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Abstract: Special machinery engineering is of great importance to the manufacturing industry and 

makes a comparatively large contribution to many economies. Digital transformation is already well 

advanced in many producing industries, and modern ICT technologies such as agents, service 

orientation, digital twins and artificial intelligence are being used with increasing success. In 

addition to improving specific product characteristics such as reliability or flexibility, the adoption 

of modern ICT technologies to ensure sustainability is being intensively discussed. So far, however, 

there has been little uptake of these technologies in the special machinery industry; sustainability 

receives little attention. This article examines in detail the reasons for and impediments to the 

adoption of modern ICT technologies based on a study among special machinery manufacturers. 

Observations of existing challenges were gathered during daily work, described in detail, and used 

to derive conclusions about causal barriers. From this, detailed requirements are derived to promote 

the adoption of modern ICT technologies in the special machinery engineering sector and, 

ultimately, to bring sustainability more into focus. 
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1. Introduction 

Already in the late 1980s, the Brundtland Commission's report "Our Common Future" [1] 

emphasized the responsibility of each generation toward future ones by stating that meeting present 

needs should not compromise the ability of future generations to meet their own needs. The 

commission called for every generation to act in fulfilling their obligations to future generations 

through altering development processes and results. The significance of promoting sustainable 

practices has never been greater than it is in the present day. But there is also a great opportunity for 

change today: The area of manufacturing has undergone substantial changes lately, with 

technological advancements in context of its digital transformation resulting in novel production 

techniques [2–4] and novel application and business opportunities by applying novel technology 

from the field of information and communication technology (ICT). Cyber-physical (production) 

systems, service-orientation, multi-agent systems, (industrial) artificial intelligence (AI), and digital 

twins have significant potential to enhance manufacturing in terms of fault-tolerance [5], 

reconfigurability [6–8], and availability [9,10]. 

Cyber-physical (production) systems [11,12] allow the communication between humans and 

machines to optimize processes, while service-orientation [13] enables systems to be accessed and 

integrated seamlessly. Multi-agent systems [14,15] enhance decision-making through the 

collaboration of independent agents with diverse expertise. Artificial Intelligence [16,17] supports the 

automation of complex and decision-intensive tasks [18–20] and, by that, can improve engineering 

and operation of production systems. Digital twins [21,22] unify access to digital models of physical 

assets and enable, inter alia, real-time monitoring and predicting system behavior. In a nutshell, 
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various modern technologies possess the potential to improve the manufacturing industry, exhibiting 

significant potential to enhance manufacturing operations and businesses. Despite the inherent 

characteristics of technology and their potential beneficial impact on systems’ characteristics, cutting-

edge technologies are crucial for sustainable development [23,24]. However, despite their potential 

benefits, the adoption in practice of these advanced technologies has been slow in many industries 

[25–28]. 

Sustainability holds paramount importance for present and future generations, modern 

technologies have the potential to enhance sustainability while providing further economic and 

applicative benefits, and various efforts for technological transfer and adoption are performed. 

Nevertheless, these modern technologies are not being widely adopted in special machinery. 

Investigating opportunities, challenges and barriers of technology adoption is a vivid research area 

[29–36]. The economic impact of special machinery engineering is significant in both Europe and 

globally, yet it has received little attention. The question remains unanswered: Why are these modern 

technologies not widely adopted despite their proven benefits and what can be done to facilitate their 

adoption? To address this question, a study was conducted to examine the challenges and barriers to 

the adoption of such advanced information and communication technologies to identify possible 

strategies to promote their use. The study was carried out among special machinery engineering 

companies and their customers with a focus on improving availability and overall equipment 

effectiveness. 

The remainder of the paper is structured as follows: In Sect. 2, the overall problem statement is 

described and delineated in detail. Based on this, Sect. 3 briefly presents the study design. The 

fundamental features that distinguish between various sectors of machinery engineering are 

presented in Sect. 4 to facilitate a comprehensive understanding of special machinery, which is the 

foundation of this research. 

