself to be an important research area. An interesting exploration opportunity 

is to design crowdsourcing contracting mechanisms based on new decentralized data management techniques, 

for example, block chain-based smart contracting [196]. 

Moreover, any entities involved in the product fulfillment scheme must be considered for their cohort 

behavior, instead of only their individual operations, in order to achieve the general functionality along the 

product fulfillment flow and to negotiate with their peers to find compromised solutions [197]This indicates 

one important research issue of crowdsourcing contracting with regard to collaborative negotiation along the 

decision-making flow of product fulfillment [198].  Reference modeling and architecture design are important 

research questions to be addressed in order to better understand open design and product fulfillment through 

crowdsourcing [199]. For example, the well-practiced “V” model in systems engineering and formal modeling 

language like SysML [200] have much potential for streamlining product definition and managing contracting 

decisions in crowdsourcing of product fulfillment.   
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(3) Open Architecture Product and Service Platform Design: Mapping between the customer and 

functional domains constitutes the front-end issues associated with customization and personalization.  Such a 

planning task usually starts with existing product portfolio and conforms to those common practices of order 

configuration and sales force automation. The exploration of soft user requirements involves intensive 

interactions with customers. Customer co-creation is necessary to elicit latent customer needs. User innovation, 

data mining and machine learning lend themselves to be the main techniques of customer requirement 

acquisition and reasoning about user experience.  Customization and personalization solutions are generated 

in the physical domain by mapping functional requirements to design parameters based on the shared product 

and value chain platforms. The fulfillment of hard requirements involves typical decisions regarding product 

family design and configuration. For personalization of soft characteristics, customer-unique value chains must 

be designed in such a way that customer participation within a product ecosystem can be separated into a series 

of value-generating activities.   

Usability studies are always useful to design changeable and adaptable workflows that enable customer 

co-creation and accommodate open innovation. Also of concern are the cost advantages of personalization 

value chains. Similar to the wisdom of reusing proven design elements, formulating common value chain 

platforms is deemed to be an effective means to achieve mass production efficiency. New cyber-physical 

digital platforms offer great potential for implementing value chain platforms into online personalization 

engines that can provide recommendations on latent customer needs [63]. Integrated design of product and 

service platforms suggests itself to be of paramount importance for achieving open architecture systems that 

enable open innovation, open design and open manufacturing throughout the product realization process, in 

order to cater to business success in user experience. 

The back-end issues associated with open architecture product and service platforms involve the process 

and logistics domains, which are characterized by process variables and logistics variables, respectively.  The 

mappings from design parameters to processes and to logistics entail process platform design and supply chain 

platform planning.  The main concern of process platform design is to take advantage of existing capabilities 

and utilize repetitions in production planning. The process view of personalization is enacted as service 

delivery processes.  Identification of changeable, adaptable and reconfigurable service delivery processes and 

formulation of service process platforms are deemed to be the fundamental issues of process reuse [201].  

Likewise, in the logistics domain, the economic fulfillment of customization and personalization relies on 

changeable, adaptable and reconfigurable supply and delivery networks.  

Furthermore, the social aspect of product and service platforms is emerging as an interesting research area, 

as a product ecosystem is often associated with social networks. Interactive information sharing among 

customers is becoming fast and convenient over the Internet with the online social networks or review sections 

of shopping websites. The increasing availability of data about peer interactions and the popularity of 

marketing communication techniques based on such interactions have led to even greater interest in 

understanding the effects of peer influence on customers’ choice decisions of product [202].  The extensive 

reach of the Web and the prevalence of social networking sites have made large amounts of data on social 

networks easily available, which has recently resulted in their recognition as an important tool for marketing.  

Because the market is shifting to the online environment and due to the competitive nature of industries, it is 

important for firms to benefit from such information with appropriate marketing and product line design 

strategies. A phenomenal trend is emerging towards social commerce [203], which makes academia and 

industries recall the dot-com and e-commerce revolution of decades ago. Abundant research opportunities exist 

in response to the emerging trend of open architecture product and service platform development that aims to 

leverage upon systems, humans, cybernetics, and businesses.     
 

4.3 The System Perspective – Design of Human-Cyber-Physical Systems 

(1) Human-Centered Cyber-Physical Work System Design: Industry 4.0 seeks to combine the real and 

cyber worlds by implementing cyber-physical systems within industrial processes to create a self-managing 

network between humans, machines, products, and other related objects [204].  Human-centricity is a critical 

element of digital transformation to Industry 4.0 to allow for a paradigm shift from independent automated and 

human activities towards a human-automation symbiosis [205]. This symbiosis is characterized by the 

cooperation between machines and humans in work systems and is designed not to replace the skills and 
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abilities of humans, but rather to co-exist and assist humans in being more efficient and effective [206].  Before 

the transformation to Industry 4.0, the operator mainly performed physical work. Through the transformation 

to Industry 4.0, the share of physical work will be replaced by cognitive working tasks in future production 

systems [207], for example, coordination and organization of materials and other production resources, control 

and monitoring tasks, and decision-making under uncertainties in production [208]. 

The design of adequate human-system interactions is the focus of the human factors and ergonomics 

research field [209]. Rich research opportunities exist for new concepts and methodology for designing human-

centered mediation processes to involve humans in the system design for Industry 4.0 solutions and to allow 

the humans involved to express their needs for new Industry 4.0 solutions [210]. It is also important to 

scrutinize the human role in production before and after the transformation to Industry 4.0 and to address the 

research question of how and in which ways the transformation to Industry 4.0 changes the role of the operator 

in production [211].  More research is needed to investigate such questions as: Who and with whom is the 

operator to interact in a cyber-physical work system? What are the user and system requirements of a smart 

and skilled operator who performs work aided by machines as needed. This represents a new design and 

engineering philosophy for adaptive production systems where the focus is on treating automation as a further 

enhancement of the human’s physical, sensorial and cognitive capabilities by means of human-cyber-physical 

system integration [14]. 

Due to changes in required competencies and skills for performing new technical and digital tasks, user 

and system requirements are changing too for more data privacy, security in automated workplaces, and 

possibilities for job training. With the aid of the identified tasks and competencies as well as extracted user 

and system requirements, general design principles can be defined. Several emerging fields such as cobots and 

digital cognitive assistants have much potential for simplifying the future jobs of operators. In a manufacturing 

system, operators are faced with complex tasks that requires an increasing number of technical and digital 

skills. Human-centered design is a promising direction for developing assistive systems and workplaces, which 

minimize the required technical and digital skills of future jobs [212]. Therefore, the involvement of operators 

with different experience levels and capabilities is crucial for the design process. Workplaces and assistive 

systems should be easily adaptable according to the operator’s roles, experiences, skills, and capabilities, as 

well as the production situation, to provide information, resources, tools, and support needed under specific 

conditions. In addition to operator engagement and adaptable workplaces, design of human-cyber-physical 

system must deal with human-data interaction as a new form of human-machine interaction in Industry 4.0.  

Moreover, the interaction between human and data is mediated by intelligent objects that constitute a 

bridge between real (physical) and virtual (digital) dimensions and cover different levels of scale in relation to 

human, helping at the same time to maintain the contextualization and anchoring data to the sphere of meaning 

they belong to, i.e., context-awareness [213]. A promising area of design research is virtual ergonomics [9], in 

which digital human modeling technologies [214] are applied to implement a digital mannequin that is driven 

by the real operator to browse quickly a virtual scene via VR/AR interactions within the workstation while 

taking real posture during the execution of a work’s task. Biometric-based user experience design, especially 

those based on eye tracking systems, lends itself to be a promising area for investigating human-data interaction 

in the Industry 4.0 work environment [215]. 

(2) Design of Networked Manufacturing Systems: Design of adaptive, changeable and reconfigurable 

manufacturing systems has attracted much attention in the past decade [216], owing to its advantages in 

accommodating customized manufacturing processes that meet the variations in operational requirements or 

changes of the machine status. If the manufacturing process is to be designed as a superset of all necessary 

designs to address all possible performance scenarios, then appropriate design can be selected at 

reconfiguration time to meet any operational requirements without the need to completely redesign the system 

from ground up [71]. Digitization of engineering systems in smart manufacturing has resulted in distributed 

and networked manufacturing systems in a cyber-physical production environment [217]. 

One challenge for current design methods is how to address variations in product design that are propagated 

downstream to changes in production scale or variations in product quality necessitated by dynamic changes 

in the market. The integration of adaptability, operability and re-configurability is indispensable for addressing 

the limitations of the current methods of designing complex networked manufacturing and operations systems. 

More challenges to be addressed include: Identifying the mechanical and control system drivers and their 
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relations in concurrent design; Building in flexibility in selection and determination of values of design 

parameters in both systems; Managing the complexity of the design problems; Creation of effective and 

efficient cloud-based decision support systems; Integration of process and product-related decision models in 

the comprehensive model-based computational frameworks; Achieving multidisciplinary knowledge exchange 

between different domains, beyond mechanical and control engineering; and Interfacing domain ontologies 

necessary for concurrent design as a smart digitalization platform of networked manufacturing systems.  

Moreover, an assembly system is a specific instance of networked manufacturing systems within a factory. 

Assembly system design defines proper configurations and efficient planning strategies to maximize the 

assembly system performances. Beyond assembly line balancing and scheduling, the assembly system design 

has to consider the industrial environment in which the system operates [218]. Integrated design of the product, 

process, and the assembly system is critical in order to utilize the flexibility and capabilities enabled by the 

Industry 4.0 technologies. Strategic design deals with planning and realizing the potential of interactions 

between sub-assembly lines, kitting lines, and the main assembly lines [219]. The operational-level system 

design needs to explore how new capabilities may affect part routing and scheduling including cases of 

disruptions and machine failures that have impact on performance in terms of overall flow time and ability to 

handle a wide variety of end products [220]. 

(3) Design of Cyber-Physical Production Systems for Smart and Connected Supply Chains: The design 

space of production planning and control is extended to a cyber-physical environment in Industry 4.0, in which 

the tasks of production control are assigned to intelligent objects, such as machines, parts, and products, in 

order to attain higher flexibility, higher adaptability, and thus a higher logistics performance [221]. The 

production system behavior depends on the decisions made by intelligent objects with individual and self-

contained systems of objectives. This can deteriorate both the stability and the quality of achieved production 

planning and control solutions. It is important to design future production systems by understanding how to 

avoid the emergence of myopic behavior, which serves as a basis for creating new control approaches by 

exploring the design space [222]. The new DE4.0 product development process sheds light on the creation of 

a structured methodological approach to strategic production planning, which is based on the systematic 

leveraging of the creativity and experience of a vast diverse network of employees in order to establish an 

actionable and living integrated manufacturing-driven innovation road mapping process [223]. 

Focusing on the human role as a key aspect in the use cases designing process, design thinking methods 

have the potential to support companies to develop Industry 4.0 use cases of production assessment in the 

factories [224]. A modular system design approach has good potential for enabling a modular system 

architecture of configuring system modules for both cyber and physical aspects of the production system [225] 
[226]. Design chain management plays a critical role in examining the relationships between product supply 

and customer demand in order to distinguish major types of production systems such as a flow line, Toyota 

production system, job shop, cell, and flexible manufacturing systems, in dealing with the product architecture 

change and adopting digital manufacturing technologies like 3D printing [227]. 

Furthermore, the extended cyber-physical production systems necessitates design for smart and connected 

supplies [228]. Under the paradigm of Industry 4.0, the present supply chain design policies should model the 

reverse logistics and examine how product diffusion dynamics in the market affect the economic and 

environmental performances of an inventory and production planning system [229]. In Industry 4.0, rigid 

collaboration structures will be increasingly replaced by project-based business partnerships. Such an ad-hoc 

setup of collaborations is needed to deliver solutions uniquely tailored to a customer’s needs. Optimal design 

of agile collaboration networks is an important research area in order to describe the shift in horizontal 

integration towards a flexibly-defined extended enterprise, enabling manufacturers to focus on core 

competences yet allowing them to offer customized products in any market. In contrast to agile collaboration 

networks, which build on the horizontal integration of supply chains, vertical integration based on digital 

technologies allows companies to drive value through transparency and process automation.  

