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Abstract 

Driven by innovations of information and communication technologies as well as increasingly 

demanding customer expectations on individualized products and services Smart Product Service 

Systems become success factors for any enterprise acting on a globalized market. Increasing product 

complexity on the one hand as well as flexible autonomous (re)configurations and adaptations 

throughout the entire product lifecycle on the other hand call for dedicated research methodologies on 

supporting the inter- and mulitdisciplinary engineering process. Active experimentation and simulation 

of typical Smart PSS lifecycle situations are key to developing new methodologies. The approach 

specifically fosters the integration of customers into all steps of the engineering process, which is again 

key to meeting the characteristically interdisciplinary requirements to Smart PSS. On this basis, the 

paper outlines the scientific concept of an Interdisciplinary Research Center on Engineering Smart 

Product Service Systems jointly funded by the federal government of Germany as well as the state 

government of North Rhine-Westphalia. 
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1 INTRODUCTION 

Recent achievements of information and communication technologies are taking their way into 

traditional industries, changing products, processes, organizations, business models and whole value 

chains with enormous speed and thus increasingly gain access to our private and professional everyday 

life. "Smart Products" are expanded by the integration of services into so-called Smart Product Service 

Systems (Smart PSS). Driven by embedded electronics and software, multi-sensor systems and 

integrated actuators, these systems communicate with each other, implement integration and adaptation 

processes at component and system level autonomously - so these systems are offering added values to 

customers as well as to providers that cannot be estimated entirely in early lifecycle phases. Examples 

can be found in automation engineering (e.g. industrial robotics), in the area of mobility (e.g. car-2-car 

communication) and in medical technology. The complexity of these new product categories, the 

conceptual integration of services, as well as the definition of associated business models requires 

fundamentally different approaches compared to traditional product and business development. A clear 

dissociation of both defined life cycle phases as well as domain specific work organisation becomes 

increasingly difficult. This also shifts value creation from production to product development (Baars 

and Lasi, 2016). In this context, virtual product twins serve as a base for smart engineering and smart 

production of individualized, autonomous and highly connective product service and additionally allow 

for the early validation and verification of product properties. Moreover, value creation of Smart PSS 

takes place in ecosystems with multiple stakeholders playing multiple roles, which is difficult to transfer 

into applicable business models (Mougaard, 2016). The disruptive nature that goes along with these 

highly innovative products and processes prevents a sole re-combination, adaptation or extrapolation of 

existing methods. Therefore in this paper the scientific approach of an interdisciplinary research center 

on engineering smart product service systems (Zentrum für das Engineering Smarter Produkt Service 

Systeme, ZESS) as funded at Ruhr-Universität-Bochum (Germany) is presented.  

The range of Smart PSS, as described in the following section, requires a comprehensive transformation 

of technologies, business processes, cross-domain organizational structures, and the role of 

(temporarily) participating multiple actors and stakeholders. To address these challenges and to identify 

new ways for flexible optimization under conditions of complexity, dynamic boundary conditions and 

ambiguity, new methods and experimental fields must be developed in order to generate scientific 

knowledge that goes beyond existing case study descriptions.  

2 SMART PRODUCT SERVICE SYSTEMS 

In order to sustain competitive advantages and to realize high margins the focus in value creation 

changed from selling products to selling functionalities. This results in the need for more complex and 

flexible production and requires new design methods (Kowalkowski, 2010; Lenkenhoff, 2016). 

Especially challenging is the Business-to-Business (B2B) segment as it implies knowledge-intensive 

processes of integrated and combined planning, development, provision and use of products and services 

(Meier et al., 2010).  

 

Figure 1. Classification of products and services (Abramovici et al., 2015) 
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Even traditional products and services are becoming smarter. The term ‘smart’ in general covers the 

attributes clever, intelligent, agile, modern, and intuitive. In early papers, the process of becoming 'smart' 

addressed mechatronic systems and traditional service systems in a separate and rather vertical manner 

(cf. Figure 1). Nowadays a holistic understanding predominates, Product Service Systems (PSS) 

describe the first level of horizontal integration. 