The observations of the study in relation to the underlying research question are described in 

Sect. 5 and Sect. 6. Based on these described observations, requirements are derived which facilitate 

the application of modern technologies in special machinery engineering in Sect. 7. Finally, the paper 

is summarized and concluded in Sect. 8. 

2. Problem Statement and Delimitation 

Manufacturing companies purchase and operate machinery to create their products. Increased 

production of high-quality goods results in higher profits. Currently, machinery and equipment 

investments are made by manufacturing companies through purchasing. Alternative business 

schemes, such as pay-per-use, are uncommon. This holds especially true for specialized machinery 

that intends to automate specific (non-standard) technical processes for manufacturing certain goods. 

The greater the number of products that can be created over the years, the quicker the special 

machinery investment will pay off. To address the challenge of achieving optimal production output 

while maintaining satisfactory quality, Overall Equipment Effectiveness (OEE) is considered one of 

the most essential performance indicators in the industry. 

Unplanned machine downtime can significantly affect production efficiency and OEE. Three key 

factors are influencing OEE: (machine) availability, (machine) performance, and (product) quality. 

The ultimate goal is to minimize downtime, as performance and quality cannot be delivered during 

when a machine is not operating, and, by that, it is essential for achieving optimal OEE. For this 

reason, this paper concentrates on the downtime reduction of special machines. 

Modern technologies exhibit huge potential to significantly reduce unplanned downtimes [37]. 

The overall downtime can be separated into three major phases [38,39]: Failure recognition, failure 

cause identification, and troubleshooting. Failure recognition focuses on noticing a failure; failure 

cause identification deals with determining the root cause of a failure and related information to it; 

troubleshooting are the maintenance tasks that need to be performed to bring the machine up and 

running again.  

As this paper focuses on unplanned downtime, the detection of failures is obvious and will not 

be considered further. Maintenance of the system is typically performed manually and exhibits 
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potential for the application of modern technological advances like virtual or augmented reality 

applications for maintenance support [40]. However, the focus of this studies is on the automation 

control level of special machinery, so that maintenance tasks are not considered further.  

Failure cause identification refers to the process of examining the root cause of a fault and its 

resulting malfunction. This investigation is usually carried out by machine operators or maintenance 

staff after a malfunction has occurred [41]. This type of maintenance is often referred to as reactive 

maintenance [40] and stands in contrast to proactive methods such as preventive [42,43] or predictive 

[9,44] maintenance, which seek to avoid potential faults before they happen. However, the current 

approaches cannot completely avoid machine failures and the necessity of reactive maintenance. In 

this context, various areas are researching sophisticated approaches, e.g., fault diagnosis and isolation 

[10], system diagnosis [45,46], or alarm management [47,48] including also alarm flood reduction 

[49,50]. Recent studies show that unplanned downtime costs manufacturers worldwide 

approximately $50 billion per year [51]. Accordingly, automated failure cause identification is 

essential to minimize downtime, and therefore the remainder of this paper focuses on exploring the 

possibilities of leveraging this. 

In order to examine the question of failure cause identification in a sufficiently general way for 

all research areas and to avoid misinterpretations in connection with specific research areas, the term 

“failure cause identification” is used henceforth. 

3. Study Design 

As part of the study, multiple companies within the special machinery industry in Germany 

were surveyed to recognize the principal obstacles in the engineering of special machinery when 

utilizing modern techniques to locate failure causes and examine their fundamental origins. 

The overall study methodology is depicted in Figure 1. In the course of the study design, a 

generalized phase model of the development and production of special machinery is used, which is 

followed by all considered companies. It should be noted that not all phases are necessarily carried 

out completely sequentially, as it is the case, e.g., in concurrent engineering. In case of larger special 

machinery, it might also be the case that individual machine parts may be in different phases. 

Nevertheless, the overall machine follows this process. To simplify the description, a sequential 

sequence of phases is used for the described without loss of general validity. This process is briefly 

introduced in the following. 