Smart and connected supply chains are formed through the vertical supply network by recreating supply 

flows at a virtual level, allowing the seamless integration and automation of physical processes and providing 

companies with dramatically increased transparency. It is important to manage the growing complexity of 

supply chain design while mapping the physical flows continuously on digital platforms. These virtual 

engineering objects [230] of the supply network’s activities are created through cyber-physical systems, such 
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as RFID-tagged raw materials and work pieces. Deployed along the supply chain, they generate data about 

goods’ positions or states in real-time, at multiple levels of aggregation. At the point of the data flows’ 

aggregation, i.e., the supply chain control tower, a maximum level of transparency over the entire supply chain 

can thus be established through systematic design of smart and connected supply chains [231]. Towards this 

end, joint product development and supply chain configuration, digital twins for information sharing 

throughout the supply chain, and coordinated planning of multi-echelon supply chain networks are examples 

of many research issues worth investigation.   

(4) Digital Product Lifecycle and Recyclable by Design for the Circular Economy: Design usually 

assumes that the manufacturing resource is available 100% for the mass production of just one product. 

Industry 4.0 requires the industry to accommodate disruptions in supply chains and market volatility by 

producing varying quantities of different products using the same manufacturing infrastructure. Sustainability 

calls for systematic design over the entire digital product lifecycle, requiring that the product quality and per-

unit cost be not compromised while maintaining a high level of resource utilization. The digital product 

lifecycle requires designers to anticipate fragmented yet interconnected manufacturing systems that can adapt 

and morph dynamically in response to disruptions. Product design will have to account for production 

variations and incorporate smart modular products that can be assembled in a variety of ways. Digital twins of 

these designs must work in conjunction with the factory infrastructure to produce low volume goods at high 

quality with mass production efficiency.  

Design of digital product lifecycle needs to address such challenges as: Part assembly and disassembly 

process must be flexible and allow multiple pathways so that a product can be manufactured in multiple ways 

using the same process; Consider the nature of supply chain and needs of end users in determining optimal 

product portfolio for production; Manufacturing processes must be flexible and agile and be able to react to 

disruptions in supply chain in real-time by modifying either the sequence of manufacturing process or by 

modifying the product mix and quantities to maintain high infrastructure utilization; and Consider raw 

materials and product end-of-life criteria to select appropriate materials and processes to build quality products 

that are environmentally friendly, cost-efficient, and last the designed lifetime. 

The emerging circular economy [158] represents a trend of a sustainable industrial system that is 

restorative or regenerative by intention and design [232].  It replaces the end-of-life concept with restoration, 

shifts towards using renewable energy, minimizes the use of toxic chemicals that impair reuse [233]. It aims 

to limit waste through the superior design of materials, products, systems and business models [234]. Many 

times, however, choices made early in the value chain, as in the design stage, hinder the shift towards more 

circular models and material flows. While eco-efficiency is not a new term in the design world, effectiveness 

lends itself to be a key circularity principle.  However, it has not been adopted as a core design principle to 

date.  

Future research of sustainability design for the circular economy should be geared towards two new unique 

areas that makes circular economy different from traditional sustainable manufacturing efforts, namely 

considering design at the upstream and considering product use at the downstream. New opportunities exist 

for redesign of manufacturing systems, e.g., co-design of products with end-of-life stakeholders for material 

recirculation by data-driven inverse analysis of recyclability, circular production pathway by material flow 

analysis, system dynamics modeling and simulation, as well as circular lifecycle value stream mapping and 

optimization by machine learning of product use and material reuse patterns. Recyclable by design [235] could 

be a valuable direction for multiscale materials design research [130,236] to design products using materials 

that are easily upcycled, recycled, or remanufactured [237]. 

4.4 The Cybernetics Perspective – Design with Smart Sensing and AI Technologies 

(1) Machine Learning and Artificial Intelligence for Data-Informed Design: The interests of machine 

learning and artificial intelligence in Engineering Design have a long history since 1990’s [238, 239]. Modern 

machine learning techniques, such as deep neural networks, are fueling the rapid developments in artificial 

intelligence [240]. Recent advances in these fields will continue to stimulate this rapidly advancing frontier for 

novel design theory and methodology that support designers to make better informed decisions. 

While the data-driven paradigm sounds appealing and has gained a lot of popularity [81], there are some 

critical issues or premises deserving scrutiny when considering data-driven design. Data-driven manufacturing 

is straightforward owing to the availability of a large volume of process data. On the production side, the 
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transport times, position data of the work pieces and the like can be tracked for example by RFID. But what 

data can be generated and used by product development? There are diverse milestone plans, design data, value 

stream mapping, but today no high-resolution data, meaning very precise information about the product or the 

development, is available. In certain indirect areas, the digital reality should be included through various data 

sources as an essential core of Industry 4.0. There is few systematic approach for the generation and analysis 

of high-resolution data for products and product development. As a matter of fact, design is such an engineering 

domain that is characterized as “knowledge rich yet data sparse”, and therefore the seemingly data-driven 

approaches are not straightforward for design per se [86].  It is thus imperative to examine the theoretical 

foundation of data-driven design. While embracing big data and analytics, design decision support should 

emphasize design knowledge management and data value extraction to achieve an integration from data to 

information and to knowledge in light of the DIKW pyramid model [98].  

Various mechanisms and approaches are used in the data-informed design studies for extracting useful 

knowledge [241]. Relatively few studies have been conducted from the integrated perspective of data-informed 

inverse design. The systematic frameworks dealing with collaborative aspects of decision makers in integrating 

related resources used for product design and the environment contexts are still lacking, which is noteworthy 

for future development. Inverse conceptual design provides a platform for users and firms to communicate the 

needs and wants to continuously improve design concept directions and evaluation of design for achieving the 

benefit of inverse thinking and inverse problem solving [242]. Design knowledge discovery and management 

thus is an important area of research for data-informed design. For example, Lützenberger et al. [243] introduce 

KbeML as a formal extension of the established SysML standard for a neutral representation of knowledge 

transfer from product usage information to design requirements. Kim and Ding [244] apply data mining 

methods to optimal design of engineering systems, in which the fuzzy c-means clustering method is used to 

organize the design knowledge base with selection rules for design evaluation. To optimize product 

performance using knowledge and experience gained during in-service, Igba et al. [245] demonstrate how in-

service knowledge can be captured, fed back and reused for the design and manufacture stages of the product 

lifecycle. Data-informed inverse design knowledge discovery and learning lends itself to be a valuable research 

area that enables designers to learn from product in-use performance by informing subsequent designs with 

product operating knowledge, and consequently improving the through-life product performance. 

(2) Dynamic Risk Management of a Cyber-Physical Sociotechnical System: The DE4.0 arena will be 

expanded to a cyber-physical world and enacted through a sociotechnical system. The cyber-physical 

sociotechnical systems (CPSTS) dealt with by DE4.0 will be self-evolving multi-functional systems exposed 

to new information [246]. The main challenges will be emergent complexity and uncertainty due to the lack of 

regulations of the free market and its underlying assumptions of perfect and symmetric information, which is 

inconsistent with reality [15].  A basic research question to be addressed is: What features should CPSTS be 

designed with in order to dynamically manage complexity and uncertainty through risk mitigation? One 

possible solution is to design CPSTS to be adaptable to dynamic change where the system will have capability 

to recognize the risk issue, identify its source and mitigate its effect by readjusting the system to keep 

operations within prescribed tolerances. Another possibility is to design CPSTS to be relatively insensitive to 

manufacturing processes under uncertainties. This is related to a rich research area of designing reconfigurable 

manufacturing systems [216]. 

The social aspect will become an important aspect of DE4.0. In Industry 4.0, engineering systems are 

increasingly connected, with complex interactions among social and technical aspects, both during the design 

process and after fielding. The smart connectivity blurs the boundaries of engineering systems in that their 

performance are largely determined by how they interact with its ambience or even the society [10].  While 

traditional Engineering Design has focused on designing an optimal technical artefact, there is an increasing 

recognition that social and organizational aspects of how designers collaborate and create, and how systems 

co-evolve with the human and built environments through use, are equally important drivers of value [247]. 

Sociotechnical system design has emerged as an important research area of design that consider human, social 

and organizational factors, as well as technical factors in the design of organizational systems [248]. It is widely 

acknowledged that adopting a socio-technical approach to system development leads to systems that are more 

acceptable to end users and deliver better value to stakeholders. For example [249] advocate socio-technical 

systems design to be practiced from design methods to systems engineering. The rise of new sources of data 
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and increased availability of artificial intelligence and informatics further creates many opportunities to extend 

design research into the socio-technical realm. Many research topics are worthwhile regarding fundamental 

theories of sociotechnical system design, integrating human behaviors into the design process, co-evolution of 

social and technical systems, and modeling the interactions of systems and organization architecture, along 

with dynamic risk management for governance of multi-stakeholder systems [184]. 

(3) Cyber Security Challenges for DE4.0: The DE4.0 entails a human-cyber-physical view of the systems 

realization ecosystem. Cybersecurity will emerge as an important issue that design research needs to take into 

account. Existing cybersecurity technology does not work well in terms of scale and dynamics. Existing 

cybersecurity technologies are based on static networks with reasonable scale (10s to 100s of thousands of 

nodes in the network). Industry 4.0 will be characterized by very large and dynamic networks. Therefore, 

cybersecurity research that addresses these characteristics will become an important interdisciplinary research 

direction for the design community [250]. For example, digital twins with advanced simulation and emulation 

aims to solve the dilemma between productivity and security through the design, development and 

demonstration of a system of systems that embraces the technical, economical, human and the societal 

dimensions of future factories [251]. More research questions are related to advanced and novel cybersecurity 

applications based on Data Science, Artificial Intelligence, and Machine Learning (DSAIM), Automated and 

Autonomic Response (AAR) to cyber threats, and chaos engineering. Within this collection, AAR will be very 

important for real-time security of systems, and AAR can be enabled by advancements in the other three 

components as applied to cybersecurity requirements in DE4.0. 

(4) Verification and Validation (V&V) of Design Research: These two issues are always challenging for 

design research [240].  Systematic V&V are critical in order to assess the accuracy and reliability of the 

conducted research [252] [253] [254]. There has been a significant increase in activity to define V&V methods 

and procedures [255].  Verification is to determine that “a model implementation accurately represents the 

developer’s conceptual description of the model and the solution to the model” [256, 257].  On the other hand, 

validation is to determine “the degree to which a model is an accurate representation of the real world from the 

perspective of the intended uses of the model” [258, 259].  In the context of design research, we posit that 

“validation is to make sure that the model is doing the right thing, whereas verification is to justify to what 

extent the model is doing things right” [260].  Similar to the computational study and algorithm development 

fields, benchmarking and performance comparisons are the common approaches for design verification. For 

example, the percentage of improvement in computational efficiency is a popular measure of a proposed design 

procedure or algorithm. Likewise, performance comparisons of the objective functions using the same data set 

or numerical example setting indicate to what extent a proposed design optimization model could 

outperformance other methods for solving the same type of problems. 

 Of particular challenge for design, however, is the validity of a design research in terms of significance 

of the problem context. For example, human-subject research becomes prevalent in recent years. Controlled 

experiments could be conducted by recruiting participants from college students to obtain evidence of 

statistical tests for verification of a research question regarding design creativity for instance. However, 

designing a Lego toy vs. an aero engine, or by a student designer vs. a design expert in the industry, would 

involve very different problem contexts, leading to difficulties in design validation to convince the formulation 

of the problem context is right. Therefore, formulating a meaningful design research problem that to the largest 

degree to represent the real world is the key for plausible validation of whatever design research. Field studies, 

instead of using hypothetical or numerical examples, may be a useful practice is to help anchor the specific 

problem contexts in a close practical relevance to actual industrial applications. While design itself is a more 

practice-based subject, it is necessary to advance design research in accordance scientific methods. For 

example, self-reported data could be enhanced together with objective data using smart intelligence 

technologies, e.g., neurophysiological measures, in human-subject studies. While empirical and descriptive 

study studies do help acquire practical observations or managerial implications, rich opportunities exist for 

research on the social aspect of design if taking advantage of more rigorous scientific methods and prescriptive 

models in the field of social behavioral science, e.g., quantitative social science models, as well as advanced 

social system models in the field of industrial mathematics, e.g., population dynamics. Furthermore, while the 

prevailing cybernetics technologies enable tremendous potential for advancing design engineering, the 

validation of these technologies – to what degree they really enhance design activities – is an important research 
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problem worth scrutiny. The usefulness of whatever high-tech or computer-assisted technologies ultimately is 

justified by to what extent the original domain problems are solved. This leads to a more complex and important 

research area of the human-technology frontier as prompted by one of the NSF Big Ideas [180]. 

