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Abstract 

Product engineering and subsequent phases of product lifecycles are predominantly managed in isolation. Companies therefore 
do not fully exploit potentials through using data from smart factories and product usage. 
The novel intelligent and integrated Product Lifecycle Management (i²PLM) describes an approach that uses these data for 
product engineering. This paper describes the i²PLM, shows the cause-and-effect relationships in this context and presents in 
detail the validation of the approach. The i²PLM is applied and validated on a smart product in an industrial research 
environment. Here, the subsequent generation of a smart lunchbox is developed based on production and sensor data. The 
results of the validation give indications for further improvements of the i²PLM. This paper describes how to integrate the 
i2PLM into a learning factory. 
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1. Introduction 

1.1. Initial situation and background of research 

Customers demand products that fit their individual needs. Products must have a high degree of customisation 
and innovations [1]. The development of such products is complex. This is why a company’s ability to develop 
and produce such products in a successful way is a significant factor for gaining and maintaining a competitive 
advantage [2]. However, the widespread separation of the development of the product and the production system 
makes this difficult [3]. The production of customized mass products, referred to as mass customization, is a 
current trend [4]. An important factor that enables mass customization is that components have a variable product 
architecture. Variable product architecture is a system of components with interfaces from which a variety of 
products can be assembled [5]. In addition, there is a trend to shorten development times. Although this is necessary 
from a sales perspective in order to bring customizable products to the market, it does not reflect the increasingly 
complex products and production systems [6]. In summary, increasing individualization with increasing product 
diversity and the shortening of development times leads to frequent changes in product generations. In current 
product lifecycles, product and process engineering are mainly separated from each other [7]. 
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1.2. Research problem and objectives 

There is a research gap in the context of Industry 4.0 on product customizability and product lifecycles [3] [8]. 
To counter this, a new product lifecycle is necessary, which uses the possibilities of Cyber-Physical Systems (CPS) 
and their data processing [9]. In existing product lifecycles, the potentials offered by using smart product and smart 
factory data for smart, customizable product families are not being exploited. Due to the separation of product 
engineering and subsequent phases data from the smart factory and smart products is not used for the product and 
process engineering [3]. This means that potentials for product improvement, are not fully exploited [10].  

1.3. Research methodology and design 

The procedure of this work is based on Österle’s Design Science Research [11] [12] with a focus on a practice-
oriented research approach [11]. The model starts with the analysis phase, where a mixed literature analysis with 
a focus on snowballing is used to develop the theoretical foundations. Product lifecycles described in the literature 
are analyzed and evaluated. With the theoretical foundation a reference process is created. In addition, cause-and-
effect relationships (CER) in a product lifecycle and relevant data types are identified. In the draft phase, the novel 
i²PLM is created based on the reference process, the CERs, the data streams and fundamentals from literature. The 
focus of this paper is the evaluation phase. In the validation, the i²PLM is applied in an industrial research 
environment. The research results are incorporated into two scientific papers in the diffusion. 

1.4. Limitations 

Companies and their processes are usually specific and depend on the company structure, business model, and 
product or service range. This work is limited to smart products with modular product structures that are part of a 
product family with multiple generations and build in a smart factory production environment. With this work the 
applicability to an example product in an example environment is validated.  

2. Current state of research 

The research work includes the areas of Industry 4.0, smart customizable product families, product lifecycles. 

2.1. Industry 4.0 in the context of product lifecycle engineering 

[13] describes Industry 4.0 as a range of technologies transforming manufacturing from machine dominant to 
digital manufacturing [14]. Leading technologies have the core of connecting machines and objects through, for 
example, CPS or Internet of Things. Also, the technologies big data, simulation, autonomous robots and cloud 
services are creating new opportunities in a product lifecycle. Data and flexible production systems are provided 
that offer potential for optimising a product lifecycle [14]. Future trends of Industry 4.0 include artificial 
intelligence, which can optimise systems in an automated way [15]. Industry 4.0 technologies provide a basis for 
collecting data about production and the company and with standards data can be used for business processes. 

2.2. Smart customisable product families 

Mass customization means the automated manufacturing of bespoke products with lot size one on a large scale 
at the cost of mass products [16] [17]. For mass customization, a combination of technologies from digital 
manufacturing and smart factories is necessary. Product families provide the product-basis for mass customization. 
Product families are a range of products derived from a standard product platform to meet different market 
applications while having a uniform basis [18] [19]. However, interrelationships in a product lifecycle become 
more complicated due to the interfaces in and between individualized products and the product family. With smart 
products important data about the interrelationships can be generated [20] [21]. For this, the product must be 
equipped with sensors and network-compatibility to send sensor data during production and use, enabling the 
system to react to circumstances and act automatically. To use the data of smart products and smart factories, it 
requires an advanced data management system that can handle the heterogeneous data and make it usable for all 
phases of the product lifecycle. It is imperative to use the data and information from the entire lifecycle to improve 
product properties and the efficiency and effectiveness of processes around the product families [22] [23]. 