The pre-project phase includes all organizational and contractual activities that are necessary for 

the agreement on the development and production of machinery between the special machinery 

manufacturer and its customer. This includes the sales and bidding phase, agreement on the content 

of the requirements and the machine concept, up to the conclusion of the contract. 

 
Figure 1. Overview of the study design. 
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In the engineering phase, based on the agreed requirements and the machine concept, a detailed 

development of all necessary disciplines, such as mechanics (including fluid mechanics), electrical 

engineering, and automation technology, of the special machinery is carried out. At the end of this 

phase, a complete model of all disciplines and system parts is available to represent a (complete) 

development image of the special machinery. The completeness, granularity and type of the models 

depend on the company’s individual process for (model-based) engineering. 

The special machinery is then manufactured within the production phase1. At the end of this 

phase, the special machinery is ready to operate, with all requirements basically met, unless there are 

any change requests or requirements that have been inadvertently overlooked (which is a critical 

situation [52]). 

The operation phase of a special machinery is where its performance is ultimately demonstrated. 

It is therefore the starting point of the study. The operational phase typically takes place in the 

customer's production facility. As such machines are often in operation for many years or even 

decades, depending on the product, (minor and major) challenges are usually observed either at the 

beginning during commissioning on site or after a longer period of operation. For this reason, the 

study made observations during commissioning and the subsequent period of operation, as well as 

after a longer period of operation (at least one year after commissioning). 

The research encompasses over fifty special machines from various German engineering firms, 

employing a retrospective analysis method by first observing the machines during their operation 

before conducting comprehensive investigations on their engineering. The operational phase of each 

machine is critical to determining its ultimate performance, and therefore forms the starting point of 

the study. 

Throughout the study, insights were gained from experienced employees of specialist 

machinery companies across various divisions including sales, automation software engineering, 

commissioning, and project management. In addition, the customers of the special machinery 

builders were also integrated into the study, whereby both employees from the departments for the 

procurement and installation of new special machinery and the operating personnel of the machines 

were accompanied and observed in their daily work to derive observations. In the study, over eighty 

experts were questioned regarding situational exposures and made observations to verify and 

deepen the problem understanding. 

Despite being built and operated for a specific purpose and long periods, special machinery is 

prone to change due to various reasons [53]. However, for the purpose of this study, aspects, 

situations, or observations related to variability, reconfigurability, changeability, or evolvability were 

not considered. Moreover, solely machines that were designed and developed as special machinery, 

which automate discrete manufacturing processes were examined. If a machine is composed of even 

small components that perform continuous processes, as required in industries such as medical, 

pharmaceutical or food and beverage, neither these parts nor any dependencies on these machine 

parts were considered. 

During the study, solely machines were considered, that were completely realized as unique 

special machinery automating discrete manufacturing processes. If a machine consists of (even small) 

components realizing kinds of continuous processes, as required in e.g., medical, pharmaceutical, or 

food & beverage industries, these parts were neither considered, nor were any dependencies on these 

machine parts considered. 

As described above, only fully automated special machines were considered in the study. 

Machines with intensive human-machine cooperation, such as semi-automatic assembly, were also 

not considered. Nevertheless, special machinery, like any other machine, are a socio-technical system 

[54,55]. It interacts with the operator for various reasons, e.g., in the event of a malfunction, when 

selecting operating modes, for the necessary supply of consumables or also when monitoring 

 
1. 1 The authors are aware that the operating phase is often also referred to as the production phase. This 

terminology has been chosen by the authors to clarify the perspective of the special machinery builder 

and to delineate the operating phase as well as possible. 
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machine operation. These machine parts and situations have certainly been considered, as they are 

potentially key situations in terms of a machine's OEE. 