  

4.5 Design Education for the Industry 4.0 Workforce 

Design education of DE4.0 aims at educating strategic engineers - those who have developed the 

competencies to create value through the realization of complex engineered systems [261].  Digitization is 

disrupting our world and shaping the challenges that newly minted graduates will need to address in their 

professional careers. The solution to manage these disruptions is anchored in the principles of sustainability 

and values that are foundational to mitigating inequities by managing the tensions between the pulls of people, 

environment and profit. To succeed in the digitized world, it is important for people in the workforce to 

continually hone non-technical, career-sustaining competencies, for example, to continue learning through 

reflection and the associated creation and articulation of knowledge, to speculate and identify gaps that foster 

innovation, To ask questions, actively listen, reflect, and identify gaps and opportunities worthy of further 

investigation, to make decisions using incomplete information, and to think critically (deductive reasoning and 

inductive speculation) and identify a way forward. It is of strategic importance to promote reflection, dialog 

and action on modifying curricula to provide our soon to be designers the opportunity to internalize non-

technical career sustaining competencies and values that empower them to foster societal and technological 

innovations that promote sustainable development and mitigate societal inequities. For example, upskilling 

talent in a digitally transforming enterprise becomes critical as a person in a digitally transforming enterprise, 

in addition to being able to adapt to advances in technology, needs to be able to communicate and relate to 

people (from different disciplines, cultures, values) who may not be co-located [262, 263].  Although people 

can be trained to use new technologies and how to communicate and relate to other people, it is difficult to 

teach people how to learn, unlearn what is no longer relevant and relearn that which is needed. Nonetheless, 

experiential learning has great potential to provide an opportunity for people to learn by reflecting on doing 

[264].  Through learning, unlearning and relearning people can recreate themselves, for which generative 

learning is conducive to enhancing learning with the capacity to innovate and create [265]. 

There is a discrepancy between workforce qualifications sought by employers and workforce qualification 

delivered by mainstream education institutions. To alleviate this, more joint efforts between academia and 

industry are required [266].  The main challenges in delivering a digitally savvy workforce of tomorrow are 

rooted in today’s outdated and inflexible education. Education should prepare students to solve tomorrow`s 

problem. It should be more focused and intensive, and perhaps degree programs should become shorter soon 

so that the knowledge of students will not be outdated by the time they graduate [267].  New means of 

delivering education online (MOOCs, etc.) are needed as well to increase access and reduce cost of provision 

at the same time. In addition to the preceding, industrial strategy needs to go beyond the traditional view and 

baseline of increasing productivity, reducing expenses, and achieving shorter production cycles. Investment 

into talent and the fostering of creativity, empathy, and cognitive learning of employees may lead to new and 

innovative business strategies and management philosophies. Another way of addressing the skill gap and 

attracting more people to manufacturing jobs is to improve the somewhat traditional perception that graduates 

have of manufacturing, away from being dirty to being high tech and cool. According to the Manufacturer 

[268], another option might be to embrace diversity, such as hiring more women, and other under-represented 

groups. In general, the adaptation of non-technical career-sustaining competencies for generative learning is 

elementary for individuals to become lifelong learners who can upskill or even deskill along with technological 

change. Nevertheless, in terms of innovation, the need for human-human collaboration will remain important 

and continue to grow where new knowledge, creativity, critical thinking and empathy  

The development of a skilled workforce to run the manufacturing enterprises of the future is one of the 

critical issues that must be addressed in the near term. While Industry 4.0 will usher in economic growth and 

profitability, there will be loss of blue-collar jobs to the process of automation. Digitization that is powering 

this transformation has thrown up new challenges not only in the design and implementation of these systems, 

but also in managing the workforce that keep these systems operational. While the Industry 4.0 framework can 

address the requirements for Digitization of the Workplace, the challenges of Digitized Workforce has far 

reaching impact on the sustainability of the manufacturing process and requires a new paradigm for continuous 
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training of workforce. Some of the issues to be addressed by Digitally Transformed Enterprises are: Identifying 

the core non-technical, career-sustaining competencies for success of people in the workforce; How to 

continually hone non-technical, career-sustaining competencies of the workforce? Identifying the role of the 

organization towards it employees and towards society; What constitutes ethical and moral code of conduct 

for organizations in the era of Industry 4.0? and How does an organization transition from profit-oriented 

enterprise catering to shareholders’ interest to a ‘learning organization’ that is part of a larger ‘learning society’ 

with the societal interests at its core? 

A precursor for students to develop the competencies required by the Industry 4.0 Designers and Engineers 

of near tomorrow is to have educators who are savvy in this emerging domain that does not fall into a specific 

discipline.  As a community we are moving on from educating the Engineer and Engineering Educator of 2002 

to educating the Engineer and Engineering Educator of “Cybermorrow”, for lack of a better term.  Industry 4.0 

can be considered a meta-discipline of sorts and the role of Design in it is to explore new frontiers and solution 

spaces in as of yet mostly uncharted territory.  The community needs to investigate what it takes to design 

smart products, smart and interconnected manufacturing systems, smart supply chains, the safe collaboration 

of robots with humans on assembly lines, the cybersecurity required to make cyber-physical and cyber-human 

systems safe and trustworthy, especially as they will become increasingly autonomous. How do we design new 

and disruptive business models of completely new and disruptive technology?  One also needs to get used to 

the idea that Artificial Intelligence, Machine Learning, and Deep Learning eventually will play a serious role 

in supporting the design of new and innovative products.  Efforts towards computational creativity are already 

on the way, which to many may be a frightening thought as for decades we as a community have stated that 

jobs that can be classified as non-routine and cognitive cannot be replaced by computers.  The community also 

needs to think about the ramifications of a continuing digitization and computerization of the DE4.0 domain.  

What new policies are required, and how could they be designed? What about the many ethical challenge 

involved in designing product that operate on data, generate data, and exchange data with other products or 

systems? What about legal and liability issues in case of damage caused by products or machines that were 

designed or operated by computers? The message is clear, we need to view the domain of DE4.0 through a 

whole new lens.  To end this section with a down-to-earth example, for decades product development was 

limited to what manufacturing could do.  Today, given all the possibilities of Additive Manufacturing, the 

pendulum has swung so that now Design is the new bottleneck. As a result, we have already seen “Generative 

Design” emerge as a new design sub-discipline that is gaining traction.  In this sense, our prospect of DE4.0 is 

indeed a new paradigm rather than incremental change or, even worse, old wine in new bottles.           
 

5. CLOSING REMARKS 

 

The evolution of Engineering Design to DE4.0 in response to the digital transformation powered by 

Industry 4.0 is reviewed in this paper. Industry 4.0 is based on the principles of decentralization, connectivity, 

interoperability, information transparency, modularity, and service orientation and is enabled by technologies 

such as Internet of Things (IoT), big data, machine intelligence, cloud computing. The foundational principles 

of Industry 4.0 and the design principles that are necessary for successful implementation of Industry 4.0 are 

discussed in Section 2. In Section 3, we cover the key principles of Industry 4.0 and discuss nine strategic areas 

that provide the positioning framework for DE4.0 in this new era. These areas are indicative of the many 

emerging issues and opportunities for DE4.0 (see Table 1), and focus on the artefacts, process, or the human 

aspect of the design to improve overall effectiveness and efficiency of the system realization process, and user 

satisfaction. However, the growth in these areas is motivated by the needs of respective application domains 

and do not take a holistic view of the global value chain network of product design, creation, and fulfillment. 

For example, Engineering Design today considers the creation of digital threads, and digital twins as incidental 

to the design. Industry 4.0 is still only a set of guiding principles and lacks an architecture or standardization 

for creation of smart interconnected products in systems. The creation of these engineered systems must be 

accompanied by the implementation of management systems that makes it possible to store, share and use data 

collected in the field and ensure proper information management throughout the lifecycle. Further, this ‘data-

driven analysis approach’ is motivated by the belief that knowing how customers use the products can help 

determine user satisfaction and discover the driving factors for product use, and thereby proactively help 
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companies innovate their product development. This leads to a ‘chicken and egg’ syndrome of how the designer 

can ascertain the customer’s perspective on the use of the product prior to creation of the product. Iterative and 

incremental designs would work when products have long lifecycles but are not suitable for designing products 

that are rapidly evolving as technology advances. 

Another example of the shortcoming of Engineering Design is in product creation through strategic 

engineering. As Engineering Design shifts towards a paradigm of co-creation of product value chain fulfillment 

by customers in a human-cyber-physical environment, the traditional spectrum of product fulfillment must be 

expanded to encompass marketing, design, production, as well as the supply and value chains, which in turn 

must be aligned with the self-adaptability of a learning organization [269]. Further, the creation, production, 

distribution, trade and consumption of goods in a sharing economy, that is, in a socio-economic system built 

around the sharing of resources cannot be achieved by simple integration of the technologies in these strategic 

areas. 

Some of these shortcomings are opportunities for research by the DE4.0 community. The state of the art 

and future directions of this research are highlighted in Section 4. Key areas of this research are design for 

User Experience, Human-Cyber-Physical Systems, Smart Intelligence Technologies, and Strategic 

Engineering. While the critical areas in the implementation of Industry 4.0 framework were addressed in the 

research, many of the drivers fueling the transition to Industry 4.0 were not taken into consideration. We argue 

that successful transition towards Industry 4.0 is not just about the manufacturing factory but requires a new 

paradigm of design - Design Engineering 4.0 - that enables reconceptualization of how cyber and physical 

technologies are seamlessly integrated to identify and meet human needs. It is our view that Design 

Engineering 4.0 must embody a cyber-physical-human systems view of the systems realization ecosystem (See 

Figure 1). 

The review and prospects for systems realization under Design Engineering 4.0 presented in this paper 

lead us to believe that the following drivers and the corresponding challenges must be considered in designing 

cyber-physical-social systems of the future:  

 Internet of Services: Rapidly changing technologies, customer requirements and preferences, and 

unpredictable and hard to manage disruptions will drive the future of the DE4.0 ecosystem. An 

important requirement in this area is the need to customize products to user requirements while 

producing products of ‘zero lot size’ and ‘mass production costs’. The challenges to be addressed are: 

 How to design products and systems that are resilient, sustainable, and can adapt to changing 

conditions especially when the change cannot be anticipated at design time? 

 How to develop standards for interfacing and using physical entities and their digital twins 

across the entire ecosystem from design to product realization?  

 Can digital twins of design variants considered during the parameter selection and 

optimization phase of the design be used to rapidly respond to disruptions that affect 

production process? 

a. Internet of People: The distinction between the ‘physical’ and ‘digital’ selves of individuals will get 

blurred as Industry 4.0 technologies become prevalent. Individuals will play a dual role of co-creators 

as well as consumers of technology. Changing user preferences and the way users interact with the 

products and between themselves will be the main drivers of Design Engineering 4.0. The challenges 

to be addressed are: 

 How to foster an “Innovation Ecosystem” where consumers and design engineers play a 

creative role in shaping the systems of the future? 

 How to develop and maintain a workforce that stays in tune with changing technological 

landscape? 

b. Internet of Things: Networked systems and prevalence of IoTs will make data easily accessible 

throughout the product lifecycle. The need to design systems that can collaborate and adapt to improve 

product quality, process reliability, system agility, and sustainability of the systems realization 

ecosystem will be the main drivers of Design Engineering 4.0. The challenges to be addressed are: 



33 
 

 It is anticipated that the information extracted from diverse data streams in real-time will aid 

decision making. However, Data mining techniques applied to Big Data are based on the 

premise that information is encapsulated in the data in some form. Since initial design 

iterations are based on actual data, is it possible to design systems when partial or no data 

exists? 

 Can one always build consensus when data streams do not indicate any reliable information 

or contain conflicting information? 

 Can ‘Synthetic Data’ be created using the digital twins of the processes and used in the early 

design process? 

c. Internet of Commerce: System design and productization is driven to a large extent by the necessity to 

make profit. Understanding the interactions between businesses (B2B), business and consumers (B2C), 

and between consumers (C2C) is necessary to identify all the avenues for monetizing products and 

services in the age of Design Engineering 4.0. The challenges to be addressed are: 

 How can design anticipate the many ways in which the product can be monetized? 

 As a result of networked systems and ubiquitous design and data sharing, Cyberthreats are no 

longer restricted to loss of privacy or the financial domain. Cyberattacks can cause everything 

from degradation of product quality to complete lockdown of system realization ecosystem. 

