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Abstract 

Under the concept of "Industry 4.0", production processes will be pushed to be increasingly interconnected, 
information based on a real time basis and, necessarily, much more efficient. In this context, capacity optimization 
goes beyond the traditional aim of capacity maximization, contributing also for organization’s profitability and value. 
Indeed, lean management and continuous improvement approaches suggest capacity optimization instead of 
maximization. The study of capacity optimization and costing models is an important research topic that deserves 
contributions from both the practical and theoretical perspectives. This paper presents and discusses a mathematical 
model for capacity management based on different costing models (ABC and TDABC). A generic model has been 
developed and it was used to analyze idle capacity and to design strategies towards the maximization of organization’s 
value. The trade-off capacity maximization vs operational efficiency is highlighted and it is shown that capacity 
optimization might hide operational inefficiency.  
© 2017 The Authors. Published by Elsevier B.V. 
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2017. 

Keywords: Cost Models; ABC; TDABC; Capacity Management; Idle Capacity; Operational Efficiency 

1. Introduction 

The cost of idle capacity is a fundamental information for companies and their management of extreme importance 
in modern production systems. In general, it is defined as unused capacity or production potential and can be measured 
in several ways: tons of production, available hours of manufacturing, etc. The management of the idle capacity 
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Abstract 

This paper aims to present a digital twin framework to support the design, build and control of human-machine cooperation. In this 
study, computer simulations are used to develop a digital counterpart of a human-robot collaborative work environment for 
assembly work. The digital counterpart remains updated during the life cycle of the production system by continuously mirroring 
the physical system for quick and safe embed for continuous improvements. The case of a manufacturing company with human-
robot work teams is presented for developing and validating the digital twin framework. 
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1. Introduction 

In an industrial production environment a notable proportion of work is attributed towards assembly operations [1]. 
Since the assembly tasks are often credited with handling difficult product geometries and require higher production 
flexibility they have traditionally been hard to automate [2]. With Lean automation, the concept of hybrid automation 
has emerged with balanced introduction of human flexibility and machine efficiency. However, the desired flexibility 
and human co-existence lead to higher total complexity of the production system. The design, development, as well 
as operation - due to the frequent changes - make it necessary to quickly validate the behavior of the system before it 
is put in the real world. This paper is dealing with a case of an industrial assembly process for small-scale high-volume 
products in a variant oriented production environment. The manual production process is aimed to enhance 
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and human co-existence lead to higher total complexity of the production system. The design, development, as well 
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is put in the real world. This paper is dealing with a case of an industrial assembly process for small-scale high-volume 
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productivity by introducing collaborative robots. However, this approach carries challenges in every phase of the 
lifecycle of the production system such as designing the human-robot collaborative (HRC) system, human-machine 
safety analysis, collision detections, robot program generation and doing this all frequently with every change in 
production parameters during operation.  

This paper presents a Digital Twin (DT) framework based on evolvable digital simulations for human-robot 
collaborative work cell. The objectives of the paper are: 
• To present an operational framework to use Digital Twins that supports the design, development and operation  
• To validate the framework with an industrial case  

1.1. Flexible automation with human-robot hybrid assembly system  

The requirement of handling complex product geometries, high number of product variants and fluctuating 
production quantities adds to the complexity of assembly operations. The operational flexibility required in assembly 
processes has traditionally been achieved by humans [3][4]. However manual production systems are not able to cope 
with the challenges of globalization and mass personalization [5]. To enhance manufacturing productivity, industrial 
automation has widely been researched both in academia and industry. But the automation solutions make the systems 
rigid and less flexible to adapt to production changes. These challenges gave rise to the concept of Lean automation 
that suggests to take benefit from the synergistic effect of human machine collaboration [6] [7]. The hybrid 
combination of human and automation activities has the potential to offer higher production flexibility, product mix 
and reconfiguration [2]. An approach to enable human-machine collaboration is using new generation of industrial 
robots or Robotics 2.0. The next generation of industrial robotics are human-friendly robots, named as collaborative 
robots or cobots. The inherent dexterous flexibility of a cobot is enabled by its kinematical degrees of freedom (that 
allow it to reach every coordinate of its workspace in multiple configurations) and the variety of manageable tools, 
sensors and other supporting devices [8] [9]. Cobots together with advanced safety technologies are designed to form 
workspaces with the right amount of automation [3] creating a balance between flexibility of manual processes and 
efficiency and repeatability of machines [10].  

