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Abstract

:

Currently, the concept of Industry 4.0 (I4.0) is reaching most companies by changing the characteristics of their production systems. The aim of this study was to determine the possibilities of applying I4.0 concepts and tools to the product development process in a small- to medium-sized enterprise (SME)—a food processing technology supplier that offers individually tailored solutions. The study employs the case study methodology along with conceptual studies. Based on the available I4.0 concepts/technologies, the areas of the process that could be improved were identified. The study concludes with proposing several modifications in the process in the context of I4.0. Some of the process stages can be shortened by implementing I4.0 tools. It was found that the length of the process can be shortened from 36 to 26 months, and possible gains also include energy savings. Technological tools, referred to as augmented/virtual reality, along with simulations and virtual manufacturing, seem to have particular applicability. The energy savings estimation emerged as a check gate evaluating if technological implementations are justified. Directions for further research with reference to I4.0 and studied processes are determined.
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1. Introduction


Changes in technologies have always influenced significant metamorphoses in business structures. Entire industries have even disappeared while new ones emerged. Similarly, the revolution of digitalisation, automation, autonomous cyber systems, integration, and individualised production techniques, known as Industry 4.0 (I4.0), could also bring about dramatic changes to a business’s structures. The revolution of I4.0 has started changing the business world, and there are many indications that the economies of some countries have already stepped into a fourth industrial revolution [1,2,3,4]. Manufacturing operations, along with other kinds of operations accompanying them, are on the front line of these technological transformations.



In a production system, the product development process (PDP) plays a particular role; it is one of strategic importance because it delivers tasks for the production system that must meet the recipients’ requirements. The PDP affects a production system when an enterprise invents, designs, manufactures, and installs technologies for other companies. In such cases, a PDP is highly integrated with both the manufacturing system and the end-user of the technology. I4.0 solutions can support such a process in many ways, particularly if a company is not a technology giant but a small- to medium-sized enterprise (SME) supplying highly individualised technological solutions to its clients.



The aim of this study was to investigate one PDP at a company that provides individually tailored project production and to analyse how I4.0 can be employed in this process. The researched object is a designer, producer, and installer of individually tailored technologies for the food processing industry. It should be noted that the examined enterprise conducts unit production, and each technology is prepared per the customer’s order. Therefore, each product is different, and the process of its development requires an individual approach. The research problem is an attempt to identify the tools that can be used by the company to shorten the time needed to introduce a new product to the market and to make an investigated process consume less energy. Several I4.0 tools that would be advantageous to the process are discussed in view of their applicability to this process and for their energetic advantages. The benefits of I4.0 application are also estimated in this study. This is a conceptual study emerging from a case study within a company. The study provides an in-depth discussion of various I4.0 technologies that are applicable to the given PDP, the possible problem areas and the contraindications related to its implementation and integration, and tips on how to solve them. The proposed concept for I4.0 application, according to the preliminary assumption, does not substantially change the machining assets existing at the company.



1.1. The Industry 4.0 Framework


Initially, the term Industry 4.0 was associated with the computerisation of production and the dissemination of new network technologies to improve the communication paradigm [5]. Currently, I4.0 is an aggregate notion that encompasses a number of new technological solutions. The literature presents different ways of grouping elements of technological solutions specific to I4.0. An exemplary classification and description of I4.0 key technology groups are presented by Vrchota and Pech [6]. Da Silva et al. [7] present a systematic literature review on innovative issues related to I4.0 in terms of energy efficiency. It should be noted that regardless of the classifications proposed in the literature, common technological elements of the I4.0 concept can be distinguished, such as cyber-physical systems (CPS) [8,9,10,11,12,13], digital twins (DT) [14], artificial intelligence (AI) and neural networks [15]; the Industrial Internet of Things (IIoT), direct communication between machines (M2M), the Internet of Services [16,17], and the use of large amounts of data—Big Data and analytics [18,19]; methods of collecting and processing large amounts of data, including the use of cloud-based activity [20,21,22,23]; horizontal/vertical software integration [24,25]; collaborative and autonomous robots [26,27,28]; simulation and prognostic techniques [29,30,31]; additive manufacturing [32,33]; mass customisation [34,35]; augmented reality (AR) and virtual reality (VR) technologies [36,37,38]. Similar elements of new technological solutions are also indicated by Wolniak et al. [39] and Helo and Hao [40].



Applying certain simplifications to the fundamental idea of I4.0 [41,42,43,44], it may be stated that it leads toward the digitisation of production infrastructure controlled by cyber-physical systems in an IIoT environment, where a smooth and collision-free interpenetration also takes place between the real world and virtual reality. The I4.0 concept may also be linked to decentralisation, interoperation, virtualisation, the real-time evaluation of capabilities, service-orientation, and modularity [45,46,47].



In areas of production automation, vertical integration refers to the integration of various IT systems operating at different hierarchical levels, such as the object level (sensors and drives), the control level, and the production management level. A vertically integrated, networked production system uses cyber-physical production systems to react flexibly not only to changes in needs and warehouse stock levels but also to technical problems. This means that smart factories can effectively use the paradigm of personalised production [48]. Another important determinant is the modularity of the production systems, which should permit flexible reconfiguration.