4. Characterization of Special Machinery Engineering 

In the literature, mechanical engineering is often discussed in general terms. However, this 

general view and the resulting abstraction means that many engineering challenges are not 

considered or are not considered in a sufficiently differentiated way. For this reason, this section 

discusses a more detailed classification of engineering companies to be able to describe the challenges 

of special engineering and to differentiate them in the overall context.  

Machine engineering companies can be classified according to their product portfolio, i.e., the 

heterogeneity of the machines produced, their technical system and the technical processes 

performed by the machine (cp. horizontal axis in Figure 2). Thereby, two major types of machine 

engineering companies can be distinguished: serial machines and special machinery. Special 

machinery builders are companies that are specialized in creating customized machines designed to 

perform specific tasks for a particular customer. These machines are often unique or built in very 

small quantities and are used in various industries such as aerospace, consumer products, medical, 

automotive or pharmaceuticals. On the other hand, serial machine builders are companies that 

produce machines in large quantities for a wider market. These machines are often designed to be 

mass-produced and may be used in a variety of industries. They are typically less specialized than 

machines produced by special machinery builders; instead, realizing a specific task or process often 

used in manufacturing or production lines such as packaging, bottling, slicing, etc. 

Based on the product portfolio, a perspective on reuse is already implicit: the more 

homogeneous machines are, the more obvious is reuse. Thus, also the amount or extent of reuse. A 

product portfolio which is defined in advance, i.e., the number of machine variants are pre-defined, 

offers a great opportunity to consider differences and commonalities (and thus potentials for reuse) 

already during the development of the machines [56–58]. In contrast, special machinery engineering 

is a project-based built-to-order business, and therefore no (or only limited) awareness exists about 

the machines to be built next. For this reason, the engineering of special machinery typically has a 

different perspective on reuse, and in extreme cases, reuse is not the case. This fact is captured by the 

vertical axis in Figure 2. 

In a nutshell, special machinery builders focus on producing unique, customized machines for 

a specific customer with focus on the customers’ requirements, while serial machine builders produce 

machines in large quantities for a wider market and fulfill pre-defined requirements by its product 

portfolio. 

 
Figure 2. Framework for characterizing machine building companies. 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 29 December 2023                   doi:10.20944/preprints202312.2229.v1

https://doi.org/10.20944/preprints202312.2229.v1


 6 

 

A product portfolio of series machines is not sufficient for every customer; however, 

requirements are met to a very large extent. In this case, customized adaptations of series machines 

are offered, often by independent organizational units or external service providers as project 

business (see adaptation direction of #1 in Figure 2). The direction of adaptation within the 

framework results from the adaptation strategy: If adaptations can be reused to the same extent as it 

is the case for series machines, the reuse level remains constant according to adaptation direction 1a. 

However, this is comparatively unlikely because, in this case, a corresponding adaptation would flow 

into the product portfolio in advance. Frequently in this case, an adaptation direction could be 

observed which reduces the reuse of the entire product, i.e., the series machine including customer-

specific adaptations (adaptation direction 1b). This brings the overall solution closer to special 

machinery. An adaptation direction parallel to the vertical axis is an indicator for a change in the 

degree of reuse. A reduction of reuse is usually not done consciously (and is therefore visually greyed 

out in Figure 2); however, it occurs in the case of (regular or continuous) adaptations of a product 

portfolio without revisions [53,59]. 

An opposite situation arises in special machinery: To reduce the costs for special machinery, an 

increase in reuse is targeted to (ideally) achieve adaptation direction 2c. In practice, it can be observed 

that special machinery companies often focus on certain industries, processes, or technologies and, 

in this area, strive to sell machines several times that have already been developed. This results in a 

small series of machines within the special machinery manufacturing sector. If no additional 

mechanisms for reuse are introduced, the company follows adaptation direction 2b because reuse 

(e.g., identical components, machine design) increases proportionally to the size of the small series. 

In this case, any additional monetary benefits from the small series remain unused. If reuse is used, 

the special machine construction follows that of adaptation direction 2c. 