2.3. Product lifecycles 

A product's lifecycle ranges from the initial product idea, through conception, development, production and 
use, till the product becomes unusable and is disposed of [24]. In product lifecycle management, the entire lifecycle 
of a product is managed [25]. Within product lifecycle management smart products have an increasing influence 
on processes [26]. iPeM is used as the reference process for the i2PLM [27]. The reference process is extended to 
include the Product Engineering Process [28] and the Product Life Cycle [29]. In the Product Engineering 
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Process, the phases of product and process development are focused on, and in the Product Life Cycle, the phases 
till End-of-Life are detailed.  

3. The intelligent and integrated product lifecycle management i2PLM 

The i²PLM developed in this paper closes the research gap described in section 1.2. by focusing on data streams 
in the product lifecycle. It is structured as a phase model and consists of six modules, described in the following. 

Module 1 – Main phases of the product lifecycle: The first module of i²PLM provides the user with guidance 
on the main phases of a product lifecycle. The product lifecycle is divided into six phases, namely; (1) Pre-
development, (2) Product engineering, (3) Process engineering, (4) Production, (5) Use and (6) End-of-Life.  

Module 2 – Portfolio radar: The portfolio radar gives the user an overview of the current status of other product 
variants, generations or versions.  

Module 3 – Organizational processes: The organizational processes are divided into project management, 
knowledge management, market launch and data management.  

Module 4 – Product lifecycle database: As a central database, the product lifecycle database’ purpose is storing, 
analyzing and providing data on the entire product lifecycle. Functions that are defined by the CERs are used to 
find solutions based on analyzed data. The database covers all product types and is available in each phase.  

Module 5 – Business processes: The business processes represent all activities around the product. These 
include the idea generation and development of the product, the planning of the production environment, validation 
and verification processes, and the analyzation of the utilization and decommission. After producing the product, 
the operation, maintenance and the various end-of-life strategies are described as processes.  

Module 6 – Multi-layer for product portfolio: Since most products are developed in generations, and these 
generations have variants and versions, a multi-layer view has been integrated into the i²PLM. 

4. Validation of the i2PLM in a learning factory 

A learning factory is a research and education environment with innovative industrial digital engineering and 
physical manufacturing infrastructure. The learning factory Werk150 of ESB Business School at Reutlingen 
University is chosen as the validation environment. Werk150 is a research environment where the latest production 
and logistics technologies are developed and represent a state-of-the-art CPS production system. To develop and 
test technologies a pedal scooter and a modular, intelligent mobility box is manufactured [30].  

4.1. Selection of the validation procedure  

Validation is the process of checking whether the proposed solution meets the expected requirements. Here, 
The correctness of the overall result is validated [31]. The focus of the validation is on checking the correctness 
and applicability of the product lifecycle and if it meets the set requirements. The chosen method for validation is 
experimentation where a specific assumption or conjecture is validated in a practice-oriented investigation. 

4.2.  Description of the experiment 

The limitations, product, production, procedure, and numbers of the experiment are described in the following. 

4.2.1. Limitations 

To define the limitations of the experiment the system to be investigated is described according to [32]. In this 
validation, the system to be examined is a product, which is developed with the i2PLM. The input variables that 
can be changed are in the engineering phase the construction of the product depending on use phase data. In the 
production phase, the 3D printing parameters can be adjusted based on the product quality data. The input variables 
are non-changeable are the material of the product and the production process, with its work steps. Furthermore, 
the end-of-life of the product is not taken into account, as the average use phase of the example product is with 
five years too long to be covered by this work [33]. As measurable results, the system provides the product data in 
use phase and the product quality in production quality management. 

4.2.2. Product and production 

The modular intelligent mobility box (MIMB) of Werk150 is used as a product for validation since it underlies 
the framework conditions of the i²PLM. This means that it is a smart product of a customizable product family 
with hard- and software (sensors) for storing, processing and analyzing data. It is connectable to a network to send 
and receive data. The lunchbox (shown in Figure 1) consists of the 3D-printed top and bottom, a temperature and 
humidity sensor, a data gateway, and a velcro. The use case states that it is to be leak-proof and keeps chilled food 
fresh for one’s way to work. This means that it keeps temperature below 15 °C for one hour after removal from 
the refrigerator [34]. During the use the sensor of the lunchbox measures the temperature inside.  
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Fig. 1. Smart lunchbox. 

The production of the smart lunchbox takes place in Werk150. The production includes a Stratasys Objet 
Connex3 3D printer and assembly workstations. The production starts with 3D printing the parts. Then the parts 
are reworked. The sensor is attached to the lid and afterwards all parts are assembled in the final assembly. 

4.2.3. Experiment procedure 

The procedure for the experiment is based on the processes of the i²PLM and is shown in Figure 2. In Variant 
1 the lunchbox is already developed, and the process engineering has already been carried out. This is followed by 
the production of the lunchbox in Werk150 where data is generated on the quality characteristic. The product is 
used by experiment participants in the use phase where temperature data is generated while carrying out the use 
cases. These data are converted into a temperature curve which flows into a CER and triggers product and 
production changes for the subsequent generation (Variant 2). 