Increasingly, different customer expectations and intensive competition have led manufacturers to a point where the increase in complexity of production processes and supply chains is greater than ever before. The firm’s capability to innovate is the most crucial factor for competitive advantage in highly turbulent market conditions [49]. The use of I4.0 should enable efficient communication and cooperation between people, processes and technologies, influencing the future quality and safety of products [50]. However, this kind of transformation requires transforming operational and information technology into one common network architecture. The application of I4.0 solutions seems to be an opportunity for the SME sector to implement systems that have so far been available only to large global companies and have required the creation of individual applications [51]. Further development of intelligent measurement platforms and universal data management software will allow for the creation the complex systems based on ready-made and easily scalable solutions.



Vrchota and Pech [6] emphasise that the current problem is to use new technologies selectively and use them to solve certain issues, often without the overall interdependence of all the systems. It can lead to distortions in the overall energy efficiency. Literature sources, e.g., references [46,52,53], indicate that I4.0 still has a high consumption of resources, raw materials, information, and energy, which is environmentally unsustainable. Estimates show that the manufacturing industry is one of the largest energy consumers among the end-use sectors [54]. According to da Silva et al. [7], manufacturing activities consume about 35% of the world’s total electricity supply, which generates 20% of the world’s total carbon dioxide emissions. Huh and Lee [55] indicate that there is a great need to increase the efficiency of production processes considering the reduction of power consumption and load peaks. Ursic suggests the use of the industrial symbiosis (IS) concept. IS emerged as a collective, cooperative, and multi-industrial approach towards economic and environmental sustainability [56]. Firms participate in IS for exchange of resources, such as byproducts, materials, services, energy etc., in the framework of closed and sustainable cycles. This cooperation contributes to the reduction of required input of materials and energy, as well as a decrease of the output in the form of waste [57]. Rocca et al. [58] indicate the main benefits of I4.0 solutions to achieve the strengthening of the circular economy, namely: (1) digitalisation—supporting companies in process optimisation; (2) simulation with the use of VR supporting process efficiency improvement; (3) innovative ways of monitoring and optimising resource efficiency, leading to the minimisation of energy; and material resources consumption by collecting energy data and creating key performance indicators (KPI) for decision-making. Ferrero at al. [5] states that energy-aware intelligent systems in factories are the basis of both I4.0 and intelligent production. Brozzi et al. [59] declare that technologies associated with the concept of I4.0 are considered as having the unique potential to unlock environmentally sustainable manufacturing [60]; the positive relations to environmental sustainability are detected in terms of load balancing optimisation, leading to a reduction in energy consumption [61,62,63].




1.2. Product Development Process


Contemporary PDP models distinguish (1) the pre-project stage, which analyses market conditions and is coupled with the company’s strategy; (2) the pre-design stage; and (3) the post-design stage, which encompasses the monitoring process and withdrawal of the product from the market [64]. Thus, they span the full product life cycle. The idea of using knowledge domains of companies and clients to describe the ability to create successful products or services has often been raised in publications on the subject [65,66].



Currently, there are various suggestions for systematising activities in PDP models in the literature, and there is a clear connection with the domain of knowledge, from which the authors writing about this issue derive. However, as Roozenburg and Eeckels [67] emphasised, in many cases the differences between these suggestions are semantic rather than conceptual [64]. A common feature of most PDP models is the desire to limit the risk of costly feedback loops, i.e., iterations between the stages of the development process. One such approach commonly used in companies is the stage-gate process [68,69], which is based on the belief that formal, structured reviews should be used to ensure that the design is mature enough to allow the transition from one stage to the next.



Amaral, Rozenfeld, and de Araujo [70] proposed a PDP model that aims to integrate engineering and marketing approaches and to organise best practices at work in the scientific and business environments. This model, known as the ‘PDP Unified Model’, synthetises different scientific perspectives into one theoretical model. The PDP Unified Model includes three macrophases: the pre-developmental, developmental, and post-developmental phases. Each of these macrophases is divided into further phases, activities, and tasks. Although this model presents the stages as a sequence, it is normal that the activities and tasks from multiple phases can generally be carried out simultaneously. However, much depends on the type of activities that are undertaken and the resources available. This model also includes, at the end of each stage, dedicated verification and validation activities for advancing to the next stage [64]. Figure 1 shows the PDP Unified Model developed by Amaral, Rozenfeld, and de Araujob [70].



According to Santos et al. [71], phases of the product development process can be simplified into the following stages: requirement, definition, design, implementation, production, maintenance, and retirement. At the requirement stage, the most effective method for conceptual product development is working with a general team consisting of representatives of marketing, design, production, and management. Designers translate these requirements into specific concerns. In the definition phase, the expectations of all parties involved regarding the outcome of the project are being defined.



The design begins with conceptual drawings, followed by detailed drawings, a model, and finally a prototype. At each stage, the project team is required to present their work to the general team to confirm that the objectives are being met. The production phase is the execution phase and leads to achieving the desired product at the expected costs. The maintenance stage concerns product monitoring after its unstable market launch. While adapting the product, introducing changes and considering the retirement phase, the general team must ask themselves whether potential future sales justify the cost of making the changes. Ultimately, when a product requires such extensive changes to adapt to new customer preferences that the costs become too high, the team must decide to stop production and replace it with a new product. Figure 2 schematically shows the PDP.