In summary, machine builders, whether series machines or special machinery, are aiming for 

the sweet spot (position 3 in Figure 2) where both heterogeneities, i.e., also variability and reuse are 

maximized. Due to increasing (engineering) costs along the diagonal (dotted line) of the framework 

as well as differences in machine types and customer segments, the economical sweet spot has been 

determined individually for any company. Nevertheless, the framework is used to take stock of the 

situation of a company by locating it within the framework, hold discussions on possible directions 

for adaptation, to define goals and to carry out continuous monitoring of the company’s orientation. 

In the remainder of this paper, this framework is used to locate pain points and findings during the 

study and to be able to derive challenges from this argumentatively. 

The higher the level of reuse, the easier it is to adopt new technologies, as economies of scale can 

be realized for any development and integration costs: A corresponding investment in the application 

of modern ICT of a reusable unit has to be made once (plus any further life-cycle costs such as 

maintenance and updating) and can then be used several times (without further adoption costs). The 

return on investment therefore depends on the number of times the reusable unit is used. This leads 

directly to another dependency on the turnover of a machine builder. As the number of units (in each 

observation period) increases, i.e., the number of machines produced and sold, any adoption costs 

for new technologies and developments can be implemented more cost-effectively due to economies 

of scale, or the costs of new developments per product can be reduced. As a result, the higher the 

sales volume, the more economically viable the investment costs.  This also applies directly to the 

use of sustainable technologies - and to the sustainability of technology adoption. In a nutshell, the 

higher the sales volume of a machine building company – regardless of whether it produces series or 

special machinery – the more cost-effectively modern ICT can be adopted, and therefore the more 

sustainable it is. 

By locating a company within the framework previously introduced, it is feasible to make 

immediate inferences regarding the cost-efficiency, technological adoption complexity, and, by that, 

sustainability. 
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5. Observations during Special Machinery Operation 

In the course of the research question addressed in this paper, two important observations were 

made during the operation of special machines. These are described in the remainder of this section. 

5.1. Multiple Alarms in Case of a Single Component Failure (Observation 1) 

Multiple alarms occurred for most of the operational failures in all considered machines. 

Thereby, solely operational failures were considered, i.e., failures during automatic and productive 

operation of the machine. In other operational phases like start, stop or so-called empty runs2 as well 

as in other operating modes than automatic, e.g., manual or stepwise mode, the situation is different 

but not relevant regarding the focused research question. Such many alarms occurring in a short 

period of time is called an alarm flood [60]. In case of a malfunction, the operators must determine 

and eliminate the cause of the malfunction based on the available information, i.e., the visible 

situation of the technical system itself and the (multiple) alarm messages displayed. Due to the 

number of parallel occurring, active alarms, operators are hindered to directly identify the major 

information and are often overwhelmed, as identified also in literature [61].  

5.2. Limited Reliable Identification of Actual Error or Root Cause (Observation 2) 

Alarms and their textual representation (the so-called alarm messages) are an essential part of 

status monitoring of machines during operation. Among the considered special machinery, the alarm 

messages are the most important and major source of information for the operating personnel to 

interpret the meaning of the alarm. Accordingly, the alarm messages are the major communication 

channel between the special machinery and the operating personnel. In some considered cases, 

producing companies use additional IT systems like SCADA systems for monitoring (a bigger set) of 

machines or the overall production line. However, these systems only aggregate information 

provided by the machine itself and the alarm message remains the only single source of information 

for an alarm. 

During the investigation throughout the study, it was discovered that, in presence of a failure, 

alarms exclusively (with a few exceptions) provide descriptive information about the expected state 

of the mechanical system which was (unexpectedly) not reached. In a few cases, the alarms and its 

textual representation did indicate the reached (failure) state itself. Consequently, operators and 

maintenance personnel are tasked with interpreting alarm statements and addressing resulting 

failures. Furthermore, a comprehensive understanding of the technical process of the special 

machinery is imperative to interpret the alarm messages, draw conclusions about the situation and 

identify the root cause. 