One of the most urgent challenges is how can designers inoculate systems against threats when 

the nature of interaction between system components is unclear at design time? 

The amalgamation of these four drivers is the essence of Human-Cyber-Physical Systems. The key attribute 

of these systems is the shared autonomy between cyber systems and human. Often, it is the purview of the 

designer to select the transfer of autonomy from cyber-operators to human operators and vice versa. Often the 

decision on when a ‘Human supports a Computer’ or when a ‘Computer supports a Human’ is a variable one 

that changes as the system evolves in time. This leads to the concept of evolving Human-Cyber-Physical-

Social System.  

James Kip Finch, the noted American engineer and author remarked that the “engineer 

has been, and is, a maker of history.”  

This has never been more relevant! Design Engineering 4.0 is foundational to the creation of these organic 

systems that will play a major role in shaping our lives over the next few decades! 

 

REFERENCES 

 

1. Wang, P., L.T. Yang, J. Li, J. Chen, and S. Hu, , Data Fusion in Cyber-physical-social Systems. State-

of-the -art and Perspectives. Information Fusion, 2019. 51: p. 42-57. 

2. Liu, Z. and J. Wang, Human-cyber-physical Systems: Concepts, Challenges, and Research 

Opportunities. Frontiers of Information Technology and Electronic Engineering, 2020. 21(11): p. 

1535-1553. 

3. Merkel, A. Speech by Federal Chancellor Angela Merkel to the OECD Conference. 2014; Available 

from: https://www.bundesregierung.de/Content/EN/Reden/2014/2014-02-19-oecd-merkel-paris_en. 

4. Reis, J.Z. and R.F. Gonçalves, The Role of Internet of Services (ios) on Industry 4.0 Through the 

Service Oriented Architecture (soa). in IFIP International Conference on Advances in Production 

Management Systems 2018, Springer. p. 20-26. 

5. Freitag, M., T. Becker, and N.A. Duffie, Dynamics of Resource Sharing in Production Networks. CIRP 

Annals, 2015. 64(435-8). 

6. Wu, L. and C. Yang, A Solution of Manufacturing Resources Sharing in Cloud Computing 

Environment, in Cooperative Design, Visualization, and Engineering. 2010. p. 247-52. 

7. Forbes, H. and D. Schaefer, Social Product Development: The Democratization of Design, 

Manufacture, and Innovation. Procedia CIRP, 2017. 60: p. 404-409. 

https://www.bundesregierung.de/Content/EN/Reden/2014/2014-02-19-oecd-merkel-paris_en


34 
 

8. Monostori, L., B. Kádár, T. Bauernhansl, S. Kondoh, S. Kumara, G.  Reinhart, O. Sauer, G. Schuh, 

W.  Sihn, and K. Ueda, K., Cyber-physical Systems in Manufacturing. CIRP Annals, 2016. 65(2): p. 

621-641. 

9. Laudante, E., Industry 4.0, Innovation and Design. A New Approach for Ergonomic Analysis in 

Manufacturing System. The Design Journal, 2017. 20 supplement: p. S2724-S2734. 

10. Schwab, K., The Fourth Industrial Revolution (Industry 4.0): A Social Innovation Perspective. 

Technology Innovation Management Review, 2018. 7(11): p. 12-20. 

11. Bagheri, B., S. Yanng, H-A. Kao, and J. Lee.,  Cyber-physical Systems Architecture for Self-Aware 

Machines in Industry 4.0 Environment. IFAC-PapersOnLine, 2015. 48(3): p. 1622-1627. 

12. Crawford, M. How Industry 4.0 Impacts Engineering Design. 2019; Available from: 

https://www.asme.org/engineering-topics/articles/manufacturing-design/industry-40-impacts-

engineering-design. 

13. Xu, L.D., E.L. Xu, and L. L., Industry 4.0: State of the Art and Future Trends. International Journal 

of Production Research, 2018. 56(8): p. 2941-2962. 

14. Jiao, J., N.Z. Gebraeel, and V. Duffy, Towards Augmenting Cyber-Physical–Human Collaborative 

Cognition for Human–Automation Interaction in Complex Manufacturing and Operational 

Environments. International Journal of Production Research, 2020. 58(16): p. 5089-5111. 

15. Milisavljevic-Syed, J., J.K. Allen, S. Commuri, and F. Mistree, Architecting Networked Engineered 

Systems: Manufacturing Systems Design for Industry 4.0. 2020: Springer International Publishing. 

16. Milisavljevic-Syed, J., S. Commuri, J.K. Allen, and F. Mistree, Method for the Concurrent Design and 

Analysis of Networked Manufacturing Systems. Engineering Optimization, 2018. 51(4): p. 699-717. 

17. Vogel-Heuser, B. and D. Hess, Guest Editorial Industry 4.0–Prerequisites and Visions. IEEE 

Transactions on Automation Science and Engineering, 2016. 13(2): p. 411-413. 

18. Liboni, L., L. Bartocci Liboni, and L. Cezarino, Electric Utility 4.0: Trends and Challenges Towards 

Process Safety and Environmental Protection. Process Safety and Environmental Protection, 2018. 

11(July): p. 593-605. 

19. Thuemmler, C. and C. Bai, Health 4.0: How Virtualization and Big Data are Revolutionizing 

Healthcare. 2017: Springer. 

20. Li, J. and P. Carayon, Health Care 4.0: A Vision for Smart and Connected Health Care. IISE 

Transactions on Healthcare Systems Engineering, 2021. 

21. Dobrzanski, L. and L.B. Dobrzański, Dentistry 4.0 Concept in the Design and Manufacturing of 

Prosthetic Dental Restorations, Processes. Processes, 2020. 8: p. 525. 

22. Paschou, T., F. Adrodegari, M. Rapaccini, N. Saccani, and M. Perona, Towards Service 4.0: A New 

Framework and Research Priorities. Procedia CIRP, 2018. 73: p. 148-154. 

23. De Clercq, M., A. Vats, and A. Biel, Agriculture 4.0: The Future of Farming Technology, in World 

Government Summit. 2018. 

24. Guo, L., S. Mohebbi, A.K. Das, J.K. Allen, and F. Mistree, A Framework for the Exploration of 

Critical Factors on Promoting Two-Season Cultivation in India. Jouranl of Mechanical Design, 2020. 

142(12): p. 124503. 

25. Frederico, G., J.A. Garza-Reyes, A. Anosike, and V. Kumar,  Supply Chain 4.0: Concepts, Maturity 

and Research Agenda. Supply Chain Management, 2019. 25(2): p. 262-282. 

26. Jose, R. and S. Ramakrishna, Materials 4.0: Materials Big Data Enabled Materials Discovery. 

Applied Materials Today, 2018. 10(March): p. 127-132. 

27. Boton, C., L. Rivest, O. Ghnaya, and M. Chouchen,  What is at the Root of Construction 4.0: A 

Systematic Review of the Recent Research Effort. Archives of Computational Methods in Engineering, 

2020. 

28. Winkelhaus, S. and E. Grosse, Logistics 4.0: A Systematic Review Rowards a New Logistics System. 

International Journal of Production Research, 2000. 58(1): p. 18-43. 

29. Guo, L., S. CHen, J.K. Allen and F. Mistree, A Framework for Designing the Customer Order 

Decoupling Point to Facilitate Mass Customization. Journal of Mechanical Design, 2019. 143(2): p. 

022002. 

https://www.asme.org/engineering-topics/articles/manufacturing-design/industry-40-impacts-engineering-design
https://www.asme.org/engineering-topics/articles/manufacturing-design/industry-40-impacts-engineering-design


35 
 

30. Mistree, F. Strategic Engineering – A Response to Globalization. 2009; Available from: 

https://slideplayer.com/slide/6921952/  

31. Schaefer, D., J. Panchal, S-K. Choi, and F. Mistree, Strategic Design of Engineering Education for the 

Flat World. International Journal of Engineering Education, 2008. 24(2): p. 274-282. 

32. Zhou, F., Y. Ji, and R. Jiao, Affective and Cognitive Design for Mass Personalization: Status and 

Prospect Journal of Intelligent Manufacturing, 2013. 24(6): p. 1047-1069. 

33. Donndelinger, J.A. and S.M. Ferguson, Design for the Marketing Mix: The Past, Present, and Future 

of Market-Driven Engineering Design. Journal of Mechanical Design, 2020. 142(6): p. 060801. 

34. Tseng, M.M., T. Kjellberg, and S.C.-Y. Lu, Design in the New e-Commerce Era. CIRP Annals, 2003. 

52(2): p. 509-519. 

35. Zhou, F., J. Jiao, S. Chen, and D. Zhang, A Case-Driven Ambient Intelligence System for Elderly in-

Home Assistance Applications. IEEE Transactions on Systems, Man, and Cybernetics, Part C: 

Applications and Reviews, 2011. 41(2): p. 179-189. 

36. Simpson, T., R. Jiao, Z. Siddique, and K. Hölttä-Otto,  Product Family and Product Platform Design: 

Looking Forward, in Advances in Product Family and Product Platform Design: Methods and 

Applications, T.W. Simpson, et al., Editors. 2014, Springer. p. 777-787. 

37. Simpson, T.W., U. Lautenschlager, and F. Mistree, Mass Customization in the Age of Information, in 

The Information Revolution: Current and Future Consequences, W. Read and A. Porter, Editors. 1998: 

Greenwich, CT. p. 49-71. 

38. i-scoop. Industry 4.0: The Fourth Industrial Revolution – Guide to Industrie 4.0, . 2021; Available 

from: https://www.i-scoop.eu/industry-4-0/. 

39. Hermann, M., T. Pentek, and B. Otto, Design Principles for Industrie 4.0 Scenarios: A Literature 

Review, in The 49th Hawaii International Conference on System Sciences. 2016: Koala, HI. p. 3928-

3937. 

40. Habib, M.K. and C. Chimsom, Industry 4.0: Sustainability and Design Principles, in The 20th 

International Conference on Research and Education in Mechatronics. 2019: Wels, Austria. p. 1-8. 

41. Luenendonk, M. Industry 4.0: Definition, Design Principles, Challenges, and the Future of 

Employment. 2019; Available from: https://www.cleverism.com/industry-4-0/. 

42. Juarez, M.G., V.J. Botti, and A.S. Giret, Digital Twins: Review and Challenges. Journal of Computing 

and Information in Engineering, 2021. 21(3): p. 030802. 

43. Chen, D., G. Doumeingts, and F. Vernadat, Architectures for Enterprise Integration and 

Interoperability: Past Present and Future. Computers in Industry, 2008. 59(7): p. 647-659. 

44. Lu, T., Operating Data-driven Predictive Analytics for Tele-diagnosis of Refrigeration Systems: A 

Case Study. Journal of Industrial Information Integration, 2017. 6(1-10). 

45. Saldivar, A.A.F., Y. Li, W.N. Chen, Z.H. Zhan, Z. Zhang, and L.Y. Chen,  Industry 4.0 with Cyber-

physical Integration: A Design and Manufacture Perspective, in The 21st International Conference on 

Automation and Computing. 2015: Glasgow, UK. p. 1-6. 

46. Schmidt, R., M. Möhring, R.-C. Härting, C. Reichstein, P. Neumaier, and P. Jozinović, Industry 4.0 -

Potentials for Creating Smart Products: Empirical Research Results, in BIS 2015. Lecture Notes in 

Business Information Processing. 2015, Springer. 

47. Porter, M.E. and J.E. Heppelmann, How Smart, Connected Products are Transforming Companies. 

Harvard Business Review, 2015. 93(10): p. 96-114. 

48. Zheng, P., X. Xu, and C.-H. Chen, A Data-driven Cyber-physical Approach for Personalized Smart, 

Connected Product Co-development in a Cloud-based Environment. Journal of Intelligent 

Manufacturing, 2018. 

49. Schlaepfer, R.C. and M. Koch, Industry 4.0: Challenges and Solutions for the Digital Transformation 

and Use of Exponential Technologies. 2015: Zurich, Switzerland. 

50. Sniderman, B., M. Mahto, and M.J. Cotteleer, Industry 4.0 and Manufacturing Ecosystems: Exploring 

the World of Connected Enterprises. 2016. 