We should also mention the BIG Picture model [72], which is a holistic, integrated and cyclical approach to development projects. There are six main paths in this model, where black, red and blue are the most important for technologically uncertain and risky projects. The black path illustrates information gathering, conceptualisation and initial assessment; the red path represents radical innovation and the blue path indicates ground-breaking innovation [73]. The BIG Picture model does not have a fixed sequence of stages and gates but instead uses sequences of working steps and decision stages arranged to suit each type of innovation.



The literature also mentions ‘technological process innovation’, which very often is interrelated with PDP. Milewski, Fernandes, and Mount [74] perceive this process as a distinctly organisational phenomenon characterised by an internal locus within the company and consisting of such components as the mutual adaptation of new technology and existing organisation, technological change, organisational change, and systemic impact. According to a study carried out at large companies, the technological process innovation life cycle was considered to include four phases: ideation, adaptation, preparation, and installation [74].



In the literature, there are evidences connecting I4.0 implementation to the PDP. Great importance is attached to the PDP supported by VR [75]. As a result of the development of VR technology, the design process is no longer limited only to tools such as computer-aided design (CAD) and rapid prototyping (RP), but it also incorporates VR as a tool for efficient prototype testing [76]. Some scholars argue that virtual reality has reached a high level of development, which offers great benefits in the field of industry [77].



For example, Feeman et al. [78] have examined VR to assess the possibility of making a prototype in VR. They have concluded that modelling in virtual reality is possible and that it exhibits many benefits over CAD systems, including greater satisfaction, the potential for accelerated or increased creativity and idealisation, reduction of obstacles in the addition of features, improvement of the feeling of scale of models, and increased physical activity in the workplace [78].



The PDP process is evolving, especially in I4.0 conditions. Bickel et al. [79] have demonstrated this by presenting a simulation of changes in the structure of people involved in PDP. Designers are increasingly becoming product development engineers. Product and process simulation is becoming more and more important, and the number of people involved in these domains is increasing. The number of test engineers and engineers directly involved in the manufacturing process (production) will decrease. We can notice the key role of knowledge and the exchange of various data on these processes. With proper and efficient use of the data provided, it is possible to decrease the development time and increase the quality of new products [79].



The issue of energy efficiency and energy savings, along with I4.0 exploitation, being very popular and of primary importance in manufacturing industries [7], when referring to the PDP, is currently actually rarely studied. Various research teams have proposed approaches and methodologies that attempt to quantify energy consumption at the unit process level [80], but the issue of consciously seeking to optimise energy consumption as a whole (concept, design, manufacturing) is a subject that receives very little attention in the literature.



Undoubtedly, the idea of I4.0, along with constantly emerging new technologies in this area, influences and will affect the PDP in a significant manner. The impact of I4.0 on the PDP has not yet been systematically analysed [81] and represents a completely new challenge with many open questions [82]; primarily, the issue of what kind of technologies involved in I4.0 are particularly implementable to the PDP. Another issue is how to effectively use I4.0 tools in the PDP and what kind of effects can be achieved. And finally, how the energy aspect can be placed on the PDP and how I4.0 can be exploited in the whole PDP in terms of the energetic advantages. All of them look to be immensely important and encourage investigation. A particular shortage of research is observed when referring to the SME sector.





2. Research Methods


2.1. Employed Methods


In this study, the case study method and the conceptual studies were applied. The case study method allows a comprehensive and broad view of complex issues. It is often used in studies of manufacturing systems, e.g., references [83,84]. The conceptual work presented in this study significantly borrows from the conceptual design approach, which is widely employed in many fields, being practiced in engineering, product development, and manufacturing systems [85,86,87]. According to the literature, conceptual design is modelled using precise and neutral concepts that stem from needs or ideas [85]. A design concept defines and describes the principles and features of a system [87].



The point was to recognise the exact flow of the PDP in a company and its main characteristics, peculiarities, and circumstances. The investigation of the company involved many visits and data gathered from several sources: observation of the production process, direct interviews with managers, and the analysis of technological documentation. The flow-chart technique was employed to visualise the investigated process. The main followed parameter was the duration of subsequent PDP stages based on observations and information obtained from documentation. The comprehensive functional diagnosis of PDP was crucial for a deep consideration project-type production specificity [88]. The comprehensive process understanding has made an input for the next stage of the study on possible I4.0 tools implementation in this process. The obtained data along with recognised process peculiarities allowed conceptual considerations and deep references to the reality in appraisement of variety of I4.0 technologies. In the conceptual part of the study, the following question was asked: what specific I4.0 tools can be applied to this PDP, and can they bring the befits in terms of process flow, perceived as its efficiency and duration, along with effects related to energy?




2.2. Studied PDP


The company in question specialises in delivering individually tailored technologies to food manufacturers. It also provides machining services, tooling services and automation for the client’s production processes. The company therefore belongs to the SME sector. It applies several technologies for metal processing, including machining, plastic working, electro-erosive machining, etc. The in-depth study concerned the technology of a pet food packing line, which the company had created intending to install it in a particular client’s facility, and, after some modifications, to sell it to other food processing companies.