Based on these observations, discussions were conducted during the study with customers of 

the special machinery manufacturers to assess the proficiency of responsible shop floor employees, 

i.e., individuals with operational responsibility for the machines being studied. It was found that 

there is significant variation in the expertise of responsible employees and in some instances, only 

certain shop floor employees possess extensive knowledge of a particular machine. Depending on 

the shift, for example during weekends or night shifts, these employees with specialized knowledge 

may only be available on call rather than on site. This results in a notable increase in machine 

downtime, ultimately leading to a significant decrease in overall equipment effectiveness. 

In summary, this situation results in a greater variance in the time required for failure and cause 

identification [34], ultimately leading to high uncertainty of OEE. Moreover, the way how alarm 

messages are formulated exacerbates the negative impact. 

  

 
2. 2An empty run of manufacturing machines is used to finalize production without creating production waste 

by manufacturing goods still started and located within the machine but do not start the manufacturing of 

novel ones. 
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6. Observations during special machinery engineering 

To investigate the reasons for the observations made during machine operation (detailed in Sect. 

5), the engineering and development procedure of special machinery was analyzed and posed in 

context of the research question. Thereby, four key observations were identified, which are described 

in the remainder of this section. 

6.1. Special Machinery Engineering is Project Business (Observation 3) 

Special machinery companies operate in a build-to-order business model that functions as 

individual projects. This approach was observed to have a wide-ranging impact during the study. 

The main objective of machinery projects is to ensure cost- and effort-efficiency, as with any other 

project-oriented business. Therefore, the primary focus is on the essential functionalities necessary 

for operation. Customers prioritize performance requirements of the special machinery, such as 

output and availability. The requirement specifications of the companies analyzed in the study, with 

some exceptions, only considered a technical perspective and did not consider socio-technical 

aspects. In the context of failure cause identification, this indicates that little attention is on an efficient 

integration of human personnel into the technical processes of (highly automated) special machinery. 

Due to the project and cost pressure, time-consuming analyses (e.g. FMEA) or simulations are only 

carried out selectively as required. 

6.2. Reuse of Components and Project-specific Design (Observation 4) 

Considered special machinery companies engineer most, if not all, of the specialized machinery, 

incorporating mechanical, electrical, and automation software engineering. Thereby, they are 

covering all relevant aspects of a mechatronic system. The solution space encompasses a broad range 

of components, from small-scale electrical elements such as sensors and actuators, to mechanical 

components like screws and clamps, and fluid mechanical parts like compressors and hose systems. 

Additionally, special machinery companies taking the role of system integrators by integrating 

complex mechatronic systems such as multi-axis and SCARA robots, camera arrays, laser systems, 

and multi-carrier transport systems, as well as serial machines designed for special purposes, like 

packaging applications. The composition of these numerous components into special machinery is 

largely unique and varies based on the product to be produced, customer demands and technical 

limitations. 

In this context, modularization is critical to machine and plant automation and is a lively 

research area [62–66]. It addresses challenges related to the module's appropriate granularity and 

how different disciplines involved in modularization are considered. The research also observed 

similar discussions within companies, leading to discourse on the module's suitable granularity. In 

general, it was observed that it was not possible to answer the question of a suitable granularity of 

reusable modules unambiguously. However, there was consensus that an increasing heterogeneity 

of machines within a company leads to a greater number of project-specific adaptations of the 

modules. Conversely, a low granularity of the modules results in a smaller number of project-specific 

adaptations. However, the proportion of development geared towards a specific project expands 

because of the particular arrangement of the modules.  

In a nutshell, modularity is an important topic in special machinery engineering. The more 

heterogeneous the developed and produced special machinery, the more finely granulated modules 

predominate in terms of reusability. Particularly in the considered special machinery sector, smaller 

modules are predominantly used; in some cases, however, these are combined to form more coarse-

grained modules (in the case of a somewhat more homogeneous machine portfolio). 