51. Ahmed, B., C. Sanin, and E. Szczerbicki, Smart Virtual Product Development (SVPD) to Enhance 

Product Manufacturing in Industry 4.0. Procedia Computer Science, 2019. 159: p. 2232-2239. 

https://slideplayer.com/slide/6921952/
https://www.i-scoop.eu/industry-4-0/
https://www.cleverism.com/industry-4-0/


36 
 

52. Ibarra, D., J. Ganzarain, and J.I. Igartua, Business Model Innovation Through Industry 4.0: A Review. 

Procedia Manufacturing, 2018. 22(1): p. 4-10. 

53. Sony, M., Industry 4.0 and Lean Management: a Proposed Integration Model and Research 

Propositions. Production and Manufacturing Research, 2018. 6(1): p. 416-432. 

54. Nunes, M., A. Pereira, and A. Alves, Smart Products Development Approaches for Industry 4.0. 

Procedia Manufacturing, 2017. 13: p. 1215-1222. 

55. Lichen, L., Model Integration and Model Transformation Approach for Multi-Paradigm Cyber 

Physical System Development, in Progress in Systems Engineering, H. Selvaraj, D. Zydek, and G. 

Chmaj, Editors. 2015, Springer International Publishing. p. 629-635. 

56. Sztipanovits, J., T. Bapty, S. Neema, L. Howard, and E. Jackson, OpenMETA: A Model- and 

Component-Based Design Tool Chain for Cyber-Physical Systems. From Programs to Systems. , in 

The Systems Perspective in Computing, S. Bensalem, Y. Lakhneck, and A. Legay, Editors. 2014, 

Springer: Berlin Heidelberg. p. 235-248. 

57. Lattmann, Z., A. Nagel, J. Scott, K. Smyth, C. vanBuskirk, J. Porter, S. Neema, T. Bapty, J. 

Sztipanovits, J. Ceisel, and F. Mavris, Towards Automated Evaluation of Vehicle Dynamics in System-

Level Designs, in ASME International Design Engineering Technical Conferences and Computers and 

Information in Engineering Conference. 2012. p. DETC2012-71378. 

58. Wu, D., L.L. Zhang, R.J. Jiao, and R.F. Lu,  SysML-based Design Chain Information Modeling for 

Variety Management in Production Reconfiguration. Journal of Intelligent Manufacturing, 2013. 24: 

p. 575-596. 

59. Tseng, M.M. and J. Jiao, Design for Mass Customization. CIRP Annals, 1996. 45(1): p. 153-156. 

60. Jiao, R.J., T.W. Simpson, and Z. Siddique, Product Family Design and Platform-based Product 

Development: a State-of-the-art Review. Journal of intelligent Manufacturing, 2007. 18(1): p. 5-29. 

61. Wang, Y., H.S. Ma, J.H. Yang, and K.S. Wang, Industry 4.0: a Way from Mass Customization to Mass 

Personalization Production. Advances in Manufacturing, 2017. 5: p. 311-320. 

62. Jiao, R.J., Prospect of Design for Mass Customization and Personalization, in International Design 

Engineering Technical Conferences and Computers and Information in Engineering Conference. 

2011: Washington, D.C. p. DETC2011-48919. 

63. Zhou, F., Q. Xu, and R. Jiao, Fundamentals of Product Ecosystem Design for User Experience. 

Research in Engineering Design, 2011. 22(1). 

64. Jiao, R., Q. Xu, J. Du, Y. Zhang, M. Helander, H. Khalid, P. Helo, and C. Ni, Analytical Affective 

Design with Ambient Intelligence for Mass Customization and Personalization. International Journal 

of Flexible Manufacturing Systems, 2008. 19: p. 570-595. 

65. Zhou, F., X. Qu, M.G. Helander, and R.J. Jiao,  Affect Prediction from Physiological Measures via 

Visual Stimuli. International Journal of Human-Computer Studies, 2011. 69(12): p. 801-819. 

66. Zhou, F., X. Qu, J. Jiao, and M.G. Helander, Emotion Prediction from Physiological Signals: A 

Comparison Study Between Visual and Auditory Elicitors. Interacting with Computers, 2014. 26(3): 

p. 285-302. 

67. Razin, Y.S., K. Pluckter, J. Ueda, and K. Feigh, Predicting Task Intent from Surface Electromyography 

Using Layered Hidden Markov Models. IEEE Robotics and Automation Letters, 2017. 2(2): p. 1180-

1185. 

68. Young, A.J. and L.J. Hargrove, A Classification Method for User-independent Intent Recognition for 

Transfemoral Amputees Using Powered Lower Limb Prostheses. IEEE Transactions on Neural 

Systems and Rehabilitation Engineering, 2016. 24(2): p. 217-225. 

69. Torn, I.A.R. and T. Vaneker, Mass Personalization with Industry 4.0 by SMEs: A Concept for 

Collaborative Networks. Procedia Manufacturing, 2019. 28(135-141). 

70. Aheleroff, S., R. Philip, R. Zhong, and X. Xu, The Degree of Mass Personalisation under Industry 

4.0. Procedia CIRP, 2019. 81: p. 1394-1399. 

71. Chen, W., C. Hoyle, and H. Wassenaar, A Choice Modeling Approach for Usage Context-Based 

Design, in Decision-Based Design. 2013, Springer: London. 



37 
 

72. Green, M.G., J. Tan, J.S. Linsey, C.C. Seepersad, and K.L. Wood,  Effects of Product Usage Context 

on Consumer Product Preferences, in ASME International Design Engineering Technical 

Conferences. 2005. p. DETC2005-85438. 

73. Zhang, W., S. Wang, L. Hou, and R.J. Jiao,  Operating Data-driven Inverse Design Optimization for 

Product Usage Personalization with an Application to Wheel Loaders. Journal of Industrial 

Information Integration, 2021. 23: p. 100212. 

74. Zhou, F., R.J. Jiao, and J. Linsey, Latent Customer Needs Elicitation by Use Case Analogical 

Reasoning from Sentiment Analysis of Online Product Reviews. ASME Journal of Mechanical Design, 

2015. 137(7): p. 071401. 

75. Jayaram, S., U. Jayaram, Y.J. Kim, C. DeChenne, K.W. Lyons, C. Palmer, and T. Mitsui, Industry 

Case Studies in the Use of Immersive Virtual Assembly. Virtual Reality, 2007. 11: p. 217228. 

76. Sinha, A., G. Shrivastava, P. Kumar, and D. Gupta, A Community Based Hierarchical User 

Authentication Scheme for Industry 4.0, Software Practice and Experience. 2020. 

77. Rhisiart, M., R. Miller, and S. Brooks, Learning to Use the Future: Developing Foresight Capabilities 

Through Scenario Processes,. Technological Forecasting and Social Change, 2015. 101(124-133). 

78. Opresnik, D., M. Hirsch, C. Zanetti, and M. Taisch,  Information–the Hidden Value of Servitization, 

in Advances in Production Management Systems. Sustainable Production and Service Supply Chains. 

2013, Springer. p. 49-56. 

79. Zhao, H., T. Icoz, Y. Jaluria, and D. Knight, Application of Data-driven Design Optimization 

Methodology to a Multi-objective Design Optimization Problem. Journal of Engineering Design, 2007. 

18(4): p. 343-359. 

80. Hashash, Y.M.A., H. Song, S, Jung, and J. Ghaboussi,  Extracting Inelastic Metal Behaviour Through 

Inverse Analysis: A Shift in Focus from Material Models to Material Behavior. Inverse Problems in 

Science and Engineering, 2009. 17(1): p. 35-50. 

81. Kim, H.H.M., Y. Liu, C.L. Wang, and Y. Wang, Data Drive Design (D3). ASME Journal of 

Mechanical Design, 2017. 139(11): p. 110301. 

82. Michopoulos, J.G. and T. Furukawa, Towards Hierarchical Design Optimization for Simultaneous 

Composite Material Characterization and Adjustment of the Corresponding Physical Experiments. 

Inverse Problems in Science and Engineering, 2008. 16(6): p. 763-775. 

83. He, L., W. Chen, C. Hoyle, and B. Yannou, Choice Modeling for Usage Context-Based Design. ASME 

Journal of Mechanical Design, 2012. 134(3): p. 031007. 

84. Vichare, N., P. Rodgers, V. Eveloy, and M. Pecht, Environment and Usage Monitoring of Electronic 

Products for Health Assessment and Product Design. Quality Technology and Quantitative 

Management, 2007. 4(2): p. 235-250. 

85. Tucker, C. and H.M. Kim, Predicting Emerging Product Design Trend by Mining Publicity Available 

Customer Review Data, in ICED'11. 2011: Copenhagen, Denmark. p. 43-52. 

86. Hou, L. and R.J. Jiao, Data-informed Inverse Design by Product Usage Information: A Review, 

Framework and Outlook. Journal of Intelligent Manufacturing, 2020. 31(3): p. 529-552. 

87. Kusiak, A., Innovation: A Data-driven Approach. International Journal of Production Economics, 

2009. 122(1): p. 440-448. 

88. Lin, K.-Y., C.-F. Chien, and R. Kerh, UNISON Framework of Data-driven Innovation for Extracting 

User Experience of Product Design of Wearable Devices. Computers and Industrial Engineering, 

2016. 99: p. 487-502. 

89. Jiao, R.J., F. Zhou, and J. Du, Key Issues of Incorporating Social Network Effects in Product Portfolio 

Planning, in IEEE International Conference on Industrial Engineering and Engineering Management. 

2016: Indonesia. p. 1898-1902. 

90. Ma, J. and H.M. Kim, Product Family Architecture Design with Predictive, Data-driven Product 

Family Design Method. Research in Engineering Design, 2016. 27(1): p. 5-21. 

91. Ma, H., X. Chu, G. Lyu, and D. Xue, An Integrated Approach for Design Improvement Based on 

Analysis of Time-Dependent Product Usage Data. ASME Journal of Mechanical Design, 2017. 

139(11): p. 111401. 

92. Autodesk, The Next Wave of Intelligent Design Automation. 2018. 



38 
 

93. Romeo, L., M. Paolanti, G. Bocchini, J. Loncarski, and E. Frontoni, An Innovative Design Support 

System for Industry 4.0 Based on Machine Learning Approaches, in The 5th International Symposium 

on Environment-Friendly Energies and Applications. 2018: Rome, Italy. 

94. Karan, E. and S. Asadi, Intelligent Designer: A Computational Approach to Automating Design of 

Windows in Buildings. Automation in Construction, 2019. 102(2): p. 160-169. 

95. Elhoone, H., T. Zhang, M. Anwar, and S. Desai,  Cyber-based Design for Additive Manufacturing 

Using Artificial Neural Networks for Industry 4.0. International Journal of Production Research, 2020. 

58(9): p. 2841-2861. 

96. Ming, Z., G. Wang, Y. Yan, J. Dal Santo, J.K. Allen and F. Mistree, An Ontology Based Representation 

of Design Decision Hierarchies. Journal of Computing and Information Science in Engineering, 2017. 

18(1): p. 011001. 

97. Ming, Z., .B. Nellippallil, Y. Yan, G. Wang, J.K. Allen and F. Mistree, An Ontology for Reusable and 

Executable Decision Templates. Journal of Computing and Information in Engineering, 2017. 17(3): 

p. 031008. 

98. Baskarada, S. and A. Koronios, Information, Knowledge, Wisdom (DIKW): A Semiotic Theoretical 

and Empirical Exploration of the Hierarchy and its Quality Dimension. Australasian Journal of 

Information Systems, 2013. 18: p. 5-24. 

99. Lim, K.Y.H., P. Zheng, and C.-H. Chen, A State-of-the-art Survey of Digital Twin: Techniques, 

Engineering Product Lifecycle Management and Business Innovation Perspectives. Journal of 

Intelligent Manufacturing, 2020. 31(1313-1337). 

100. Glaessgen, E.H. and D. Stargel, The Digital Twin Paradigm for Future NASA and US Air Force 

Vehicles, in The 53rd Struct. Dyn. Mater. Conf. Special Session: Digital Twin. 2012: Honolulu, HI. p. 

1-14. 

101. Bruno, F., L. Barbieri, E. Marino, M. Muzzupappa, L. D’Oriano, and B. Colacino, An Augmented 

Reality Tool to Detect and Annotate Design Variations in an Industry 4.0 Approach. International 

Journal of Advanced Manufacturing Technology, 2019. 105: p. 875-887. 

102. Tao, F., H. Zhang, A. Liu, and A.Y.C. Nee, Digital Twin in Industry: State-of-the-Art. IEEE 

Transactions on Industrial Informatics, 2019. 15(4): p. 2405-2415. 