The model of the PDP for the automatic packing line built by the company is shown in Figure 3. The first step consisted of the development of guidelines along with technical and structural assumptions. During this stage, the specific tasks and functions the device had to perform were listed, the structure was defined, and the materials and components were selected. Based on these specifications, the developers created a parametric model of a new technology (device). The next step was to analyse the labour and cost intensity of the newly designed technology. The result was a decision either to proceed with the implementation of the design or to go back to the assumptions stage (see the loop in Figure 3).



Based on the results of the modelling work, the company began designing the process of building a new product. The previously designed models contained only frameworks and particular nodes of the technology, so the design for its implementation demanded a huge amount of creative work. Many sources (patent records, industry fairs and online services) were explored to identify and check possible solutions for many detailed technical issues, including execution methods. The technical specifications were developed for emerging technology, and the materials and necessary components were also gathered to proceed to the next stage.



Building and testing the first version of the production line for pet food packing was the next step in the PDP (which lasted for 12 months). This work led to the discovery of previously undetected structural errors, and the necessary corrections were carried out. The testing took place under simulated operating conditions. The next step was to optimise the developed product. Several changes and adjustments were performed at this stage. Eventually, the final version of the product emerged. This version was installed at the client company’s facility and tested under real conditions. The technology was validated under the initially established assumptions. The whole PDP lasted 36 months. An in-depth tracing of the whole PDP allowed us to recognise that the energy-related issues are not practiced within in. In the process, there are no dedicated guidelines, procedures, or techniques to calculate and/or intentionally shape energy consumption during the process’s stages as well as in the product itself. It looks like a particularly important challenge for the studied process, along with I4.0 implementation.



As presented above, the PDP in the study is not completely typical of the processes elaborated in the literature. This is a real PDP; in fact, it contains the pre-development stage. However, it looks simplified compared to the literature models—the development stage is subsequently mixed and overlaps with the manufacturing stage, which looks as though it were influenced by the project production type. The PDP ends with the launch/installation step. The company under study is a technology producer, and this kind of business requires close and frequent consultation with the technology recipient throughout the PDP. During the field investigations, attention was paid to the tools that the company used in the PDP, and the time taken by individual activities was analysed. Employees were also asked about the factors influencing the duration of process steps. The obtained information was used to prepare the concept of application I4.0 tools for this process.





3. Results


The PDP described above is a typical representative of Industry 3.0 [89]—although IT is employed, alongside automated machining, all of these instances are run and coordinated as separate entities. This refers to all critical fields in the process: first, the creation sphere; then testing and analysis; and finally, hard machining/processing. Considering that this case represents project-type production, where the production volume is very small, and the company—being an SME—does not have many employees or much revenue, it is expected that I4.0 will be implemented under distinctive conditions that will ultimately affect the content and scope of possible applications.



The product development stages/steps stated above, including the interaction and information flow between them, were diagnosed regarding the possibility of beneficially implementing I4.0 solutions. First, information flow is an issue where I4.0 can make a significant contribution between processing unit interfaces, functional software types, and humans. Among I4.0 tools, Asdecker and Felch [90] mention integrated databases (IDs), which integrate disparate sources of data from different departments and functions within an organisation. Cloud computing is an option in this case, and although it is not exactly indispensable, it could be beneficial to the process. An ID can be used starting from the stage of parametric modelling of the technology. Cooperation between departments would enable early reaction to the variable factors that shape the process.



One-off production of a complex and advanced product requires many experimental solutions and several changes and modifications. Therefore, computer simulation (S) appears to be potentially highly beneficial in this PDP. S has been used to model the optimum parameters for an industrial conveyor (for example, in references [91,92]). The approach described by Troll et al. when modelling the movement of products is compared with the conventional approach, showing that using parameters determined by a computer simulation led to an increase in process efficiency. Salkin et al. [93] note that simulations can be adapted in product development, testing and test optimisation, production process development and optimisation, and facility design and improvement.



In the case under consideration, the use of S is recommended chiefly in the engineering phase for structural design, selecting materials and selecting the optimum parameters for the final production process. In the future, consideration may also be given to the use of S in the operations of the company to which the project is addressed. These simulations can use data gathered in real time to reflect the physical world in a virtual model, which may encompass machines, products and people. This will enable the operators to test and optimise the settings of a machine for a subsequent product in the virtual world before any physical change is made, thus shortening the time required to configure the machine. One example is the virtual machine solution proposed by Siemens, a German machine tool manufacturer, which can simulate the machining of a part using data from a physical machine. According to Rüssmann et al. [94], this reduces the time required to set up the actual machining process by as much as 80%.



Due to the highly individualised approach to the product and, consequently, the need for very close cooperation with the client, visualisation technologies (VTs) are particularly useful. I4.0 supposes two technology bundles associated with visualisation, namely, augmented reality (AR) and virtual reality (VR). The former is associated with graphics, sounds, and touch feedback added to the natural world; the latter is a different concept in which one inhabits an entirely virtual environment [95]. These technologies rely on video-based adaptation taking advantage of a camera that supplies augmented information and provides particular sensations by a special display worn by the user or project-defined objects [96]. The product design stage provides an opportunity to greatly benefit from the use of these technologies; they prevent errors that could occur at this stage and at other manufacturing stages [95].



