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Abstract. Designing, building, and testing new adaptable automation equipment 
for the discrete manufacturing industry is becoming a still more complex disci-
pline where static Technical Product Specifications are no longer the situation in 
a dynamic and changing environment. Therefore, computer simulation tools at 
different abstraction levels become very important in designing and building au-
tomation solutions. This paper investigates how to develop and test machines ef-
fectively, taking offset in a practical industry case. The paper proposes a meth-
odology from the first simulation models to a digital twin environment. The result 
is a practical-based framework that helps machine builders and end-customers 
identify the appropriate simulation methods in advance, ensuring faster and sim-
pler development of automation equipment that will lower the overall costs. 
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1. Introduction 

As machines get better and faster due to technological advancements, so does their 
complexity. Balancing machine complexity with the appropriate modelling and simu-
lation tools therefore becomes increasingly important to work efficiently when devel-
oping and testing new machines. In the past, numerous attempts have been made to 
quantify, describe, and show the capabilities of the simulation tools at all levels of the 
discrete manufacturing industry, to select the appropriate simulation tools more effi-
ciently for a given task. In this paper, we present a methodology that involves practical 
case observations, a physical artefact and research literature. We investigate a practical 
case and the factors that influence machine development when working with virtual 
modeling and development, going from the first simulation models ending up with a 
digital twin environment.  



2 

2. Theoretical Background 

2.1 Industry 3.0 to now 

Since the 60´s with the introduction of semiconductors, the development of complex 
products such as machines have involved multi-domain processes, e.g.  Computer Nu-
merical Control (CNC) machines, where a Programmable Logic Controller (PLC) con-
trols relays, I/O, drives and motors[1-3].  

This increased machine complexity while paving the way for automation of repeti-
tive operator tasks through the usage of robots, giving rise to the ideas of Computer 
Integrated Manufacturing (CIM) and Flexible Manufacturing Systems [1-2] and conse-
quently requiring advanced control programs to manage the interaction between ma-
chines, components and tools on the shop floor.  

 Using a simulation program in combination with the control program was seen as 
a way to reduce complexity and reuse components and logics, as the control program 
would not be able to distinguish a virtual simulated machine from a real machine [1].  

However, the challenge was to operate the virtual machine in the same level of detail 
and in synchronization with the real machine operations, while the lack of standardiza-
tion made it difficult for control programs to communicate with other types of control 
programs [1].  

Here more than three decades later, and in the age of industry 4.0, we are still facing 
many of the same problems. Although the field of information and communication 
technologies (ICT) has developed significantly, with higher processing power, better 
graphical user interface (GUI), and smart factory applications [2], the original problem 
of reducing the system complexity persists [3, 4].  

2.2 Current state of the art – moving toward the ideal virtual machine. 

Current simulation programs can handle vast amounts of calculations, making complex 
numerical based predictions fast with a high GUI feedback, making it possible to de-
velop, run, and test machines in realistic settings.  

Developing machines require a wide range of engineering capabilities such as me-
chanical, electrical, and automation engineering knowledge [5]. It is therefore a com-
plex task that must be broken into smaller pieces to comprehend the task. Typically, the 
machine design is initiated through an ideation phase where the machine’s building 
stones are agreed upon [6]. This phase includes all the key stakeholders, including the 
pivotal part of the development team, and the end-user requirements [7]. Having rough 
scaled plug and play components at this stage, which could be assembled in a matter of 
minutes to test ideas, would create a shared understanding and goal, increasing the 
overall quality of the machine while aligning expectations from day one. Module-based 
development, AR, VR are just some of the many methods that facilitate this movement 
[8]. 