Driven by the current ICT penetration of products and services, new opportunities arise for the horizontal 

integration into comprehensive smart product service systems (Smart PSS) (Monostori, 2016). Smart 

PSS are integrated socio-technical Product Service Systems based on networked smart product and 

smart service systems for providing new functionalities. One of the most popular examples is the 

conversion from mobile phones to smartphones. Smartphones incorporate many functions of traditional 

physical products like digital cameras and audio players. In addition, they integrate a multitude of IT-

driven services like weather forecasts or navigation services. Other examples cover smart cars, smart 

factories, smart homes, or smart energy grids. These Smart PSS are defined by the following main 

characteristics (Abramovici, 2014; Abramovici and Herzog, 2016):  

• High degree of autonomy, e.g. real-time reactivity, self-control and organization, context 

awareness.  

• Strong human centration, e.g. high degree of personalization, easy-to-use human-machine 

interfaces. 

• Openness and variability along the Smart PSS lifecycle, e.g. interchangeability of product or 

service modules and dynamic Smart PSS reconfiguration during their operation phase. 

• Innovative business models, e.g. flexible cost models and new collaborative risk-sharing models 

which integrate the Smart PSS provider in the whole product lifecycle, in particular during the 

Smart PSS use phase. 

• Very high degree of complexity, e.g. huge number of heterogeneous, interconnected components, 

strong interaction between provider and customer along the entire Smart PSS Lifecycle.  

3 CHALLENGES FOR SMART ENGINEERING 

Engineering lifecycles cover the "development", "manufacturing planning", "planning of product use 

and service provision", and "planning of reconfiguration or the end of life" for products and services. 

Engineering processes cover all technical activities including definition, design, documentation, 

simulation, and management of products and services, as well as those of related processes along the 

entire lifecycle. These engineering processes are supported by specific engineering methodologies and 

customized IT tools (e.g. Broy et al., 2010). Analyzing the availability of engineering methodologies 

for various products (Pahl et al, 2007) and services leads to the conclusion that, for the engineering of 

Smart PSS, no appropriate methodologies exist (cf. Figure 2) (Eigner et al., 2014).  

 

Figure 2. Availability of engineering methodologies (Abramovici et al., 2015) 

Thus, the suitability of existing methodologies has to be evaluated against Smart PSS-specific 

engineering requirements. Based on the main characteristics of Smart PSS, the following specific 

requirements have been derived forming the approach presented in this paper: 

• Use of product use data and knowledge 
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Smart PSS facilitate provider access to use and operational data via embedded sensors. Appropriate 

methods and cloud-based services for the exploitation of that data are required. The generated 

knowledge can be used to improve Smart PSS development processes. 

• Generic process models and methodologies  

Existing systems engineering and PSS engineering approaches have to be extended and adapted by 

generic processes and methodologies with focus on early engineering phases (requirement engineering, 

functional / architectural design, partitioning, conceptualization). In addition, engineering processes 

have to be flexible and definable in real-time during operation. The required methodologies have to be 

pragmatic and semi-formal. 

• Consideration of several design disciplines  

Engineering of Smart PSS requires the interdisciplinary collaboration of various technical, social, and 

business-oriented experts. Hence, there is a strong need for a holistic integration of discipline-specific 

models (e.g. product models, software models, service models, business models) and all involved 

stakeholders along the entire lifecycle, e.g. customers, partners, service providers (Guertler and 

Lindemann 2016).  

• Strong user focus 

Real-time decision support for users of the methodology requires assistant systems for analysis, 

assessment, and simulations. Furthermore, intuitive visualization and social media techniques as well as 

template libraries have to be implemented to ensure that the methodology is easy to use. 

In line with these requirements, existing engineering methodologies have been analyzed and clustered 

into three classes according their engineering domain focus (cf. Figure 3). 

• System Engineering methodologies which provide interdisciplinary approaches for the 

development of complex technical systems, such as document based and model based systems 

engineering approaches (INCOSE, 2011; Bursac et al., 2016) and a multitude of V-Model 

approaches (VDI, 2004). 

• Methodologies focussing primarily on Services Engineering processes that are not necessarily 

related to product development processes, e.g. the service engineering concept developed by 

Bullinger and Schreiner (Bullinger et al., 2006) and the service design concept presented by 

Shostack and Kingman-Bundage (Shostack et al., 1991).  

• PSS Engineering methodologies supporting the integrated development of industrial Product 

Service Systems, e.g. the property-driven development (PDD) approach (Weber et al., 2004), the 

extended service blueprint concept (Hara et al., 2009), the process model for PSS conceptualization 

proposed by Tan (Tan et al., 2009), the reference process for the integrated development of 

products and services by Müller and Blessing (Müller and Blessing, 2007) and the heterogeneous 

modelling approach for industrial product-service systems by Sadek and Köster (Sadek and Köster, 

2011). 