103. Tao, F., F. Sui, A. Liu, Q. Qi, M. Zhang, B. Song, Z. Guo, S.C.-Y. Lu, and A.Y.C. Nee, , Digital Twin-

driven Product Design Framework. International Journal of Production Research, 2019. 57(12): p. 

3935-3953. 

104. Ang, J., C. Goh, and Y. Li, Smart Design for Ships in a Smart Product Through-Life and Industry 4.0 

Environment, in IEEE World Congress on Computational Intelligence. 2016: Vancouver, Canada. 

105. Wagner, R., B. Schleich, B. Haefner, A. Kuhnle, S. Wartzack, and G. Lanza, Challenges and 

Potentials of Digital Twins and Industry 4.0 in Product Design and Production for High Performance 

Products. Procedia CIRP, 2019. 84(88-93). 

106. Tuegel, E.J., A.R. Ingraffea, T.G. Eason, and S.M. Spottswood, Reengineering Aircraft Structural Life 

Prediction Using a Digital Twin. Int. J. Aerospace Engineering, 2011. 11: p. 154798. 

107. Qi, Q. and F. Tao, Digital Twin and Big Data Towards Smart Manufacturing and Industry 4.0: 360 

Degree Comparison. IEEE Access, 2018. 6: p. 3585-3593. 

108. Rezapour, S., A. Khosrojerdi, G. Rasoulifer, J.K. Allen, J.H. Panchal, R.S. Srinivasan, J. Tew, and F. 

Mistree Architecting Fail-Safe Supply Networks. 2018, Boca Raton, FL: CRC Press. 

109. Garay-Rondero, C., J.L. Flores, N. Smith, O. Caballero, and A. Aldrette-Malacara, Digital Supply 

Chain Model in Industry 4.0. Journal of Manufacturing Technology Management, 2020. 31(5): p. 887-

933. 

110. Camarinha-Matos, L.M., R. Fornasiero, and H. Afsarmanesh, Collaborative Networks as a Core 

Enabler of Industry 4.0. IFIP Advances in Information and Communication Technology, 2017. 506: 

p. 3-17. 

111. Azizi, A., P. Ghafoorpoor Yazdi, and A. Al-Humairi, Design and Fabrication of Intelligent Material 

Handling System in Modern Manufacturing with Industry 4.0 Approaches. International Robotics and 

Automation Journal, 2018. 4(3): p. 186-195. 



39 
 

112. Santos, K., E. Loures, F. Piechnicki, and O. Canciglieri Junior,  Opportunities Assessment of Product 

Development Process in Industry 4.0. Procedia Manufacturing, 2017(11): p. 1358-1365. 

113. Glistau, E. and N. Coello Machado, Industry 4.0, Logistics 4.0 and Materials Chances and Solutions, 

Materials Science Forum, 2018. 919: p. 307-314. 

114. Bag, S., L.C. Wood, L. Xu, P. Dhamija, and Y. Kayikci, Big Data Analytics as an Operational 

Excellence Approach to Enhance Sustainable Supply Chain Performance. Resources, Conservation 

and Recycling, 2020. 153: p. 104559. 

115. Schulz, K. and D. Freund, A Multichain Architecture for Distributed Supply Chain Design in Industry 

4.0. 2019. 

116. Radanliev, P., D. De Roure, J.R. Nurse, R. Mantilla Montalvo, and P. Burnap,  Supply Chain Design 

for the Industrial Internet of Things and the Industry 4.0. Preprints 2019, 2019. 

117. Manavalan, E. and K. Jayakrishna, A Review of Internet of Things (IoT) Embedded Sustainable Supply 

Chain for Industry 4.0 requirements,. Computers and Industrial Engineering, 2019. 127: p. 925-953. 

118. Yang, D., R.J. Jiao, Y. Ji, G. Du, P. Helo, and A. Valente, Joint Optimization for Coordinated 

Configuration of Product Families and Supply Chains by a Leader-follower Stackelberg Game. 

European Journal of Operational Research, 2015. 246(1): p. 263-280. 

119. Müller, J.M., O. Buliga, and K.-I. Voigt, The Role of Absorptive Capacity and Innovation Strategy in 

the Design of Industry 4.0 Business Models-A Comparison Between SMEs and Large Enterprises. 

European Management Journal, 2021. 

120. Singh, R., P. Kumar, and M. Chand, Evaluation of Supply Chain Coordination Index in Context to 

Industry 4.0 Environment. Benchmarking: An International Journal, 2019. 

121. Uskert, M., Future of Supply Chain: 5 Changes for Supply Chain Leaders to Act on Now. Vol. 

https://www.gartner.com/smarterwithgartner/category/supply-chain/. 2021: Gartner. 

122. CIMdata, A Product Innovation Platform and Its Impact on Successful PLM Deployments. 2016. 

123. Aquilani, B., M. Piccarozzi, T. Abbate, and A. Codini,  The Role of Open Innovation and Value Co-

creation in the Challenging Transition from Industry 4.0 to Society 5.0: Toward a Theoretical 

Framework. Sustainability, 2020. 12(2): p. 8934. 

124. Rayna, T. and L. Striukova, Open Innovation 2.0: Is Co-creation the Ultimate Challenge? 

International Journal of Technology Management, 2015. 69(1): p. 38. 

125. Saviano, M., M. Del Giudice, M. Pironti, and F. Caputo, Open Innovation and Industry 4.0: The New 

Frontiers for Value Co-creation? . 2019. 

126. Piller, F.T. Open Innovation with Customers: Crowdsourcing and Co-Creation at Threadless. 2010. 

127. Salgues, B., Society 5.0: Industry of the Future, Technologies, Methods and Tools. 2018: WIley. 

128. Abbate, T., A. Codini, and B. Aquilani, Knowledge Co-creation in Open Innovation Digital Platforms: 

Processes, Tools and Services. Journal of Business and Industrial Marketing, 2019. 34(7): p. 1434-

1444. 

129. Nellippallil, A.B., J.K. Allen, B.P. Gautham, A.K. Singh, and F. Mistree, Systems-Based Design 

Architecture for Integrated Design of Materials, Products, and Associated Manufacturing Processes, 

Architecting Robust Co-Design of Materials, Products, and Manufacturing Processes. 2020: Springer. 

130. Nellippallil, A.B., J.K. Allen, B.P. Gautham, A.K. Singh, and F. Mistree, Integrated Design 

Exploration of Materials, Products, and Manufacturing Processes Using Goal-Oriented, Inverse 

Design Method, Architecting Robust Co-Design of Materials, Products, and Manufacturing 

Processes. 2020: Springer. 

131. Lu, S.C.-Y., Collective Rationality of Group Decisions in Collaborative Engineering. International 

Journal of Collaborative Engineering, 2009. 1(1/2): p. 3-74. 

132. Lu, S.C.-Y. and A. Conger, Supporting Participative Joint Decisions in Integrated Design and 

Manufacturing Teams, in Advances in Integrated Design and Manufacturing in Mechanical 

Engineering II,, S. Tichkiewitch, M. Tollenaere, and P. Ray, Editors. 2007, Springer Netherlands. 

133. Gong, X.,M.Song, W. Chen, L. Wang, W. Guo, R.J. Jiao, N.Z. Gebraeel, P. Helo,  Crowdsourced 

Manufacturing: A State-of-the-Art Review, Fundamental Issues, and Research Agenda. Journal of 

Intelligent Manufacturing, 2021: p. (in press). 

https://www.gartner.com/smarterwithgartner/category/supply-chain/


40 
 

134. Kohler, T., Crowdsourcing-based business models: How to create and capture value. California 

Management Review, 2015. 57: p. 63-84. 

135. Bücheler, T. and J. Sieg, Understanding Science 2.0: Crowdsourcing and Open Innovation in the 

Scientific Method. Procedia Computer Science, 2011. 7: p. 327-9. 

136. Green, D.P., V. Fuchsberger D. Kirk, D.Taylor, D. Chatting and J.L. Meissner, Open Design at the 

Intersection of Making and Manufacturing, in Proceedings of the 2017 CHI Conference Extended 

Abstracts on Human Factors in Computing Systems. 2017, ACM. p. 542-9. 

137. Saxton, G.D., O. Oh, and K. R., Rules of Crowdsourcing: Models, Issues, and Systems of Control. 

Information Systems Management, 2013. 30: p. 2-20. 

138. Redlich, T. and F.-L. Bruhns, Open Production: a New Broker-based Approach to Interactive Value 

Creation and User Manufacturing., in ASME 2008 International Mechanical Engineering Congress 

and Exposition. 2008. p. American Society of Mechanical Engineers Digital Collection, p. 181-9. 

139. Hosseini, M., K. Phalp, J. Taylor and R. Ali, The four pillars of crowdsourcing: A reference model. 

Research Challenges in Information Science (RCIS), 2014. IEEE Eighth International 

Conference.2014: p. 1-12. 

140. Gong, X., S. Wang, R.J. Jiao, and N.Z. Gebraeel,  A Best-Matching Protocol by Information Content 

Decision Tree Learning for Collaborative Crowdsourcing Product Fulfillment in Industry 4.0. IISE 

Transacations, 2021: p. (in press). 

141. Meier, H., R. Roy, and G. Seliger, Industrial Product-Service Systems-IPS2. CIRP Annals - 

Manufacturing Technology, 2010. 59(2): p. 607-627. 

142. Mont, O., Clarifying the Concept of Product-Service System. Journal of Cleaner Production, 2002. 

10(3): p. 237-245. 

143. Gong, X., R.J. Jiao, A. Jariwala, and B. Morkos, B., Crowdsourced Manufacturing Cyber Platform 

and Intelligent Cognitive Assistants for Delivery of Manufacturing as a Service: An Outlook, in IEEE 

International Conference on Industrial Engineering and Engineering Management. 2021: Singapore. 

p. (in press). 

144. Li, Z., W. Wang, G. Liu, L. Liu, J. He, and G. Huang, Toward Open Manufacturing: A Cross-

enterprises Knowledge and Services Exchange Framework Based on Blockchain and Edge 

Computing. Industrial Management and Data Systems, 2018. 118: p. 303-320. 

145. Kusiak, A., Service Manufacturing: Basic Concepts and Technologies. Journal of Manufacturing 

Systems, 2019. 52: p. 198-204. 

146. Jiang, P., K. Ding, and J. Leng, Towards a Cyber-physical-social-connected and Service-oriented 

Manufacturing Paradigm. Social Manufacturing, Manufacturing Letters, 2016. 7(15-21). 

147. Kaihara, T., Y. Katsumura, Y. Suginishi, and B. Kadar,  Simulation Model Study for Manufacturing 

Effectiveness Evaluation in Crowdsourced Manufacturing. CIRP Annals, 2017. 66: p. 445-8. 

148. Aubertin, C. From Product to Product-as-a-Service: A New Business Model Shaping the Future of 

Industries, Medium Start it Up. 2019; Available from: https://medium.com/swlh/from-product-to-

product-as-a-service-37baed471cd6. 

149. Booth, M. The Next Industrial Revolution Is Upon Us: Designing For Industry 4.0. 2019; Available 

from: https://daresay.co/2019/08/29/daresay-designing-for-industry-4-0/. 

150. Quijano, C., What is Product-as-a-Service (PaaS)? . 2020. 

151. Schneider, J. and M. Stickdorn, This Is Service Design Thinking: Basics - Tools - Cases. 2011: BIS 

Publishers. 

152. Kaivo-oja, J., Service Science, Service Architecture, Service Design and Dynamic Service Business 

Development, In: Kuoma and Westerlund, Service Design – On the Evolution of Design Expertise. 

2012. p. 69-82. 

153. Sun, Q., C. Wang, Y. Zhou, L. Zuo, and J. Tang, Dominant Platform Capability, Symbiotic Strategy 

and the Construction of “Internet + WEEE Collection” Business Ecosystem：A Comparative Study 

of Two Typical Cases in China. Journal of Cleaner Production, 2020. 254. 

154. Matzler, K., V. Veider, and W. Kathan, Adapting to the Sharing Economy. MIT Sloan Management 

Review, 2015. 56(2): p. 71-77. 

155. Richardson, L., Performing the Sharing Economy. Geoforum, 2015. 67: p. 121-129. 

https://medium.com/swlh/from-product-to-product-as-a-service-37baed471cd6
https://medium.com/swlh/from-product-to-product-as-a-service-37baed471cd6
https://daresay.co/2019/08/29/daresay-designing-for-industry-4-0/


41 
 

156. Kenney, M. and J. Zysman, The Rise of the Platform Economy. Issues in Science and Technology, 

2016. 32(3): p. 61-69. 