Once the concept model has been agreed upon, then the development work can be 
initiated. Having a common data backbone or a shared model that includes all the prop-
erties needed is sought-after, as it facilitates a concurrent engineering flow that reduces 
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time and visualizes possible design issues upfront [9][10]. Being able to quickly de-
velop the complete machine means the testing can also be initiated at a much earlier 
stage [11]. Using module-based machine design that has been well tested in advance 
will speed up this process as the mechanical, electrical, and automation properties have 
already been optimized [8, 12]. Once the machine is built virtually, then the machine 
tests can be initiated. Having a smooth bidirectional transition between the product re-
quirement, the development phase and the test phase is important as changes should be 
easy to implement without the need to redo everything. One of the challenges was, and 
still is, the rigid format in which components SW/HW platform communicate when it 
comes to openness, synchronization and standardization, making it difficult for com-
ponents of different origins to communicate with each other [1, 13].   
Simulating and testing everything virtually without involving another layer of physical 
controls can significantly improve the workflow and flexibility of a system [14]. Typi-
cally, the virtual test process starts with a virtual simulation model (MiL) and then con-
tinues to Software in the Loop (SiL) and then Hardware in the Loop (HiL), upon which 
the machine is commissioned in the real world [15]. This is also referred to as the V-
model, typically used in the automotive industry for testing embedded software [16, 
17]. In more recent time new types of software have made it possible to precisely sim-
ulate a control cabinet (machine controller), facilitating signals to be exchanged in bus 
synchronous mode [18].  

3. Methodology 

To investigate how machines are currently designed, developed, and tested, we observe 
how a state-of-the-art machine developer currently handles it, while developing a vir-
tual machine with state-of-the-art virtual tools for testing advantages and disad-
vantages, and possible optimization scenarios. The finding is discussed in relation to 
the literature on New Product Development (NPD), simulation methods, and control 
methods, as these are the categories affecting the quality of a new machine and the 
speed at which it is being designed, tested, and implemented [19, 20]. In this study, we 
adopt a qualitative engineering methodology based on [21].  

Based on the observations from the case and litterature, we propose a new frame-
work for machine design, development, and tests, as seen in Fig. 1. The phenomenon 
is approached using three types of data, also referred to as triangulation, namely obser-
vation, an artefact, and literature. Through this, a solid foundation for a proposed new 
generic framework on machine design, development, and tests is made, in where new 
and adjustable solutions can be made easily, quickly, while improving the overall qual-
ity of the designed machine. 
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4. Results 

4.1 Observations 

The case takes its offset in the R&D machine department at the multinational manufac-
turer of roof windows VELUX in Skjern, Denmark. The company has its own machine 
development department and has come far in its digitalization journey, implementing 
numerous state-of-the-art digital tools and processes. VELUX had therefore already 
experimented with simulation and virtual commissioning, although they had not inte-
grated the process into their machine design. 

4.2 Case study and physical artefact 

In the case study, the virtual machine was built alongside the development of the phys-
ical machine construction, well knowing it would have made a more significant impact 
if it had been done in advance.  

The machine development spotlight the need for software standardizations that could 
facilitate a seamlessly transition back and forth between the virtual layers, taking offset 
in a common data source processed in a meta data processor that distributes raw data 
into different formats here illustrated as mechanical, electrical and automation devel-
opment formats, cf., Figure. 1. Most of the thoughts put into building the machine al-
ready mirror the control logics, as machine simulation must consider speed, move-
ments, and the sequence of the events. In the ideal world, one multi-domain numerical 
controlled simulation of the machine should be enough to communicate bi-directionally 
with the physical machine. However, as machines consist of many elements, the only 
way to do it currently, and the most efficient way to develop and test a machine, is by 
breaking the tasks into smaller pieces paving the way for co-development and a com-
mon data backbone cf., Fig. 1. 