 

Figure 3. Suitability of existing engineering methodologies for Smart PSS 

None of the existing engineering methodologies meet the presented requirements for Smart PSS 

Engineering sufficiently. Moreover, the analysis has shown that most specific approaches within the 

considered areas of methodologies focus only on product and service development. Further lifecycle 

phases (e.g. product operation phase in which a huge amount of sensor data can be captured and analysed 

for several engineering purposes) are only rarely covered by the existing methodologies. As a 

consequence, there is a strong need for new Smart PSS-specific engineering methodologies (Abramovici 

et al., 2015). 
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4 RESULTING RESEARCH QUESTIONS  

The development of new methodologies in Smart Engineering needs to be geared to those research 

questions that especially arise in the context of Industry 4.0 based on cyber-physical systems (CPS). The 

fundamental changes for actors, processes and organizations associated with the technological changes 

have not been systematically investigated or systematically studied in their complex interdependencies 

and their interaction with technology. There is a need for comprehensive economic and social solutions 

by consistently reflecting provider and customer views and considering the overall lifecycle (Acatech, 

2011). Neither the mere analytically driven combination of existing methodologies nor pure field study 

analysis do provide a sufficient basis for gaining scientific knowledge. A meta study on factors 

influencing engineering processes e.g. identified more than 200 context factors determining the 

traditional engineering process (Gericke et al., 2013). The extrapolation to engineering Smart PSS would 

most probably result in a multiple of additional factors. Therefore, lifecycle analysis simulations in an 

advanced experimental environment are most important and the only way of gaining more insights in 

the complex strategies of engineering Smart PSS. Moreover, a laboratory inventory is indispensable in 

order to generate new solutions for those obstacles firms tend to fail with in daily work. 

Within laboratory tests of real-world objects and the user interaction with Smart PSS the required 

knowledge is gained (Tahera et al., 2014). Due to the complexity of experimentations Smart PSS 

simulation as a valuable research method will play an important role. In order to create and analyse 

specific problem situations in the lifecycle of Smart PSS, simulations will be done computer-based in 

virtual environments as well as with real objects and persons, e.g. simulation of sales situations with the 

help of test persons and product models. 

Simulations and scenarios are especially useful in order to find answers to the new research questions. 

The following questions are derived from the requirements shown in section 2: 

• How to ensure connectivity and handle the new information overload?  

According to estimations about 100 billion objects will be connected with each other by 2020 in the 

Internet of Things (IoT). The connectivity provides the opportunity for companies to organize 

themselves in value-added clusters and to offer product related cloud services based on the use of 

product operation data. These new value chains achieve an unprecedented concentration on the core 

competence, in order to provide the necessary information-technological connectivity and an integrated 

management of data and processes along the entire lifecycle of Smart PSS, especially in the Smart PSS 

operating phase (Adelfinger, 2015).  

• How to develop interdisciplinary lifecycle engineering approaches?  

In highly competitive markets, the product and process innovation is increasingly supplemented by 

innovations in the fields of business models and product related IT services and, in some cases, also 

replaced. Traditional business models primarily address the ownership of a product. A differentiation 

and individualization is possible only by means of product features. On the other hand, innovative 

business models are often characterized by innovative profit mechanisms, which are no longer based on 

the expenditure. The revenue is now based on usage-related variables (e. g for manufactured parts). This 

results in cooperative relationships between customer and supplier, which are characterized by a close 

customer relationship and a long-term cooperation (Acatech, 2011)). In addition, such cooperations can 

be described by a joint success and risk sharing. This type of business model changes the roles of 

customers and suppliers. Considering these new roles the customer is no longer just the buyer of a 

product (Baines, 2007). 

• How to empower the multiple actors and stakeholders within the ecosystem of Smart PSS?  

There is a demand for specifying meta-competencies and related development concepts that can be 

applied to the multiple actors and stakeholders involved. Serious games including the different actors 

across domains can be considered as a new way of training that goes beyond the individual development 

as it addresses group development in the network of value creation (Süße et al., 2014, Bartelt, 2014). A 

laboratory environment and game-based infrastructure are necessary prerequisites for developing new 

training concepts and to measure and evaluate the realized competence development.  

• How to realize the transformation process?  