157. Kortmann, S. and F. Piller, Open Business Models and Closed-Loop Value Chains: Redefining the 

Firm-Consumer Relationship. California Management Review, 2016. 58(88-108). 

158. Ries, E., The Lean Startup: How Today's Entrepreneurs Use Continuous Innovation to Create 

Radically Successful Businesses. 2011. 

159. Rein, S. Without Design, Industry 4.0 Will Fail: Looking Beyond Technical Connectivity. 2018; 

Available from: https://ixds.com/without-design-industry-40-will-fail. 

160. Weking, J., M. Stocker, M. Kowalkiewicz, M. Bohm, and H. Krcmar, Archetypes for Industry 4.0 

Business Model Innovations, in The 24th Americas Conference on Information Systems. 2018. 

161. Weking, J., C. Brosig, M. Bohm, A. Hein, and H. Krcmar, Business Model Iinnovation Strategies for 

Product Service Systems – An Explorative Study in the Manufacturing Industry. in The 26th European 

Conference on Information Systems. 2018. Portsmouth, UK. 

162. Rodriguez, R., A. Bas, and J. Alfaro, Fostering Collaborative Meta-value Chain Practices Internationa 

Journal of Computer Integrated Manufacturing, 2009. 22(385-394). 

163. Weking, J., M. Stöcker, M. Kowalkiewicz, M. Böhm, and H. Krcmar, Leveraging Industry 4.0 – A 

Business Model Pattern Framework. International Journal of Production Economics, 2020. 225: p. 

107588. 

164. Lu, T., J. Du, and R.J. Jiao, Operating Data-driven Predictive Analytics for Tele-diagnosis of 

Refrigeration Systems: A Case Study, in IEEE International Conference on Industrial Engineering and 

Engineering Management. 2018: Bangkok, Thailand. 

165. Schaefer, D., J. Walker, and J. Flynn, A Data-driven Business Model Framework for Value Capture 

in Industry 4.0, in The 15th International Conference on Manufacturing Research, Incorporating the 

32nd National Conference on Manufacturing Research. 2017: University of Greenwich, UK. 

166. EDSE, N. Engineering Design and System Engineering. 2021; Available from: 

https://www.nsf.gov/funding/pgm_summ.jsp?pims_id=505478. 

167. Fadel, G., J. Summers, G. Mocko, and C. Paredis,  The Circle of Design: An NSF Sponsored Workshop 

on Education, Validation and Dissemination, and Research Directions in Engineering Design and 

Systems Engineering. 2016. Clemson, SC. 

168. Jiao, R.J., S.-K. Choi, and C. Paredis. in Systems Engineering and Design: An NSF Sponsored 

Workshop on Future Directions in Engineering Design and Systems Engineering. 2017. Atlanta, GA. 

169. IEEE Transactions on Systems, Man, and Cybernetics. 2021; Available from: www.ieeesmc.org. 

170. Cho, C.K., Y.S. Kim, and W.J. Lee, Economical, Ecological and Experience Values for Product-

Service Systems, in The 7th Design and Emotion Conference. 2010: Chicago, IL. 

171. Gould, D. Product Ecosystems and Service Design. 2010; Available from: www.psfk.com/2010/01/. 

172. Rae, J., Ruthless Focus on the Customer. Business Weekly 2006(July 28, 2006). 

173. Pine, B.J. and J.H. Gilmore, The Experience Economy. 1999, Boston, MA: Harvard Business School 

Press. 

174. Falcioni, J.G., Make it Work. ASME Mechanical Engineering Magazine, 2008. 2006(February). 

175. Papalambros, P.Y., The Human Dimension. ASME Journal of Mechanical Engineering 2010. 135(2): 

p. 1. 

176. Saunders, M.N., C.C. Seepersad, and K. Hölttä-Otto, The Characteristics of Innovative, Mechanical 

Products. ASME Journal of Mechanical Design 2011. 132(2): p. 021009. 

177. CSCW in Design, International Working Group on Computer Supported Cooperative Work in Design. 

IEEE SMC CSCWD Technical Committee, 2019. 

178. Ludwig, T., M. Lewkowicz, D. Aschenbrenner, and T. Clemmensen, CSCW in Manufacturing and 

Industry Settings, Computer Supported Cooperative Work (CSCW), . The Journal of Collaborative 

Computing and Work Practices, 2021. 

179. NSF. NSF’s 10 Big Ideas at the Frontiers of Science and Engineering. 2016; Available from: 

https://www.nsf.gov/news/special_reports/big_ideas/index.jsp. 

180. Franzato, C., Open Design for Industry 4.0. MD Journal, 2017. 4(26-39). 

https://ixds.com/without-design-industry-40-will-fail
https://www.nsf.gov/funding/pgm_summ.jsp?pims_id=505478
file:///C:/Users/Newton/Desktop/SI-editorial/www.ieeesmc.org
file:///C:/Users/Newton/Desktop/SI-editorial/www.psfk.com/2010/01/
https://www.nsf.gov/news/special_reports/big_ideas/index.jsp


42 
 

181. ECSCW. The 19th European Conference on Computer-Supported Cooperative Work. 2021; Available 

from: https://ecscw.eusset.eu/2021/. 

182. Schaefer, D., Cloud-Based Design and Manufacturing (CBDM): A Service-Oriented Product 

Development Paradigm for the 21st Century. 2014, London, UK: Springer. 

183. Schenk-Mathes, H.Y., The Design of Supply Contracts as a Problem of Delegation. European Journal 

of Operational Research, 1995. 86(1): p. 176-187. 

184. Heydari, B., Szainfarber, Z., et al., Analysis and Design of Sociotechnical Systems. AMSE Journal of 

Mechanical Design, 2020. 142(12): p. 121101. 

185. Augenstein, D., Design and Governance of Collaborative Business Processes in Industry 4.0, in 

Proceedings of the Workshop on  Cross-organizational and Cross-company BPM co-located with the  

17th  IEEE  Conference  on  Business  Informatics,  , W. Schmidt, et al., Editors. 2015: Lisbon, 

Portugal. 

186. Gerlitz, L., Design for Product and Service Innovation in Industry 4.0 and Emerging Smart Society. 

Journal of Security and Sustainability Issues, 2015. 5(2): p. 181-198. 

187. Gerlitz, L., Design Management as a Domain of Smart and Sustainable Enterprise: Business 

Modelling for Innovation and Smart Growth in Industry 4.0. Entrepreneurship and Sustainability 

Issues, 2016. 3(3): p. 244-268. 

188. Mattsson, S., A. Fasth, and J. Stahre. Describing Human-Automation Interaction in Production. in The 

12th Swedish Production Symposium. 2012. 

189. Simard, C. and J. West, Knowledge Networks and the Geographic Locus of Innovation. Open 

Innovation: Researching a New Paradigm. 2006. 

190. Giannoccaro, I. and P. Pontrandolfo, Supply Chain Coordination by Revenue Sharing Contracts. 

International journal of Production Economics, 2004. 89: p. 131-9. 

191. Mansouri, S.A., D. Gallear, and M.H. Askariazad, Decision Support for Build-to-order Supply Chain 

Management Through Multiobjective Optimization. International Journal of Production Economics, 

2012. 135(1): p. 24-36. 

192. Shin, M. and M. Jung, MANPro: Mobile Agent-based Negotiation Process for Distributed Intelligent 

Manufacturing. International Journal of Production Research, 2004. 42(2): p. 303-320. 

193. Swaminathan, J.M., S.F. Smith, and N.M. Sadeh, Modeling Supply Chain Dynamics: A Multiagent 

Approach. Decision Sciences, 1998. 29: p. 607-32. 

194. Surowiecki, J., The Wisdom of Crowds: Why the Many are Smarter Than the Few and How Collective 

Wisdom Shapes Business. Economies, Societies and Nations, 2004. 296. 

195. Wu, J., G. Du, and R.J. Jiao, Optimal Postponement Contracting Decisions in Crowdsourced 

Manufacturing: A Three-Level Game-Theoretic Model for Product Family Architecting Considering 

Subcontracting. European Journal of Operational Research, 2021. 291(2): p. 722-737. 

196. Gong, X. and M.J. Song, R.J., Blockchain-based Smart Contracting for Crowdsourced 

Manufacturing: A Case Study Through Solidity, in The 51st Annual Conference. 2020, Decision 

Sciences Institute. 

197. Sadeh, N.M., D.W. Hildum, D. Kjenstad, and A. Tseng, MASCOT: An Agent-based Architecture for 

Dynamic Supply Chain Creation and Coordination in the Internet Economy. Production Planning and 

Control, 2001. 12: p. 212-23. 

198. Jiao, R.J., X. You, and A. Kumar, An agent-based framework for collaborative negotiation in the 

global manufacturing supply chain network. Robotics and Computer-Integrated Manufacturing, 2006. 

22(239-55). 

199. Gong, X., Platform-driven Crowdsourced Manufacturing for Service-oriented Product Fulfillment, in 

The Woodruff School of Mechanical Engineering. 2021, Georgia Institute of Technology: Atlanta, GA. 

200. Weilkiens, T., Systems Engineering with SysML/UML: Modeling, Analysis, Design. 2008. 

201. Wiendahl, H.P., H.A. ElMaraghy, P. Nyhuis, M. Zäh, H.H. Wiendahl, N.Duffie and M. Kolakowski, 

Changeable Manufacturing: Classification, Design and Operation. Annals of CIRP 2007. 56(2): p. 

738-809. 

202. Jiao, R. and F. Zhou, Product Line Planning Incorporating Peer Influence of Social Networks, in IEEE 

International Conference on Industrial Engineering and Engineering Management. 2913: Thailand. 

https://ecscw.eusset.eu/2021/


43 
 

203. Liang, T.-P. and E. Turban, Introduction to the Special Issue Social Commerce: A Research 

Framework for Social Commerce. International Journal of Electronic Commerce, 2011. 16(2): p. 5-

14. 

204. Romero, D., P. Bernus, O. Noran, J. Stahre, and A. Fast-Berglund, The Operator 4.0: Human Cyber-

physical Systems and Adaptive Automation Towards Human-automation Symbiosis Work Systems, in 

Advances in Production Management Systems. Initiatives for a Sustainable World, IFIP Advances in 

Information and Communication Technology I. Nääs, et al., Editors. 2016, Springer. p. 677-686. 

205. Zarte, M., A. Pechmann, and I.L. Nunes, Principles for Human-Centered System Design in Industry 

4.0 – A Systematic Literature Review, in Advances in Human Factors and Systems 

Interaction,Advances in Intelligent Systems and Computing, N. I., Editor. 2020, Springer. 

206. Kadir, B., O. Broberg, C. Conceição, and N.G. Jensen, A Framework for Designing Work Systems in 

Industry 4.0,  Proceedings of the Design Society: International Conference on Engineering Design. 

2019. 

207. Nelles, J., S. Kuz, A. Mertens, and C. Schlick, Human-centered Design of Assistance Systems for 

Production Planning and Control: The Role of the Human in Industry 4.0, in IEEE International 

Conference on Industrial Technology. 2016: Taipei, Taiwan. 

208. Rauch, E., C. Linder, and P. Dallasega, Anthropocentric Perspective of Production Before and Within 

Industry 4.0. Comput. Ind. Eng. , 2020. 139: p. 105644. 

209. Kadir, B., O. Broberg, and C. Conceição, Current Research and Future Perspectives on Human 

Factors and Ergonomics in Industry 4.0. Computers and Industrial Engineering, 2019. 137: p. 106004. 

210. Fantini, P., M. Pinzone, and M. Taisch, Placing the Operator at the Centre of Industry 4.0 Design: 

Modelling and Assessing Human Activities Within Cyber-physical Systems. Computers and Industrial 

Engineering, 2020. 139: p. 105058. 

211. Leal, P., R. Madeira, and T. Romão, Model-Driven Framework for Human Machine Interaction 

Design in Industry 4.0, in Human-Computer Interaction – INTERACT 2019. 2019. p. 644-648. 

212. Longo, F., L. Nicoletti, and A. Padovano, Smart Operators in Industry 4.0: A Human-centered 

Approach to Enhance Operators’ Capabilities and Competencies Within the New Smart Factory 

Context. Computers and Industrial Engineering, 2017. 113(November): p. 144-159. 