An important feature of VR/AR that distinguishes it from traditional computer simulation is the constant presence of the user in the virtual environment. In relation to the case under discussion, VR techniques will enable a model of a device, initially created in a CAD system, to be placed in a freely designed virtual environment in the presence of other virtual objects. This approach enables changes to be made to the design in an effective manner and improves communication with the customer. AR technology, where a virtual object is visualised against the background of a real spatial context, and the view in which it is presented depends solely on the position of the user relative to the object being designed [97], which may be used for the final presentation of a design and for verification of the design assumptions.



Another postulate of I4.0 is partner integration (PI) by digital tools and channels. Asdecker and Felch [90] mention industrial digital ecosystems which integrate customers, suppliers, and other external partners of a company. They postulate an end-to-end data/information flow that is built from multiple sources and enables real-time analytics. However, in the case of close cooperation with a business client involving a long-term cooperative design of an advanced product, where many product components are sub-supplied by technologically advanced producers of automation, partner integration strongly affects the process. Assuring consistency in the information, in all communication channels and at all points of contact with the customer, is a fundamental condition of success in an I4.0 transformation.



Virtual manufacturing (VM) is another of the pillars of I4.0. Virtual manufacturing began as a way to design and test machine tools, but it has expanded to encompass production processes and the products themselves [95]. This is an idea that covers a variety of tools and methods, from computer-aided design to rapid prototyping. VM also brings great expectations in terms of energy saving in the PDP, particularly in a manufacturing step. Even though the idea is a broad one, some subsystems/functionalities may be supportive in the PDP in the current study. Considering that VM serves to test production in a virtual environment [98], it can support the PDP in terms of analysing the manufacturability of parts. The product peculiarity supposes that it is not repetitively manufactured, so that the VM can be used several times in modelling the technology of product manufacturing.



The implementation of the solutions described above will allow the company to improve the product development process, improve its efficiency, and significantly reduce the time of this process. This will positively affect the quality of cooperation with the client and thus contribute to the improvement of the company’s competitiveness on the market. The implementation of solutions should also result in a noticeable reduction in energy consumption due to the use of more environmentally friendly solutions and shorter process time. The discussion of particular I4.0 utilisations will be conducted in the following section.




4. Discussion


Leurent et al. [99] have analysed more than one hundred cases of production plants and selected 16, which they called ‘Lighthouses of the Fourth Industrial Revolution’. These are the organisations that have moved from the level of pilot programmes to full technology integration and execution of the I4.0 concept. In each of them, the researchers have identified 10 to 15 areas subject to change and have distinguished five key areas. In the report, they were presented together with a description of implementations and their effects on the organisation—for example, their impact on overall equipment effectiveness (OEE), product quality, time-to-market, or production and logistics costs. The chart published in the report shows significant differences in the KPI scores achieved by the companies. The large discrepancy in terms of increasing productivity (10%–200%) and productivity (5%–160%) is noteworthy. In terms of shortening production times and time-to-market, the differences are decidedly smaller and amount to 10% to 90% and 30% to 90%, respectively.



Based on a review of the literature and the analysis of the PDP at the company under study, improvements were proposed using specific I4.0 solutions, which will enable measurable benefits to be achieved at individual steps of the process. Table 1 lists the proposed solutions with an indication of the steps at which each proposal is most relevant.



ID and PI are recommended for most of the stages of the product development process. Gathering information and analysing the design and technological data, plus the possibility of modifying the structural model, require the use of a common virtual environment and a database with precisely defined levels of access. The aim is to enable simple, authorised access to the design data by selected, interested parties (the customer and the manufacturer).



Step 1 of the process (the development of technical and structural assumptions) involves intensive communication with the customer (the party placing the order). To develop a joint platform for communication between the customer and the manufacturer, it is recommended to improve the methods of communication: placing orders using special data forms linked to the parameters of a geometric model and stored in a shared database (ID: fulfilment of the PI idea), advanced visualisation methods (VR), and the determination of the types and quantities of material requirements (ID). The proposed improvements will lead to a more precise definition of the initial design assumptions to satisfy both parties, easier presentation of the design in relation to the actual conditions of future use of the designed object and reduction in the time required to define the initial assumptions. Moreover, the use of VR techniques will provide support for designers and process engineers—for example, in relation to the general assumptions about the mutual positioning and geometry of component elements and correct accounting for the properties of the construction materials. Thanks to the usage of computer databases (ID), including construction materials databases, it is possible to select materials taking into account their energy consumption and environmental impact. For example, the Autodesk Inventor module, developed jointly with Granta Design Ltd., called Eco Materials Adviser offers such possibilities. This tool allows designers to optimise the selection of materials based on information about their environmental impact and production costs in order for manufacturers to make the best decisions and solutions that meet environmental requirements [100]. An example of the use of VR can be found in KIA Motors [101], who have introduced a new system in their research and development centre to use virtual reality for car design. Thanks to this solution, the development of new models can be reduced by 20%, and the associated costs will be lower by 15%. Through the use of VR technology, up to 20 people can participate in the project evaluation process simultaneously, which significantly facilitates collaboration between teams of different specialists who can work from design centres located in different parts of the world. Considering the lower level of experience and technological advancement of the company in the current study in comparison with KIA Motors, it is estimated that the use of the proposed solutions at this stage will reduce the time required to prepare a design by approximately 10%.