As modularity is directly related to reuse, this influences the failure cause identification as 

considered in this paper. While (additional) investment is typically made in the design and 

implementation of suitable modules due to expected economies of scale, this is only possible to a 

limited extent for project-specific parts of special machinery. During the study, it was identified that 

additional logic for error and alarm management (including the aggregation of alarms considering 
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technical dependencies) was mostly implemented inside modules (regardless of their granularity) 

and limited within project-specific (custom) parts. In the further course of the study, the hypothesis 

was confirmed that, in principle, a relation between the granularity of the modules and the number 

of simultaneously occurring alarms in case of a failure exist, i.e. there is (some kind) a statistical and 

causal connection between to observation 1 (cf. Sect. 5.1). This was confirmed by experts; however, a 

quantitative analysis could not be carried out in the study and remains open for future investigations. 

6.3. Multiple Use of Alarms (Observation 5) 

Motivated by the limited informative value of alarm messages (see Sect. 5.2), the cause was 

investigated in the engineering phase. In addition to the challenge that alarm messages originate to 

a not inconsiderable extent from the project-specific implementation (cf. Sect. 6.2), the study also 

found that alarm messages are intended for many different stakeholders and different use cases and 

therefore do not originally and exclusively focus on identifying the causes of failures.  

For example, alarm messages are often used as logging statements that are relevant for different 

applications, e.g., for monitoring purposes during commissioning (i.e., the production phase) and 

operation, for medium-term statistical analysis and reporting (e.g., weekly) during operation. In this 

context, the alarm statements (as described in Sect.  5.2) are well suited and in line with the objective. 

Nevertheless, the informative content for identifying the root cause is limited. 

6.4. Gap between Operational Expertise and novel Technologies (Observation 6) 

The demands of cost and time efficiency in the engineering of special machinery (cf. Sect. 6.1) 

place significant pressure on involved engineers. The study revealed a high level of expertise across 

all engineering departments and disciplines in core competencies such as mechanical, electrical, and 

automation software engineering. Company-wide standards and best practices foster a shared 

understanding among the involved engineers. To ensure quick acclimation for new staff and ample 

access to necessary expertise, engineering departments prioritize objective processing. Popular 

software platforms, such as those for automation software, are commonly chosen for this reason, as 

customers often require sustained investment security and maintainability for special machinery. 

Digital transformation is commonly approached from an organizational standpoint by either 

expanding the IT department's area of responsibility or establishing a new digital operations 

department [67–69]. These organizational units aim to develop new digital products and enhance 

internal value creation. Accordingly, company-wide sustainability initiatives are typically also 

located there and, by that, there departments accountable for the digital transformation could serve 

as the cornerstone for adopting and integrating modern ICT and sustainability. 

Even though there may be specialists in technologies such as service orientation, multi-agent 

systems, artificial intelligence, and digital twin (usually working within digital transformation and 

sustainability initiatives), they are uncommon and more likely the exception in operational business 

units. 

7. Requirements for Alarm Management in Special Machinery Engineering 

Based on the observations described in Sect. 5 and Sect. 6, there are essential requirements for 

the use of intelligent manufacturing technologies to identify the causes of failures and thus improve 

OEE in special machinery engineering.  A pertinent approach to alarm management incorporates in 

the design of special machinery throughout its lifecycle, especially in the design and operational 

stages, as per observations 1, 2, and 5. But because of the constraints of special machinery engineering 

(cf. Sect. 4), they have not yet been extensively applied. In the following, three fundamental 

requirements are presented whose fulfillment can enhance the utilization of modern approaches, 

particularly for the identification of failure causes in special machinery engineering. The detailed 

correlation between observations and requirements is illustrated in Figure 3. 
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Figure 3. Relationship between observations of the study and derived requirements. 