213. Gorecky, D., M. Schmitt, M. Loskyll, and D. Zühlke, Human-machine-interaction in the Industry 4.0 

Era, in The 12th IEEE International Conference on Industrial Informatics. 2014. p. 289-294. 

214. Maurya, C.M., S. Karmakar, and A.K. Das, Digital Human Modeling (DHM) for Improving Work 

Environment for Specially-abled and Elderly. SN Applied Sciences, 2019. 1: p. 1326. 

215. Borgianni, Y., E. Rauch, L. Maccioni, and B. Mark, User Experience Analysis in Industry 4.0 - The 

Use of Biometric Devices in Engineering Design and Manufacturing, in IEEE International 

Conference on Industrial Engineering and Engineering Management. 2018. p. 192-196. 

216. Elmaraghy, H., Changeable and Reconfigurable Manufacturing Systems. 2009: Springer. 

217. Milisavljevic-Syed, J., J.K. Allen, S. Commuri, and F. Mistree,  Design of Networked Manufacturing 

Systems for Industry 4.0. Procedia CIRP, 2019. 81: p. 1016-1021. 

218. Bortolini, M., E. Ferrari, M. Gamberi, F. Pilati, and M. Faccio,  Assembly System Design in the Industry 

4.0 Era: a General Framework. IFAC-PapersOnLine, 2017. 50(1): p. 5700-5705. 

219. Ma, Y., G. Du, and R.J. Jiao, Optimal Crowdsourcing Contracting for Reconfigurable Process 

Planning in Open Manufacturing: A Bilevel Coordinated Optimization Approach. International 

Journal of Production Economics, 2020. 228(October): p. 107884. 

220. Cohen, Y., H. Naseraldin, A. Chaudhuri, and F. Pilati,  Assembly Systems in Industry 4.0 Era: A Road 

Map to Understand Assembly 4.0. The International Journal of Advanced Manufacturing Technology, 

2019. 105(1): p. 4037–4054. 

221. Lennon Olsen, T. and B. Tomlin. Industry 4.0: Opportunities and Challenges for Operations 

Management in Industry 4.0: Opportunities and Challenges for Operations Management 2019; 

Available from: https://ssrn.com/abstract=3365733  

222. Bendul, J.C. and H. Blunck, The Design Space of Production Planning and Control for Industry 4.0. 

Computers in Industry, 2019. 105: p. 260-272. 

https://ssrn.com/abstract=3365733


44 
 

223. Riel, A. and M. Flatscher, A Design Process Approach to Strategic Production Planning for Industry 

4.0, in European Conference on Software Process Improvement. 2017. p. 323-333. 

224. Bauer, W., B. Pokorni, and S. Findeisen, Production Assessment 4.0 – Methods for the Development 

and Evaluation of Industry 4.0 Use Cases, in Advances in Manufacturing, Production Management 

and Process Control. 2019. p. 501-510. 

225. Alpala, L., M. Alemany, D. Peluffo, F. Bolaños, A. Rosero, and J. Torres, Methodology for the Design 

and Simulation of Industrial Facilities and Production Systems Based on a Modular Approach in an 

"Industry 4.0" Context. DYNA, 2018. 85(207): p. 243-252. 

226. Francalanza, E., M. Mercieca, and A. Fenech, Modular System Design Approach for Cyber Physical 

Production Systems. Procedia CIRP, 2018. 72: p. 486-491. 

227. Yin, Y., K. Stecke, and D. Li, The Evolution of Production Systems from Industry 2.0 through Industry 

4.0. Journal of Production Research, 2017. 56(1-2): p. 1-14. 

228. Xiong, Y., G. Du, and R.J. Jiao, Modular Product Platforming with Supply Chain Postponement 

Decisions by Leader-Follower Interactive Optimization. International Journal of Production 

Economics, 2018. 205(Nov): p. 272-286. 

229. Dev, N., R. Shankar, and S. Swami, Diffusion of Green Products in Industry 4.0: Reverse Logistics 

Issues During Design of Inventory and Production Planning System. International Journal of 

Production Economics, 2020. 223(May): p. 107519. 

230. Shafiq, S., C. Sanin, C. Toro, and E. Szczerbicki, Virtual Engineering Object (VEO): Toward 

Experience-Based Design and Manufacturing for Industry 4.0. Cybernetics and Systems, An 

International Journal, 2015. 46(1-2): p. 35-50. 

231. Shafiq, S., C. Sanin, C. Toro, and E. Szczerbicki,  Virtual Engineering Factory: Creating Experience 

Base for Industry 4.0. Cybernetics and Systems, An International Journal, 2016. 47(1-2): p. 32-47. 

232. Jiao, J. and C. Luettgen, Data-driven Inverse Design of Manufacturing Systems for Paper Packaging 

Circular Economy Incorporating Product Use Machine Learning. 2021, Renewable Bioproducts 

Institute, Georgia Institute of Technology. 

233. de Sousa Jabbour, A.B.L., C.J. Chiappetta Jabbour, M. Godinho Filho, and D. Roubaud, Industry 4.0 

and the Circular Economy: A Proposed Research Agenda and Original Roadmap for Sustainable 

Operations. Annals of Operations Research, 2018. 270(1): p. 273-286. 

234. Rajput, S. and S.P. Singh, Industry 4.0 − Challenges to Implement Circular Economy. Benchmarking: 

An International Journal, 2019. 

235. DOE, Plastics Innovation Challenge Draft Roadmap. 2021. 

236. Dobrzanski, L., Role of Materials Design in Maintenance Engineering in the Context of Industry 4.0 

Odea. Journal of Achievements in Materials and Manufacturing Engineering, 2019. 1(96): p. 12-49. 

237. Jiao, R. and R. Moon, Machine Learning-enhanced Data-driven Inverse Design of Cellulose 

Nanomaterials. 2020, Renewable Bioproducts Institute: Georgia Institute of Technology. 

238. Lu, S.C.-Y., Machine Learning Approaches to Knowledge Synthesis and Integration Tasks for 

Advanced Engineering Automation. Computers in Industry, 1990. 15(1-2): p. 105-120. 

239. Sim, S.K. and A.H.B. Duffy, A FOundation for Machine Learning in Design. AIEDAM, 1998. 12(2): 

p. 193-209. 

240. Panchal, J., M. Fuge, Y. Liu, S. Missoum, and C. Tucker,  Special Issue: Machine Learning for 

Engineering Design. ASME Journal of Mechanical Design, 2019. 141(11): p. 110301. 

241. van Horn, D., A. Olewnik, and K. Lewis, Design Analytics: Capturing, Understanding, and Meeting 

Customer Needs Using Big Data, in International Design Engineering Techology Conferences. 2012. 

p. DETC2012-71038. 

242. Tarantola, A., Inverse Problem Theory and Methods for Model Parameter Estimation. 2005: SIAM. 

243. Lützenberger, J., P. Klein, K. Hribernik, and K.D. Thoben,  Improving Product-Service Systems across 

Life Cycle Improving Product-Service Systems by Exploiting Information from the Usage Phase. A 

Case Study. Procedia CIRP, 2016. 47: p. 376-381. 

244. Kim, P. and Y. Ding, Optimal Engineering System Design Guided by Data-Mining Methods. 

Technometrics, 2005. 47(3): p. 336-348. 



45 
 

245. Igba, J., K. Alemzadeh, and K. Henningsen, Business Model Innovation Through Industry 4.0: A 

Review. Procedia Manufacturing, 2018. 22(1): p. 4-10. 

246. Milisavljevic-Syed, J., J.L. Thames, and D. Schaefer, The Digitization of Design and Manufacturing: 

A State-of-the-Art Report on the Transition from Strategic Vision to Implementation in Industry. 

Procedia CIRP, 2020. 93: p. 575-580. 

247. Kopp, R., S. Dhondt, H. Hirsch-Kreinsen, M. Kohlgrüber, and P. Preenen,  Sociotechnical 

Perspectives on Digitalisation and Industry 4.0. International Journal of Technology Transfer and 

Commercialisation, 2019. 16(3): p. 290-209. 

248. Sony, M. and S. Naik, Industry 4.0 Integration with Socio-technical Systems Theory: A Systematic 

Review and Proposed Theoretical Model. Technology in Society, 2020. 61(May). 

249. Baxter, B. and I. Sommerville, Socio-technical Systems: From Design Methods to Systems 

Engineering. Interacting with Computers, 2011. 23(1): p. 4-17. 

250. Thames, L. and D. Schaefer, eds. Cybersecurity for Industry 4.0 - Analysis for Design and 

Manufacturing. 2017, Springer: London, UK. 

251. Bécue, A., Y. Fourastier, I. Praça, A. Savarit, C. Baron, B. Gradussofs, E. Pouille, and C. Thomas, The 

CyberFactory#1 -— Securing the Industry 4.0 with Cyber-ranges and Digital Twins, in 14th IEEE 

International Workshop on Factory Communication Systems. 2018. p. 1-4. 

252. Roache, P.J., Verification and Validation in Computational Science and Engineering. 1998: Hermosa  

253. Oberkampf, W. and T. Trucano, Verification and Validation Benchmarks. Nuclear Engineering and 

Design. 2008: Elsevier. 

254. Seepersad, C.C., K. Pedersen, J. Eblemsvag, R. Bailey, J.K. Allen, and F. Mistree, The Validation 

Square: How Does One Verify and Validate a Design Method?, in Decision Making in Engineering 

Design, K.E. Lewis, W. Chen, and L.C. Schmidt, Editors. 2006, ASME Press. p. 0. 

255. Thacker, B.H., S.W. Doebling, F.M. Hemez, M.C. Anderson, J.E. Pepin, and E.A. Rodriguez,  

Concepts of Model Verification and Validation. 2004, Los Alamos National Laboratory. 

256. DoD. DoD Instruction 5000.61: Modeling and Simulation (M&S) Verification, Validation, and 

Accreditation (VV&A). 1996; Available from: www.dmso.mil/docslib. 

257. AIAA, Guide for the Verification and Validation of Computational Fluid Dynamics Simulations. 1998. 

p. AIAA-G-077-1998. 

258. DoD, Verification, Validation, and Accreditation (VV&A) Recommended Practices Guide. 1996. 

259. ASME, Guide for Verification and Validation in Computational Solid Mechanics. 2006. 

260. Zou, P. and R.J. Jiao, Quantum Computing-inspired Intelligent Learning for Data-driven 

Combinatorial Optimal Decision Making in Operations Engineering, in The 52nd Annual Conference, 

Decision Sciences Institute. 2021. 

261. Mistree, F., J.K. Allen, and D.F.A. Mistree, Non-Technical Competencies for Succeeding as a 

Designer in a Digitally Transforming Workplace, in Future Steel Forum. 2019: Budapest, Hungary. 

262. Mistree, F. and J.K. Allen, Non-Technical Competencies for Succeeding as a Designer in a Digitally 

Transforming Workplace, in Design for Tomorrow Volume 2, A. Chakrabarti, et al., Editors. 2021, 

Springer. 

263. Mistree, F., J.H. Panchal, and D. Schaefer, Mass-Customization: From Personalized Products to 

Personalized Engineering Education, in Supply Chain Management, A. Crosnik and Y. Xiong, 

Editors. 2012, INTECH-Rijeka, Croatia. 

264. Gressfc, G., S. Li, and R. Brennan, Experiential Learning vs Systematic Prescriptions in Engineering 

Design: A Crossroads for Education, in Proceedings of the Canadian Engineering Education 

Association (CEEA) 2018. 

265. Grabowski, B.L., Generative Learning Contributions to the Design of Instruction and Learning, in 

Handbook of Research on Educational Communications and Technology 2004, Lawrence Erlbaum 

Associates Publishers. p. 719-743. 

266. Flynn, J. and D. Schaefer, Educating the Workforce of Tomorrow. Steel Times International 2018. 

42(5): p. 32-33. 

267. Manufacturer, T., Annual Manufacturing Report 2020 – What are Manufacturers Saying about Their 

Future? 2020: https://info.themanufacturer.com/amr-2020. 

file:///C:/Users/Newton/Desktop/SI-editorial/www.dmso.mil/docslib
https://info.themanufacturer.com/amr-2020


46 
 

268. Manufacturer, T., Future Tech Now, The Manufacturer. 2019. 22. 

269. Senge, P.M., The Fifth Discipline: The Art and Practice of the Learning Organization. 1990: Currency. 

 

 