1.2. Challenges with human-robot teams in production 

The human-robot hybrid work environment is complex and dynamic. Since these systems are supposed to offer 
higher product variety they need to be able to continuously extend and adapt to various configurations during their 
operation. Methodologies and frameworks have been presented for developing human-robot teams [11] [12]. It is 
important that such systems are quickly validated during design, development and operation. Safety is another vital 
consideration in designing HRC workspace [13] [14]. The workspace should ensure that no harm is caused to human, 
either directly or indirectly, both during operation or if the system goes into a failure. New approaches are required to 
design and reconfigure the robots and the production system thus minimizing the required time and effort. 

1.3. Support of virtual environments in developing production systems 

Simulation-based digital prototyping constitutes a focal point in research to support decision making in 
manufacturing systems’ design and operation [15]. Digital simulations provide insights into complex production 
systems to develop and test new operating policies before implementing them in real world [16] [17]. Significant 
benefits of reduction in development time and cost are achievable with virtual experimentation and validation of 
manufacturing systems [18]. In the field of industrial robotics, virtual simulation is a well-known concept to plan, 
predict, scale and safely test different scenarios in planning and optimization of robotic systems [19]. The digital 
human modelling offers possibility to integrate a computer-rendered avatar with a prospective workspace to examine 
the ergonomic issues [20]. A comprehensive work on digital human modelling for ergonomic analysis in workspace 
design has been discussed in [20] [21]. Human machine collaboration has been center of attention by many researchers 
however little work is available on simulation and visualization of HRC. A compelling work in this regard has been 
published by Ore [22] to present virtual simulations for visualization and evaluation of collaboration between human 
and industrial robot. Furthermore, besides the classical use of simulations in product and system design, an emerging 
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productivity by introducing collaborative robots. However, this approach carries challenges in every phase of the 
lifecycle of the production system such as designing the human-robot collaborative (HRC) system, human-machine 
safety analysis, collision detections, robot program generation and doing this all frequently with every change in 
production parameters during operation.  

This paper presents a Digital Twin (DT) framework based on evolvable digital simulations for human-robot 
collaborative work cell. The objectives of the paper are: 
• To present an operational framework to use Digital Twins that supports the design, development and operation  
• To validate the framework with an industrial case  

1.1. Flexible automation with human-robot hybrid assembly system  

The requirement of handling complex product geometries, high number of product variants and fluctuating 
production quantities adds to the complexity of assembly operations. The operational flexibility required in assembly 
processes has traditionally been achieved by humans [3][4]. However manual production systems are not able to cope 
with the challenges of globalization and mass personalization [5]. To enhance manufacturing productivity, industrial 
automation has widely been researched both in academia and industry. But the automation solutions make the systems 
rigid and less flexible to adapt to production changes. These challenges gave rise to the concept of Lean automation 
that suggests to take benefit from the synergistic effect of human machine collaboration [6] [7]. The hybrid 
combination of human and automation activities has the potential to offer higher production flexibility, product mix 
and reconfiguration [2]. An approach to enable human-machine collaboration is using new generation of industrial 
robots or Robotics 2.0. The next generation of industrial robotics are human-friendly robots, named as collaborative 
robots or cobots. The inherent dexterous flexibility of a cobot is enabled by its kinematical degrees of freedom (that 
allow it to reach every coordinate of its workspace in multiple configurations) and the variety of manageable tools, 
sensors and other supporting devices [8] [9]. Cobots together with advanced safety technologies are designed to form 
workspaces with the right amount of automation [3] creating a balance between flexibility of manual processes and 
efficiency and repeatability of machines [10].  