7.1. Technology-agnosticism and Avoidance of Paradigm Shifts (Requirement 1) 

Lack of expertise and knowledge, as well as resistance to paradigm shifts, hinder the adoption 

of most modern technologies, as demonstrated in observation 6. The adoption of new technologies 

or paradigms in operational business units, such as engineering, encounters substantial hurdles to 

realizing potential benefits. These include, for now, a severe reduction in project performance, costly 

training requirements, and a shortage of experts proficient in both the given engineering discipline 

and the innovative technology.  

Therefore, it is necessary to adopt a technology-agnostic approach that permits the use of 

contemporary technologies without having to modify current and effective procedures, work 

methods, technologies, platforms, and paradigms. The application and deployment of modern 

technologies should not substantially affect the operational business and remain (to the maximum 

extent possible) uninfluenced by any modifications within operational realms, such as digital 

transformation. 

7.2. Seamless Integration in Development Tool Chains (Requirement 2) 

To address observations 3, 5, and 6 while complying with requirement 1, it is necessary to 

integrate or meaningfully coupling of modern technological approaches with existing commercial 

tools. A best-of-breed approach is commonly utilized in the engineering of special machinery, 

involving the use of tools from various vendors during engineering. As a result, a dedicated tool or 

framework must be capable of automatically extracting information from the utilized tools and 

adjusting designs, such as MCAD, ECAD, and automation software, within them. Additionally, it 

should enrich the existing information available in these tools.  

Since not all necessary information for implementing modern technology may be readily 

available due to complexity or availability, operational experts may need to add supplementary data. 

However, this approach must be used sparingly and with caution due to the direct impact it may 

have on project costs in the field of special machinery engineering. Integrating the entire value chain 

beyond the machinery engineering firm would be advantageous. By seamlessly integrating supplier 

information, the need for manual addition of information still present in supplying companies can 

be avoided (cf. observations 3 and 4). Thus, this approach would serves as a bridge between digital 

expertise, utilizing modern technologies, and operational excellence. 
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7.3. Independence in Terms of Scope (Requirement 3) 

The granularity of modules and the way modularity is used may differ depending on the 

product portfolio and the maturity of the internal standardization as discussed in Sect. 6.2 

(observation 4). Especially, there is no common approach either using modules in any discipline or 

using mechatronic modules. Accordingly, a universally applicable approach should not set any 

premises regarding modularization and, by that, should be independent of any kind of 

modularization. 

Based on this, an adequate approach should be able to describe, handle, manage or reason about 

any kind of design fragment during engineering, i.e., mechanical elements, and their mechanical 

compositions, automation software building blocks and their composition, etc., almost effortlessly. 

8. Summary and Outlook 

The paper addresses the question of why existing approaches in the context of intelligent 

manufacturing systems and associated modern ICT such as service-orientation, multi-agent systems, 

artificial intelligence, or digital twins have so far had little presence in the industrial practice of special 

machinery engineering. Towards this question, a study was conducted among German special 

machinery builders and their customers focusing on the application of these technologies to increase 

OEE. Throughout the paper, six key observations are described and discussed in detail. Based on the 

observations made during the operation phase of special machinery, investigations were carried out 

in the development phase for identifying possible causes. Based on these observations, three 

essential requirements were derived, which could be understood as main obstacles to the adaptation 

of modern (manufacturing) technologies in special machinery.  Increasing the use of modern 

technologies can ultimately improve sustainability. Based on the findings of the study presented here 

and its results, further measures can be taken to counteract the observations described. The proposed 

framework for the characterization of machine engineering companies can serve as a first indicator 

which requirements are of particular importance.  

The next step in the future will be a systematic analysis of existing approaches and frameworks 

in order to examine their degree of maturity with regard to application in special machinery 

engineering. The observations and requirements presented here will serve as a starting point. Further 

research is needed to identify additional barriers to the use of modern technologies in mechanical 

engineering that go beyond the improvement of OEE discussed here with a focus on failure cause 

identification. Existing maturity measures will be analyzed to extend the framework and provide for 

providing an easy-to-use methodological sound approach for strategic alignment of digital 

transformation in special machinery. 
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