Authors understand PSS and smart systems as a new form of organizing (Süße et al., 2016), Mougaard, 

2016). Especially ICT is considered with disruptive changes within and across organizations (Yoo, 

2013; Kagermann, 2015). Taking social and environmental factors into consideration comprehensively 

to technology this type of change is often impossible. With reference to MacLean et al. (1990) and 
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Dertouzos (1998) one can consider the "gentle slope" approach as an alternative concept. The idea is to 

find ways for a gradual enhancement of complexity and skill development among the multiple actors 

and interactions within the ecosystem of value creation. The approach especially highlights that smart 

system development cannot be realized within one (big) step as it rather implies a continuous process of 

renewal aligned to new opportunities that can also be managed by traditional firms. In order to specify 

these "gentle slopes" with respect to the angle of slopes, steps of skill development, laboratory 

experiments with new methods and tools, e.g. for enhancing customer interaction, using big data from 

other domains for process development, cross-domain learning etc. are necessary.  

5 DERIVED RESEARCH FIELDS 

The research questions as discussed in the previous section lead to the following research fields 

addressing the research gaps as identified (cf. Figure 4).  

• Connectivity of Smart components 

The increasing amount of CPS initially leads to the need of new IT-security solutions. Therefore, 

software security is important in order to anticipate potential attacks on such systems at an early stage 

and to develop corresponding countermeasures. At the same time, security protocols must be analysed 

and improved in order to enable trustworthy communication in unsafe environments. Moreover, 

hardware design as related to efficient encryption methods with the smallest memory processing 

requirements has to be developed.  

Beside the IT-security issues integrated network concepts for hardware and software systems are 

necessary prerequisites for a continuous link between technologies, disciplines and actors of Smart PSS.  

• Lifecycle-oriented individualization for business models and products  

The technological possibilities of connectivity will change the business models of companies in a 

sustainable manner. Therefore, the business model has to be considered as an active component and is 

subject to technological-driven changes. For this reason, a systematic development process for business 

models has to be developed in analogy to the product innovation process and the associated engineering 

lifecycle. Such a relationship leads to new interfaces, changed interactions and mutual dependencies and 

offers new possibilities for all stakeholders. 

• Managing complexity of interdisciplinarity in design disciplines  

A customer is involved in the complete lifecycle of the Smart PSS within the framework of participation 

concepts, in order to achieve an individual tailoring of its needs. Because of the novel interactions an 

appropriate adaption of product development, production and sales processes has to be explored. The 

special potential of Smart PSS could satisfy the needs of many different users and customers 

individually. But this results in a high degree of cross-disciplinary complexity which makes an 

appropriate exploration of new approaches in the area of complexity management necessary. In the 

context of Smart PSS, three dimensions can be described as extremely complex: the result dimension 

contains an extensive portfolio of individual Smart PSS, separate items and / or services. The process 

dimension addresses the provider's processes necessary for the creation and delivery of the service. It is 

characterized by the integration of the external factor as well as the enormous coordination effort within 

open and dynamic networks. And the potential dimension for the resources involved in the creation 

processes and provided for the service. The research field examines possible efforts and conditions to 

make Smart PSS to an active support to produce flexible and individual products. The field of tension 

between technology, organization and personal plays an outstanding role in customer-specific 

production and requires a holistic approach to related, interdisciplinary research questions. Another 

important aspect of today's systems is that the architecture of hierarchy is defined in line with the 

technical system at the time of its design. In the future, technical systems will no longer be hierarchically 

structured in a static way because the interdisciplinary use of such systems makes a flexible integration 

necessary depending on the area of application. Therefore, a statically classified component does not 

fully exploit the potential of smarter system components. To allow for this a new design would have to 

be developed as an interdisciplinary network of smart systems which is e. g. self-describing and 

autonomous. 

• Transformation path for providing Smart PSS  

In order to achieve value creation based on Smart PSS, companies must not only make fundamental 

changes at the level of business models and the necessary technological prerequisites, but also change 

the organization and management processes fundamentally. The transformation for providing Smart 
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PSS set a new user-oriented focus for companies. Management processes, decision-making systems, 

and organizational culture has to be restructured. The aim is to specify the transformation path in its 

course and the relevant inhibitors and drivers to assist companies. In case a company intends to integrate 

Smart PSS into its own value creation, then existing and historically developed technical, organizational 

as well as personnel boundary conditions must be taken into account. This is not only in the interest of 

the user, who integrates the Smart PSS into its value creation, but also from the suppliers point of view 

a critical success factor. The study of the feasibility and the progress of business transformation is 

another major challenge. To develop the potentials comprehensively and efficiently, new methods for 

the adaptation of structures, processes and framework conditions with a view to successful engineering 

of Smart PSS have to be investigated. 