1.2. Challenges with human-robot teams in production 

The human-robot hybrid work environment is complex and dynamic. Since these systems are supposed to offer 
higher product variety they need to be able to continuously extend and adapt to various configurations during their 
operation. Methodologies and frameworks have been presented for developing human-robot teams [11] [12]. It is 
important that such systems are quickly validated during design, development and operation. Safety is another vital 
consideration in designing HRC workspace [13] [14]. The workspace should ensure that no harm is caused to human, 
either directly or indirectly, both during operation or if the system goes into a failure. New approaches are required to 
design and reconfigure the robots and the production system thus minimizing the required time and effort. 

1.3. Support of virtual environments in developing production systems 

Simulation-based digital prototyping constitutes a focal point in research to support decision making in 
manufacturing systems’ design and operation [15]. Digital simulations provide insights into complex production 
systems to develop and test new operating policies before implementing them in real world [16] [17]. Significant 
benefits of reduction in development time and cost are achievable with virtual experimentation and validation of 
manufacturing systems [18]. In the field of industrial robotics, virtual simulation is a well-known concept to plan, 
predict, scale and safely test different scenarios in planning and optimization of robotic systems [19]. The digital 
human modelling offers possibility to integrate a computer-rendered avatar with a prospective workspace to examine 
the ergonomic issues [20]. A comprehensive work on digital human modelling for ergonomic analysis in workspace 
design has been discussed in [20] [21]. Human machine collaboration has been center of attention by many researchers 
however little work is available on simulation and visualization of HRC. A compelling work in this regard has been 
published by Ore [22] to present virtual simulations for visualization and evaluation of collaboration between human 
and industrial robot. Furthermore, besides the classical use of simulations in product and system design, an emerging 
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trend is to flexibly combine different phases of system’s lifecycle in a digital space to see, think and react for the 
changes. The approach will help to evaluate and react in a timely manner to the impact of external and internal 
production variations [23]. This new concept is being referred to as Digital Twin and is a next wave of simulation 
support within manufacturing. 

1.4. The concept of digital twins in manufacturing 

According to Rosen [24] a prototype that mirrors the real-time operating conditions of a physical system is a twin. 
The concept of a digital twin evolved from a hardware twin that was developed in NASA’s Apollo program that 
consisted of two identical space vehicles. During space mission, one vehicle remained on ground while the second 
space vehicle went up-to the space. The ground vehicle was continuously mirroring the flight conditions of the in-
orbit vehicle to enable ground experts to better assist astronauts in orbit [25]. A different approach to the concept of 
DT as “Conceptual Ideal for PLM” was presented at University of Michigan [26] in relation to product lifecycle 
management (PLM). This approach consisted of an idea that every system can be a subset of two systems i.e. the 
physical system that exists physically, and a virtual system that exists virtually but contains all the information of the 
physical system.  

The history to the concept of digital twins within manufacturing dates back to 1991 with the research [27] presented 
at Technical University of Denmark as “SIMCON” project to describe real-time communication of virtual simulations 
with physical production defining production control logics. The research presented the virtual simulation as an 
integral part of the information system a factory for online decision making and production planning. The concept is 
very much aligned with the digital twins as later defined by various researchers. Schluse [19] describes DT as a virtual 
representation of a real world object (person, machine, component) and contains models of its data, its functionality 
and its communication interfaces. Grieves [26] described DT as to design, test, build and use a digital informational 
construct of a physical system. Grieves further described the elements of DT as a real space, a virtual space, a link for 
data flow from real to virtual space and a link for information flow from virtual space to real space. A practical 
approach to digital twins in manufacturing is presented in [28]. Scientific review of digital twins has been published 
by Negri [29] compiling scientific definitions of DT and its application in manufacturing. It is also concluded that 
since the emerge of the Industry 4.0 paradigm the concept of DT has got a lot more attention. However, the research 
is mostly available in conference proceedings and it can be argued that the scientific knowledge is still infancy.  