Variant 2 is a customized lunchbox. The changes in the product engineering of Variant 2 are mainly 
incorporated by changing the wall thickness, as this significantly influences the temperature curve on the product 
side. In process engineering, new requirements result in changes of 3D printing properties. Subsequently, the 
product is engineered, produced, and used and the same data types are recorded to validate product improvements. 

 
Fig. 2. Schematic diagram of the experiment procedure. 

4.2.4. Number of pieces and repetitions 

A partial mass is used to represent the total mass [35]. A distinction is made between the number of variants 
(mass of the production study) and the number of users (mass of the use study). To determine the partial mass of 
the production variants, the full-factorial experimental design according to [32] is used. The number of factors 
(𝑛𝑛𝑓𝑓) that can be changed are in this experiment the part orientation and material composition of 3D printing. To 
check the influence of the change in factors, the quality characteristic of the density of the lunchbox is used. During 
production, a quality control is carried out in which the product is divided into two defect categories. For the 
factors, the levels (𝑛𝑛𝑙𝑙) high (+) and low (-) value are selected. The experimental effort is calculated according to 
the following formula and results in an experimental effort of four products to be built. 

𝑛𝑛𝑟𝑟 = 𝑛𝑛𝑙𝑙𝑛𝑛𝑓𝑓 = 22 = 4     (1) 
To find the right quantity of users that are representative, the Cochran formula for calculating sample sizes for 

smaller populations is used [36] and shown in the following. The representative quantity of users is 36. 
𝑛𝑛0 = 𝑍𝑍2𝑝𝑝(1−𝑝𝑝)

𝑒𝑒2
= 1,2820,5(1−0,5)

0,12
≈ 40,96    (2) 

𝑛𝑛 = 𝑛𝑛0
1+(𝑛𝑛0−1)

𝑁𝑁

= 40,96

1+(40,96−1)
258

≈ 35,47     (3) 
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4.3. Results of the validation and conclusion 

The results from production quality control are that Variant 2 is in contrast to Variant 1 leak-proof, and in 
addition, the surface is smoother, and the rework effort of the 3D printing is reduced. In the use phase, temperature 
curves are generated by 36 users and shown in the diagram in Figure 3. The average temperature curve of Variant 
1 is shown with a dotted line and Variant 2 with a solid line. Variant 2 meets the required temperature after one 
hour with 13.2 °C and improved by 6.5 °C compared to Variant 1. Improvements occurred in the product 
properties, as well as in the production time and quality.  

 
Fig. 3. Temperature curve comparison of smart lunchbox Variant 1 and 2. 

5. Integration in a Learning Factory module 

The i²PLM awakens the understanding of the importance of data in a product lifecycle. For this reason, it will 
be taught in a module in Werk150. The module will be divided into two afternoons of four hours each. At the 
beginning, the theoretical basics of product lifecycles are taught with a classroom method. This is followed by a 
15-minute brainstorming session in which the students work out cause-and-effect relationships in a product 
lifecycle. This is followed by a group task with the aim of developing an improved version of the lunchbox. Variant 
1 and the production are presented. This is followed by the generation and analysis of temperature data. Based on 
this, the students are to design Variant 2 in the digital engineering environment of the LF and start 3D printing. 
Variant 2 is produced in the factory for the second day, followed by reworking and assembly. Afterwards, data 
will be recorded and analyzed. The results are presented in group presentations. In the end, an excursus on 
automated product engineering with the use of generative design follows. The competence requirements for 
application of the i2PLM approach are shown in the following KODE competence map [37] in Table 1. 

Table 1. KODE competence map gained by the i2PLM learning factory module. 

Technical-methodical 
competencies 

Social-communicative 
competencies 

Personal competencies Activity and imple-
mentation-oriented 

competencies 

Cognitive skills 

 Product lifecycle 
 Industry 4.0 
 Data analyzation 
 3D printing 
 Generative design 

 Presentation skills 
 Cooperativeness 
 Communication 
 Problem-solving 
 Data description 

 Willingness to learn 
 Personal responsibility 
 Openness to data 

analyzation 

 Independent work 
 Ability to design and 

optimize complex 
systems 

 Decision making 

 Data understanding 
 CER understanding 
 3-dimensional 

construction 
 Monitoring / controlling 

6. Summary and recommendations for further research 

The i²PLM is validated in this work by building a product with two variants of a customizable smart product 
family. In Variant 1, data are recorded in the production and use phase. These data serve as the basis for improving 
the product in Variant 2. As part of the validation, the CERs for converting data from other phases into product 
requirements are checked. It is detected that the mechanisms of the i²PLM improved the product, measured by 
improved quality indicators from production and by improved product characteristics. This proved that correct 
data is recorded and analyzed. In summary, the results confirm the fulfilment of the research objective and a 
successful implementation of an integrated and intelligent product lifecycle that uses smart factory and smart 
product data for efficient development of customizable smart product families. A concept to integrate the i2PLM 
in a learning factory module is presented. As an outlook, the module is expected to start in the summer semester 
of 2023 and thus teach the comprehensive understanding of interrelationships and data in a product lifecycle. 
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