In Step 2 (the parametric modelling of the new technology), it is recommended to apply the methods of concurrent engineering and simulation environments (S), including dynamic simulations. At this stage, it is expected to reduce the energy consumption resulting from the lack of the necessity to create a physical prototype and to perform tests on physical objects. In terms of design, more normalised elements can be selected, and other means of standardisation can be employed, which also leads to reduced energy consumption. S can also help to solve typical production challenges in the context of I4.0, which include an investment impact assessment, optimisation/scheduling of production planning, facility design, capacity planning, process improvement, bottleneck analysis, production line balancing, resource allocation, improving material flow and inventory planning, and experimenting with lean manufacturing techniques, as pointed out by Butt [102]. Fric et al. [103] presents some principal dilemmas and challenges that need to be undertaken when conducting future research on industrial symbiotic networks using existing and efficient computer software tools. The information in the Encyclopaedia of Business [104] suggests that Boeing’s use of the CAD system in the entire design process of the 757 aircraft reduced the total number of assembly hours by one-third, and the analytical functions of the CAD system reduced the number of working prototypes from 12 to three for the 747 aircraft. Product data management software should be used in the collection and sharing of design documentation, and documentation in ‘paper’ form may even be eliminated altogether. This will facilitate and simplify the evaluation of the impact of the materials used on the environment and allow for direct viewing of the object designed by specialists in various fields. The model developed may undergo initial evaluation using VR techniques. Specialists will be able to react rapidly (at an early stage) in relation to key elements of the design. The solution worked well for John Deere, which uses augmented reality to allow customers to test and provide feedback on early design concepts, so they can adjust and redevelop their designs. The company estimates that having its engineers use virtual reality simulations to design the air-handling subsystem on its JD 7760 cotton harvester reduced the design cycle time from 27 months to nine months [105]. After applying the proposed solutions in the company being studied, it is expected that the document flow will become faster and more efficient and that the waiting time in the document flow feedback loop will be reduced by approximately 25%.



Step 3 (labour and costs analysis) involves decision-making and enabling preliminary verification of the justifiability of the current design and its conformance to its goals. This activity takes the form of a logical function, creating a feedback loop obliging the manufacturer to re-analyse the technological assumptions (input parameters). This stage should also consider an analysis of costs related to energy use. Gong et al. [106] claim that minimising energy consumption and production process costs can be achieved by manufacturing companies in a cheap way. They present their energy model based on a case study of the plastic bottle production process and the production planning based on real-time electricity price data. In this model, the optimal idle mode is automatically selected between production loads (e.g., power off, idle). The authors show that the schedule of common energy costs and minimising labour costs reduces the total costs by 12% compared to the classical schedules. The experience of DiaCom, where it was necessary to frequently modify existing membrane designs, shows that by using Solid Edge synchronous technology instead of traditional history-based processes, DiaCom has noted a reduction in the time required to introduce changes of up to 50% compared to the previous design process [107]. In the authors’ view, implementation of the above proposals will significantly reduce the number of repetitions in this loop, particularly when VR and PI techniques are used.



In Step 4 (design of the product-building process) and Step 5 (building and testing the first version of the product), it is recommended to use computer-aided manufacturing (CAM) software environments to generate machining programmes for CNC machines with the ability to simulate machining in real time (VM). This will lead to a simplified development of the technological documentation. Moreover, the direct transmission of data (machining programmes) to CNC machines will make the operations of technological units significantly faster and more effective, and it will enable more precise supervision of the progress of work. With a VM, a better layout of the manufacturing processes, which reduces energy consumption, e.g., high performance cutting (HPC), can be achieved. Easily accessible data can be obtained from ‘energy-conscious’ devices and systems, which offers a more efficient picture of energy consumption and demand as production data. This level of energy information increases the amount of collected data, but also enables its efficient use in correlation with already collected data. Gontarz et al. [108] present energy and resource-monitoring architecture based on intelligent sensors. This method classifies the energy behaviour of machine components in three modes: fixed (energy behaviour independent of the process and most often used to maintain a specific state of the machine tool), controlled fixed (periodical on/off mode supervised by the programmable logic controller or external devices), and variable (process-dependent). Similarly, the work of Matsuda et al. [109] presents a method for the individual monitoring of machines and creating a catalogue library, the aim of which is to build a virtual factory for production simulation. Mawson and Hughes [110] state in their publication that investing in energy-efficient technologies and implementing smart control technologies can reduce energy consumption by 50% as opposed to operational improvements that can only reduce it by 10–20%.