6 INTERDISCIPLINARY RESEARCH CENTER ON ENGINEERING OF SMART 

PRODUCT SERVICE SYSTEMS (ZESS) IN BOCHUM (GERMANY) 

For deeper investigations, the specifics of the comprehensive interrelations of real and virtual 

components of Smart PSS and the challenges resulting therefrom, hybrid experiments with either virtual 

images acting in a real environment or physical objects interacting with virtual environments have to be 

modelled and designed. The conversion of this scientific approach into practice lead to the concept of 

an interdisciplinary research centre on smart engineering called "ZESS" (Zentrum für das Engineering 

Smarter Produkt Service Systeme). ZESS is based on four main facilities (cf. Figure 4), the "Testbed 

Smart PSS", the "Virtual Lifecycle Engineering Centre", the "Interaction Space" and the "Laboratory 

for Additive Manufacturing". In the context of a modern, representative production environment, the so 

called "Testbed Smart PSS", the collaboration of autonomously operating subsystems like CNC 

machines and mobile robotics can interoperate as well as the interaction with humans to develop 

appropriate assistance systems for handling Smart PSS. By extending this physical testbed into a 

"Virtual Lifecycle Engineering Centre” networking and communication concepts can be evaluated by 

applying different operating conditions on production and business model processes within the complete 

lifecycle. 

 

Figure 4. Research fields and included laboratories derived from the requirements of Smart 
PSS 

In addition, a living lab approach is applied, where the integration and participation of multi actors and 

the new role of customers are in the focus of analysis in order to observe behaviour and interaction 

within an ecosystem of Smart PSS with increasing dynamic and complexity. By evaluating the 

interaction in the multi actor system of Smart PSS inside the so called "Interaction Space", necessary 

skills, e.g. for sales and service staff as well as suitable communication channels will be tested and 

prototyped. 

The "Laboratory for Additive Manufacturing" within ZESS is designed for two important roles in Smart 

PSS creation and organizational transformation processes: the initial design from the technical 

engineering stage as well as the adoption of customer feedback from "Interaction Space" is applied to 

the manufacturing of Smart PSS prototypes. The second role for this lab is the representative substitute 
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for a customer production area: even though the customer production components will be different, the 

selected equipment of this lab is used for showing organizational transformation processes to integrate 

Smart PSS. This will be achieved by upgrading, integrating and operating the 3D printers as an 

exemplary Smart PSS. 

 

Figure 5. The interaction of research areas and infrastructure in ZESS1 

The technical equipment to be installed in ZESS is selected for optimum conditions from research into 

systematic, generalized engineering approaches for a cross-sectoral product spectrum. The consideration 

of IT-Security and legal aspects will be integrated in the complete infrastructure. Another aspect 

addressed is the interconnection of all parts within the lifecycle processes of a Smart PSS. This includes 

for example the safe data exchange and the avoidance of data changes.  

7 SUMMARY AND CONCLUSIONS 

An approach to the Engineering of Smart Product Service Systems will be of disruptive nature. Dynamic 

boundary conditions, complex product structures, interdisciplinary cooperation networks in combination 

with appropriate business models must be addressed. This paper presents a research concept integrating 

experimental and analytical methods in close iteration loops by means of an interdisciplinary research 

centre. Purpose is the elaboration of a research methodology on mechanisms and methodologies to 

comprehensively engineer Smart Product Service Systems. As shown, current engineering methods are 

not sufficient for supporting an engineering process covering the whole lifecycle of Smart Product 

Service Systems, including design, manufacturing, business and sales models as well as their 

implementation and operation. The scientific concept is triggered by the lack of today's approaches in 

addressing cooperation in interdisciplinary networks, their inadequate suitability to integrate existing 

engineering methodologies (System Engineering, Services Engineering, PSS Engineering), and the 

absence of appropriate business models for Smart PSS. 

Due to complex interdependencies of product and process conditions a purely analytic solution is not 

adequate to understand key context factors in this socio-technical system. Active experimentation and 

simulation of typical Smart PSS lifecycle situations must be integrated in developing new 

methodologies. This approach specifically fosters the integration of customers into all steps of the 

engineering process, which is again key to meeting the characteristically interdisciplinary requirements 

to Smart PSS. 

                                                      

 
1 Reference image (centre, right): http://www.microsoft.com/microsoft-hololense; (on top, right): 

http://www.lps.rub.de/tr29 
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