2. Framework of a digital twin for human-robot collaboration 

To enable efficient design, development and operation of an HRC system the operational hierarchy of a digital twin 
framework is shown in Figure 1. The digital twin framework is composed of two interconnected environments i.e. 
physical and virtual. The physical environment is the actual production system composed of humans, robots and 
related production equipment while the virtual environment is composed of a computer-simulation. All the objects of 
the physical system are synced with their digital shadows in virtual environment or, in other words, each element in 
virtual simulation is displaying the operating conditions of a connected physical object in the production system. It is 
proposed that a virtual or digital twin of an HRC system be developed as early as possible during the idea generation 
phase to better develop the design. The process initiates with a simple animation which is extended to an event-based 
simulation for performance analysis on system level. It is important that DT is continuously updated with all the 
evolutionary changes and modifications in the physical system. Therefore, the simulation developed during ideation 
is evolved both in its information-content and connectedness with the physical system. During operation, for every 
production changeover, the digital space will quickly go through the complete run-time cycle and will make optimal 
decisions for production control. As the DT framework is supporting activities along design, develop and operation 
therefore the behavior of the DT can be different during each lifecycle phase.  
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 Fig. 1. Digital twin framework of a human-robot work-cell 

3. Experimental setup 

This chapter presents industrial case of an assembly workstation in a manufacturing company. The product being 
produced at this workstation is composed of several plastic and metallic parts of which most of the parts are within 
the dimensional size range of 20mm to 70mm. This is a complex assembly with reference to the geometry, shape and 
variety of product. With advancement in collaborative-automation, the company is aiming to replace fully manual 
process with human-robots team to increase the production volume at reduced costs while maintaining product variety. 
The HRC system is aimed to achieve Lean automation by distributing the tasks between humans and robots based on 
induced complexity, repetitiveness, and intelligence required. The complexity evaluation of tasks for distribution to 
humans and robots is out of the scope of this paper.   

3.1. The physical space 

Assembly workstation (physical space in the DT framework) is comprised of human-worker and robot-
manipulators. The robot manipulators used in the case are Universal Robot UR-5 and UR-3 for the assembly process. 
The robot UR-5 has 6 degrees of freedom, a payload capacity of 5 kg and a reach of 850 mm. While UR-3 has 6 
degrees of freedom, a payload capacity of 3 kg and a reach of 500 mm. The station receives a sub-assembly from 
previous station, performs mounting of additional parts and transfers the sub-assembly to the next station.  

3.2. The digital space 

The simulation model (digital space in the DT framework) is a dynamic environment composed of 3-dimensional 
computer aided design (CAD) objects imported into Tecnomatix Process Simulate software (Fig. 2). As suggested by 



 Ali Ahmad Malik  et al. / Procedia Manufacturing 17 (2018) 278–285 281 Author name / Procedia Manufacturing 00 (2018) 000–000  3 

trend is to flexibly combine different phases of system’s lifecycle in a digital space to see, think and react for the 
changes. The approach will help to evaluate and react in a timely manner to the impact of external and internal 
production variations [23]. This new concept is being referred to as Digital Twin and is a next wave of simulation 
support within manufacturing. 

1.4. The concept of digital twins in manufacturing 

According to Rosen [24] a prototype that mirrors the real-time operating conditions of a physical system is a twin. 
The concept of a digital twin evolved from a hardware twin that was developed in NASA’s Apollo program that 
consisted of two identical space vehicles. During space mission, one vehicle remained on ground while the second 
space vehicle went up-to the space. The ground vehicle was continuously mirroring the flight conditions of the in-
orbit vehicle to enable ground experts to better assist astronauts in orbit [25]. A different approach to the concept of 
DT as “Conceptual Ideal for PLM” was presented at University of Michigan [26] in relation to product lifecycle 
management (PLM). This approach consisted of an idea that every system can be a subset of two systems i.e. the 
physical system that exists physically, and a virtual system that exists virtually but contains all the information of the 
physical system.  