In their paper, Bugno and Szalaty [111] presented the case of using CAM software at EthosEnergy Poland S.A. High efficiency machining was implemented there in the manufacturing of flexible beams for generator bodies. With the use of 3D modelling and CAM, geometric analysis was performed, and the most optimal tool was selected, thanks to the 20% reduction in machining time that was achieved, eliminating drilling operations. The application of a virtual prototype with the use of AR will simplify the procedure of gathering data from tests and will increase the number of available measuring points and the precision of the data in Steps 4 and 5. These actions may be expected to lead to reductions in the costs of creating and testing the first version of the technology. This can be seen in the Ford 3D Sand Printing Lab. A single binder jet print run can take as little as one week or up to one month, depending on the job size and deadline. Conventional sand moulds would take eight to ten weeks [112].



Considering that the proposed improvements, encompassing the previous steps, enable the optimisation of design and production based on multiple criteria and are carried out on an ongoing basis, it may be concluded that it is appropriate to eliminate Step 6 (optimisation of the product) and to combine Steps 4 and 5 from the original version of the process diagram. Instead of Step 6 of the studied process, it is proposed to perform the check of the condition whether the previously implemented stages meet the set criterion of energy efficiency; this would be a verification gate, if output is negative going back to the previous steps will be necessary. It is estimated that, as a result of these modifications in relation to PI, AR, and VM, the time required for these Steps (4–6) in the development of a new product may be reduced by approximately 60%, and the overall time of the PDP in the study may be reduced by approximately 30%. Such an estimation seems to be consistent with literature reports (e.g., Roszak [113]), where it is predicted that the time to launch a new product on the market can be shortened by 20% to 50%. In addition, the use of new technology and IT platforms, including knowledge bases, may result in reducing traditional product development cycles by up to 90%, as suggested by the data presented in a report by Leurent et al. [99]. Estimated durations of the product development process with the use of I4.0 concepts are given in Table 2. The duration of Step 7 (tests in real conditions and validation) is not expected to be changed by the use of I4.0 solutions because the time of testing is defined by the company based on their previous experience, accounting for the probability of production faults that are caused by the continued operation of the device appearing.



Implementation of the proposed improvements, particularly with the use of PI and ID, will make gathering and analysing data and supplementing the database more effective. In the company, this will make work on subsequent projects easier and faster, and it will enable more efficient introduction of required changes during the modification and repeated verification of the design. It should be noted that a very significant effect on the total time required to develop the process is achieved thanks to the use of PI, which ensures the consistency of information at all levels of cooperation between the company and its customer. According to Rüssmann et al. [94], the use of integrated production processes resulting from I4.0 capabilities will reduce production cycle time by up to 30%. Integrated production processes will allow the use of cost-effective production of small batches, and the use of robots, intelligent machines and products that enable mutual communication in real time will affect the autonomy of decisions and production flexibility. In the opinion of Rüssmann et al. [94], I4.0 will increase productivity in component manufacturing by 4% to 7%.



It should be remembered that the considerations presented here represent a somewhat simplified approach to the problem of implementing I4.0 solutions in the production process of a given company, and they omit many other available capabilities that the I4.0 concept offers. One of the assumptions of the research was to reduce one-time investment costs, without considering changes in the company’s available infrastructure. The implementation of I4.0 in every area of the company’s operations ought to be a continuous process, helping to create a competitive advantage and to maintain the company’s position on the market. The firm’s success may be dependent on its ability to make sufficiently rapid use of the technological proposals described and on properly realising its relational potential.




5. Conclusions


The use of I4.0 solutions in the PDP in this study may provide a significant reduction in the time of the process, which is estimated to be as much as 10 months, and may facilitate cooperation between the company and its customers. Skilful management of technological changes, integrated with the company’s business processes, enables it to maintain a competitive advantage. The organisation’s success appears to be founded on innovation, which in the conditions of I4.0 is made possible especially by innovations based on AR/VR and S technologies. In the perspective of I4.0, S is a tool that supports in following the findings of various parameter changes and in visualising the decision-making process. Therefore, simulation tools can be used together with other fundamental technologies of I4.0 [93]. S is complemented by AR/VR technologies, which enable designers and customers to ‘see and test’ the finished product before it is physically produced, which is of great value from a marketing perspective, and by the same token contributes to the building of relationships with customers.



The main contribution of this study is to demonstrate the feasibility of new technologies offered by I4.0 to improve the efficiency of the PDP, at the same time the problem of energy consumption has been investigated. The empirical study has shown that this issue has been neglected in investigated PDP. It is stated that the issue of energy consumption in the implementation of the development process is a criterion for assessing the advisability of implementing I4.0 solutions. Undoubtedly, the new solutions increase the efficiency of the process, measured mainly in terms of duration, but it is equally important to consider the reduction of energy consumption, which is forced by today’s environmental, economic, and legislative challenges. Taking these challenges into account, in order to achieve sustainable development, a detailed analysis of the implemented I4.0 elements is always necessary, including the proper management of energy consumption. By using monitoring systems and raising the awareness of technology users, it is possible to optimise energy savings and energy efficiency by up to 30% similarly as demonstrated in a source [108].