To test the simulation model with the PLC code, the simulation model had to be 
reconfigured towards external control of the simulation models’ components. By hav-
ing a component control setup (speed, position) that could swiftly change between in-
ternal and external control, this step could be further optimized, ensuring an efficient 
virtual workflow. Moreover, making sure the changes in PLC code or Simulation 
logics/code is seamlessly flowing between them could increase the quality of the ma-
chine. Note that although a complicated process, the result mimics the real machine in 
full detail. The virtual model is at no point connected to the physical machine, effec-
tively doing virtual commissioning through software in the loop (SiL). The develop-
ment and test of the virtual machine made it clear that although done in the virtual 
world, it still requires a great deal of mechanical, electrical and automation understand-
ing to develop a machine as there were only sparse data reuse between the data formats. 
However, as in the real world, the experience and speed come with repetitions, making 
the virtual process a valuable tool that increases speed and quality when developing 
new machines. The virtual flow particularly shows its value when the development and 
test are initiated there before the real-world development and test of the machine. 
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Fig. 1. Current and Future Machine development and test 

4.3 Literature considerations 

The predominant driver within Industry 4.0 is now simulation [22], although the NPD 
process is still relatively unchanged [19]. Also, witness through the observations made 
at VELUX, one of the primary problems is the software tool supporting collaboration, 
development and test, and more specifically, the complexity and cost barrier [4, 23]. 
Various authors have recently proposed the digital twin approach as a new way to de-
velop products [3], and whether this can be applied to NPD of complex machines is 
still largely unknown. The benefit of reconfigurable manufacturing systems (RMS) has 
already been well established, and transferring the same principles to a virtual model 
therefore makes good sense [12]. Having rough predefined basic machine func-
tion/modules in the simulated world could increase the innovation/ideation richness 
when developing a new machine. 
 When resonating and deriving ideas based on this, then it should be possible to have 
predefined simulation modules, that facilitates plug and play solutions within the virtual 
world, ideally making it possible to quickly build, change, connect and test complex 
new machines, which is currently a one-way process with only sparse data reuse as 
illustrated in Figure 1. This replaces many of the otherwise routine task associated with 
developing a simulation model. If these models were to be mirrored in the physical 
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world, a full bidirectional digital twin of a machine could be established quickly, ena-
bling predictability to the model, such as predictive maintenance, operator training, and 
physical end-user involvement just to mention a few [3, 8].  
 However, developing a simulated model is only part of the story when testing a vir-
tual machine, as witnessed at VELUX. The realistic test still needs to be developed, in 
where drives and real control loops are included, as the current simulation modelling 
software does not include this option and cannot communicate fast enough. Therefore, 
a virtual control layer is included to carefully control the simulation model (like in the 
real world), where a virtual PLC quickly read and writes functions in a cyclic loop. 
 Prior research has highlighted the benefits of combining the simulated model with 
the control layer as there are common elements in both the simulation and the control 
elements[1]. Here, the idea was that the development environment and the simulation 
models and logic are (re)used to control the machine or the production cell. However, 
back then and still today, the main problem was the desynchronization between the 
simulation and the control element [1].    

5.  Conclusion 

This research investigated how the design, develop and tests of new machines are cur-
rently being done, how it might happen in the future, and explores other research ap-
proaches. The various elements affecting these processes were considered and dis-
cussed while reflecting upon the ideal machine development process and test.  

The paper outlines how simulation development (MiL) and software in the loop 
(SiL) testing can speed up the New Product Development (NPD) when it comes to 
machines. Having a seamless bidirectional process flow between software programs 
and the virtual/real world is proposed.  
 Based on our findings, we propose that new machine development is approached 
through high-level models that can translate high-level data concerning the machine to 
a common data backbone from where automation, mechanical and electrical models are 
auto-generated. Advanced simulation tools for both the mechanical, electrical, and au-
tomation programs facilitate plug and play simulation modules, where machines or ma-
chine parts are auto-generated and tested. A shared data model or backbone will make 
it possible to go back and forth in the development process when changes and adjust-
ments are required.  
  

6. Future research 

Within this research, we explored a virtual environment to mirror a physical machine 
to the virtual world. The value of the digital twin perspective will be researched when 
it comes to machine building and operation. When it comes to the NPD of machines, 
the literature on Digital Twin is primarily on predictive maintenance and human in the 
loop processes. We plan as a next step to take it further and research the potential of 
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having the virtual twin operating in parallel with the physical twin from design to 
operation of the machine. 
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