The history to the concept of digital twins within manufacturing dates back to 1991 with the research [27] presented 
at Technical University of Denmark as “SIMCON” project to describe real-time communication of virtual simulations 
with physical production defining production control logics. The research presented the virtual simulation as an 
integral part of the information system a factory for online decision making and production planning. The concept is 
very much aligned with the digital twins as later defined by various researchers. Schluse [19] describes DT as a virtual 
representation of a real world object (person, machine, component) and contains models of its data, its functionality 
and its communication interfaces. Grieves [26] described DT as to design, test, build and use a digital informational 
construct of a physical system. Grieves further described the elements of DT as a real space, a virtual space, a link for 
data flow from real to virtual space and a link for information flow from virtual space to real space. A practical 
approach to digital twins in manufacturing is presented in [28]. Scientific review of digital twins has been published 
by Negri [29] compiling scientific definitions of DT and its application in manufacturing. It is also concluded that 
since the emerge of the Industry 4.0 paradigm the concept of DT has got a lot more attention. However, the research 
is mostly available in conference proceedings and it can be argued that the scientific knowledge is still infancy.  

2. Framework of a digital twin for human-robot collaboration 

To enable efficient design, development and operation of an HRC system the operational hierarchy of a digital twin 
framework is shown in Figure 1. The digital twin framework is composed of two interconnected environments i.e. 
physical and virtual. The physical environment is the actual production system composed of humans, robots and 
related production equipment while the virtual environment is composed of a computer-simulation. All the objects of 
the physical system are synced with their digital shadows in virtual environment or, in other words, each element in 
virtual simulation is displaying the operating conditions of a connected physical object in the production system. It is 
proposed that a virtual or digital twin of an HRC system be developed as early as possible during the idea generation 
phase to better develop the design. The process initiates with a simple animation which is extended to an event-based 
simulation for performance analysis on system level. It is important that DT is continuously updated with all the 
evolutionary changes and modifications in the physical system. Therefore, the simulation developed during ideation 
is evolved both in its information-content and connectedness with the physical system. During operation, for every 
production changeover, the digital space will quickly go through the complete run-time cycle and will make optimal 
decisions for production control. As the DT framework is supporting activities along design, develop and operation 
therefore the behavior of the DT can be different during each lifecycle phase.  
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 Fig. 1. Digital twin framework of a human-robot work-cell 

3. Experimental setup 

This chapter presents industrial case of an assembly workstation in a manufacturing company. The product being 
produced at this workstation is composed of several plastic and metallic parts of which most of the parts are within 
the dimensional size range of 20mm to 70mm. This is a complex assembly with reference to the geometry, shape and 
variety of product. With advancement in collaborative-automation, the company is aiming to replace fully manual 
process with human-robots team to increase the production volume at reduced costs while maintaining product variety. 
The HRC system is aimed to achieve Lean automation by distributing the tasks between humans and robots based on 
induced complexity, repetitiveness, and intelligence required. The complexity evaluation of tasks for distribution to 
humans and robots is out of the scope of this paper.   

3.1. The physical space 

Assembly workstation (physical space in the DT framework) is comprised of human-worker and robot-
manipulators. The robot manipulators used in the case are Universal Robot UR-5 and UR-3 for the assembly process. 
The robot UR-5 has 6 degrees of freedom, a payload capacity of 5 kg and a reach of 850 mm. While UR-3 has 6 
degrees of freedom, a payload capacity of 3 kg and a reach of 500 mm. The station receives a sub-assembly from 
previous station, performs mounting of additional parts and transfers the sub-assembly to the next station.  