An in-depth study of the PDP in a company and wide conceptual deliberations made it possible to identify a number of challenges regarding future research directions. First, the study presents the need for intensive investigation of the entire PDP process in terms of the potential improvements by I4.0; what was carried out in this study is only a concept. However, empirical investigations of particular I4.0 tools are indispensable. Second, the study turns the attention to individual product manufacturing and project-type production. It demonstrates the immense potential of I4.0 implementation to the production of this type. However, this is only the beginning; the implementation of I4.0 to project-type production of its different characteristics needs to be more widely studied. There are no doubts that the individual production type will be more and more popular. Third, energy issue is not considered deeply enough with reference to the PDP. Product development is the most appropriate step to consider the energy savings, which will be possible/performed on further steps of the product, including the manufacturing process. How to rebuild the PDP to assure that the energy affairs are properly carried out and what kind of new technological tools should be implemented, these are right questions. From a managerial viewpoint, the study implies the necessity to improve the knowledge and awareness of I4.0 technologies in SMEs, the technologies becoming crucial for competitiveness success, and can bring many advantages in terms of processes efficiency and energy savings. The proper selection of software and its implementation, including time for employees to develop appropriate capabilities, also remains as an open question.



The main limitation of the study comes from the methodology used, as a conceptual deliberation involves the risk of moving too far away from real production processes and facilities. To diminish this risk, the study is deeply rooted in the comprehensively studied PDP in a company. Additionally, each of the recommended I4.0 tools has been widely reviewed in terms of practical experiences of its utilisation in the industry. However, the conceptual nature of this study has not allowed for validating the solutions in practice. Additionally, the study is burdened by inherent weaknesses of the case study method. The most important of them are a potential researcher bias along with misunderstanding of what was observed in studied object [114,115], these were minimalised by triangulation, all of researchers visited studied business object. Despite its limitations, the study provides substantial value in demonstrating I4.0 implementation in the main processes of a project production SME. The concept of I4.0 implementation presented herein is thought to be very important at a time when I4.0 can expand to smaller companies, equipping them with competitive tools and increasing their productivity and effectiveness. As presented above, I4.0 can be implemented in a manufacturing SME and can be greatly beneficial.
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Figure 1. The product development process (PDP) Unified Model. Source: own study. 
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Figure 2. A simplified, classic PDP. Source: own study. 
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Figure 3. The PDP of automated lines for pet food packing. Source: own study. 
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Table 1. Industry 4.0 (I4.0) solutions that may provide benefits at particular steps of the PDP.
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Steps

	
I4.0 Solutions




	
ID

	
S

	
VT/AR

	
VT/VR

	
PI

	
VM






	
1. Development of technical and structural assumptions

	
+

	

	

	
+

	
+

	




	
2. Parametric modelling of the new technology

	
+

	
+

	

	
+

	
+

	
+




	
3. Labour and costs analysis

	

	

	

	
+

	
+

	




	
4. Design of the product building process

	
+

	
+

	
+

	

	
+

	
+




	
5. Building and testing the first version of the product

	
+

	

	
+

	

	
+

	
+




	
6. Optimisation of the product

	
+

	

	
+

	

	
+

	
+




	
7. Tests in real conditions and validation

	

	

	
+

	

	
+

	








Source: own study.
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Table 2. Estimated durations of the PDP steps at present and following the introduction of I4.0.
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Step

	
Duration of PDP

	
Changes Affected by I4.0

	
Duration of PDP Under I4.0






	
1. Development of technical and structural assumptions

	
2 months

	

	
a common platform for communication between the customer and the manufacturer



	
precise definition of preliminary construction objectives



	
easy project presentation considering the conditions of future use



	
reduction of time needed to set initial objectives



	
energy-efficient solutions in terms of material selection and construction






	
1.75 months




	
2. Parametric modelling of the new technology

	
2 months

	

	
the possibility of early feedback of specialists from various fields to key elements of the project



	
facilitates teamwork



	
easier selection of materials and standard elements



	
reduction of modelling time by using databases and automatic wizards



	
the usage of digital prototypes, reducing energy consumption to produce physical prototypes






	
1.5 months




	
3. Labour and costs analysis

	
1 month

	

	
acceleration and improvement of documentation flow



	
facilitating and simplifying the environmental impact assessment of the materials used



	
streamlining the project appraisal process



	
energy-efficient production planning and scheduling






	
0.5 months




	
4. Design of the product building process

	
9 months

	

	
streamlining the development of technological documentation



	
accelerates and facilitates the creation of CNC machining programmes



	
more precise supervision of work progress



	
improvement of work on the selection and durability of machining tools



	
multidirectional data exchange within the network of process participants



	
reduction of energy consumption as a result of better planning of production processes



	
facilitated prediction through the use of data from intelligent (aware) sensors






	
12 months




	
5. Building and testing the first version of the product

	
8 months

	

	
simplification of the procedure for collecting and acquiring data from prototype tests



	
increased data precision



	
reduction of prototype production and testing costs



	
reduction of energy consumption due to elimination of sensors and prototype test stands









	
6. Optimisation of the product

	
4 months

	

	
—




	
7. Tests in real conditions and validation

	
10 months

	

	
facilitates and accelerates work on subsequent projects



	
possibility of verification by specialists from various fields



	
collecting data from conscious sensors for use in product improvement






	
10 months




	
Total PDP time:

	
36 months

	

	
26 months








Source: own study.
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