3.2. The digital space 

The simulation model (digital space in the DT framework) is a dynamic environment composed of 3-dimensional 
computer aided design (CAD) objects imported into Tecnomatix Process Simulate software (Fig. 2). As suggested by 
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Tao [30] the virtual model is built in four layers i.e. geometry (creation of 3D CAD objects), physics (placement of 
CAD objects in the scene), behavior (kinematics of robots and human), and rule (assembly process sequence). The 
3D kinetic CAD objects of all the cobots are available at online-library maintained by Siemens Support Center. All 
other parts and components required at the workstation are created in Autodesk Inventor as 3D objects and are 
imported into Tecnomatix environment. Tecnomatix can import CAD data in JT (Jupiter Tessellation) format. Process 
Simulate human-package is used to form digital model of the human worker to conduct ergonomic evaluations. The 
software offers realistic male and female human figures with deformable mesh technology to represent visually 
accurate body shapes to map out and optimize complex work activities on the computer. Since the case-factory is 
located in Denmark, an average size of human population is selected from Danish statistics report 2017 [31]. The 
selected human corresponds to: height: 182cm, BMI: < 25, waist to hip ratio (for males). 

 
Fig. 2. Digital twin of the production system 

4. Results 

The digital twin of the physical production system is utilized for various types of analysis and to develop control 
logics. Figure 3 gives an overview of different tests performed in the digital environment as described below:  

4.1. Human-robot task allocation 

To complete the assembly tasks humans and robots have some unique and common capabilities. These 
capabilities can be identified for the task allocation problem [2] [32] thereby forming a decision making arena where 
the tasks are assigned to robot and the human for better performance. Through several simulation instances, a 
workflow is developed. The simulation also estimated the task completion times and the active and idle times for 
robots and the human. By having this overview, a modification to the assembly sequence is developed to minimize 
the idle times and better use each resource. It is equally important that the tasks are distributed in a way that enough 
recovery time is available for the worker to avoid work-fatigue. 

4.2. Workstation layout 

In an HRC the robots, human, and all equipment must be optimally placed for balanced interaction and shorter 
cycle times. The co-existence of human and robots further increases the safety requirements. To better design the 
workstation-layout the following experiments are of importance: (a) Collision analysis: In an HRC, with multiple 
cobots and frequent production changes, collisions are likely to occur. A collision-test helped to identify possible 
collisions and optimize robot trajectories/ placement of equipment. Although cobots are capable to stop in case of a 
human-robot collision and can get back to work as soon the human leaves the robot workspace however frequent 
collisions reduce productivity; (b) Reach test: Reach test helped in determining whether a robot or human can reach 
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all desired locations of their workspace and thus assisted in defining the most optimal locations for placement of 
cobots and the equipment. Desired location points are specified for a cobot and it is assessed if the cobot can safely 
reach all the desired locations. In case of a human, a grasp envelope is created that showed the reachability of human 
arms without bending the body; (c) Placement test: The placement test is used to find optimal placement locations for 
the cobots, human and the production equipment. The goal is to have minimum cycle times, avoidance of collisions 
and safe working. The test defined a range of points from which a robot can reach a selected group of locations; (d) 
Vision test: The vision window test enables the scene to be viewed through the eyes of human model. This helped to 
optimize the layout with different human positions and locations to avoid possible obstacles within eye-sight.  

 
Fig. 3. Experimentation with the digital twin 

4.3. Human ergonomic analysis 

Manual work is associated with various human performance concerns including work postures, load on human 
body during weight lift and task frequency. A large variety of ergonomic issues of production systems can be simulated 
and tested early in the design phase [20]. In this study a motion capture device, Microsoft Kinect, is used to get more 
accurate and realistic human motions. It integrates the mechanics of gaming technology into the Tecnomatix software 
to have higher degree of connectedness between human and the software. The human-operator performed the assigned 
tasks in front of a 3D camera. The motions are real-time connected to the virtual environment and help made 
ergonomic and biomechanical load analysis.  

4.4. Robot program 

Robot programming is to define the movement and logical procedure for the robots. A great deal in industrial 
robotic applications is associated with the requirement of expertise and effort to program robots [33]. Even in case of 
cobots – with a promise to easier programming - the manual programming of complex robot paths is a time-consuming 
task causing a delay in production flow. With the use of DT framework, the robot program is intuitively developed 
offline in a visualized environment. Once the desired operation is tested virtually with defined robot trajectories and 
logics the robot program is directly downloaded from the virtual space to the connected cobot.  
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5. Discussion 

Grieves [34] classified digital twins into DT-prototype and DT-instance. The first type contains informational sets 
required to describe and produce the physical system while the former denotes to a digital shadow that remains linked 
to the physical system for optimization analytics. Even without a real-time connectivity (DT-prototype) the digital 
model of the production system made it possible to experiment several what-if scenarios for faster, safer and better 
HRC design. Once the design is completed, the virtual plant is connected to a real controller to detect potential errors. 
This method is referred to as virtual commissioning (VC). VC helps in reduction of development time by virtual 
testing and integration well before the real commissioning [35]. Next, the same digital model is extended for real-time 
communication with the physical system for performance optimization on system level. In this study, this is made 
possible through a cloud based service “Insights” offered by Robotiq for UR robots with real-time performance 
metrics, optimization analytics and alerts for a robot, thus continuously updating the DT.   

6. Conclusion 

A human robot collaborative system is a dynamic system and requires that the system is designed, validated and 
controlled with innovative approaches. The idea of digital twinning simulates the behavior of the system by creating 
virtual models of physical objects. The main contributions of this paper are as follows. (1) It presents the need and 
usefulness of digital twins to design, develop and operate human-robot production systems. (2) We propose a 
framework for implementation of digital twins for an HRC workstation. (3) We present a case study to illustrate how 
to apply the proposed framework practically at an assembly work station and its advantages. With each change in 
production parameters the behavior can be visualized and results are assessed without the risk of any financial loss or 
human injury in real production. The digital twin can help make what-if experiments and estimate results even without 
a real-time connectivity to the physical system. With advancement in information and communication technologies, 
DT can continuously be evolved in real time offering greater usefulness at system level. 
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5. Discussion 

Grieves [34] classified digital twins into DT-prototype and DT-instance. The first type contains informational sets 
required to describe and produce the physical system while the former denotes to a digital shadow that remains linked 
to the physical system for optimization analytics. Even without a real-time connectivity (DT-prototype) the digital 
model of the production system made it possible to experiment several what-if scenarios for faster, safer and better 
HRC design. Once the design is completed, the virtual plant is connected to a real controller to detect potential errors. 
This method is referred to as virtual commissioning (VC). VC helps in reduction of development time by virtual 
testing and integration well before the real commissioning [35]. Next, the same digital model is extended for real-time 
communication with the physical system for performance optimization on system level. In this study, this is made 
possible through a cloud based service “Insights” offered by Robotiq for UR robots with real-time performance 
metrics, optimization analytics and alerts for a robot, thus continuously updating the DT.   

6. Conclusion 

A human robot collaborative system is a dynamic system and requires that the system is designed, validated and 
controlled with innovative approaches. The idea of digital twinning simulates the behavior of the system by creating 
virtual models of physical objects. The main contributions of this paper are as follows. (1) It presents the need and 
usefulness of digital twins to design, develop and operate human-robot production systems. (2) We propose a 
framework for implementation of digital twins for an HRC workstation. (3) We present a case study to illustrate how 
to apply the proposed framework practically at an assembly work station and its advantages. With each change in 
production parameters the behavior can be visualized and results are assessed without the risk of any financial loss or 
human injury in real production. The digital twin can help make what-if experiments and estimate results even without 
a real-time connectivity to the physical system. With advancement in information and communication technologies, 
DT can continuously be evolved in real time offering greater usefulness at system level. 
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