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This paper discusses an object-oriented event-driven simulation as a digital twin of a flexible assembly cell coordinated with a robot to perform assembly 
tasks alongside human. The digital twin extends the use of virtual simulation models developed in the design phase of a production system to operations 
for real-time control, dynamic skill-based tasks allocation between human and robot, sequencing of tasks and developing robot program accordingly. The 
methodology combines lean methods of manual assembly in human-robot collaboration paving path towards flexible human-robot work teams. The study 
is validated with an industrial case study involving dexterous assembly tasks.  
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1. Introduction 

Modern manufacturing landscape is increasingly getting 
complexed and today’s production plants are becoming 
multiplexes of highly complex electro-mechanical elements. The 
complexity of these systems refers to the information content that 
proliferates along the system’s lifecycle phases i.e. design, 
development and operation. The advancement in virtualization, 
sensing technologies and computing power has evolved the 
concept of digital twins to design, develop and control complex 
systems by offering a safe-virtual-space for testing and validation.  

A digital representation that mirrors the real-time operating 
conditions of a physical system is defined as a digital twin (DT) [1]. 
The concept of digital twins originated from a hardware twin 
developed in NASA’s Apollo program consisting of two identical 
space vehicles. A different approach to the concept of DT as 
‘Conceptual Ideal for PLM’ in relation to product lifecycle 
management (PLM) was presented at University of Michigan [2]. 
The approach was consisted of an idea that every system can be a 
subset of two systems i.e. the physical system existing in the 
physical world, and a virtual system existing in the virtual space 
containing all (necessary) information of the physical system. The 
bi-directional relation of physical artefacts with virtual models can 
enable efficient product design, manufacturing and service 
throughout the system’s life cycle [3]. 

As DTs are perceived to manage systems’ complexity in various 
domains of sciences, significant focus has been observed to deal 
with manufacturing-complexity driven by the need of 
customization and decentralized controls of production 
environments. To cope with the present-day manufacturing 
challenges the ideation of man-machine systems is on the rise for 
much closer interaction than ever. An aspect of it is human-robot 
collaboration (HRC) that strives to use the best skills of humans 
and robots in a combination to achieve a common task e.g. an 
assembly process which is a combination of dexterity, intelligence 
and sensing skills.  

The HRC work environment is complex and dynamic. Since these 
systems are supposed to offer high product variety, they need to 
be able to continuously extend and adapt to various configurations 
during their operation. It is important that such systems are 

quickly validated during design, development and operation. 
Safety is another vital consideration in designing HRC workspace 
[4][5]. New approaches to design and control HRC systems 
therefore need to accommodate high complexity, safety, and 
efficiency. 

Realization of final products is greatly dependent upon 
assembly processes where end-product is achieved by integration 
of parts and components. With growing demand of product variety 
by the end-users, various stages of product realization are 
identified for their potential to enable variety such as design, 
fabrication, assembly, sales, or through adjustment during the 
usage phase. However, assembly is considered the most important 
aspect of manufacturing to enable cost effective product variety. 
But it requires that assembly systems are designed and operated 
to handle variety oriented production [6]. 

Besides the significance of assembly work in manufacturing, the 
application of collaborative robots in variety-oriented assembly 
systems is very limited. The challenges are manifold whilst safety 
of humans and frequent reconfigurations in the assembly work are 
of significance. This paper presents a simulation based digital-twin 
for the control of a human-robot collaborative assembly cell. A 
generic model of using DTs in HRC assembly is first presented. The 
issues solved by presented digital twins for HRC assembly are: (1) 
Rapid skills-based workload balancing between human and robot 
for product variety; (2) Dynamic workload balancing during 
operation to account for human factors; (3) Trajectory planning 
and generating robot control program.  

2. State of the art 

The desire for increasing manufacturing flexibility and 
productivity is a key driver for research in human-robot 
collaboration especially in assembly systems [7]. HRC offers the 
opportunity to increase the degree of production automation 
without having to lose flexibility. A keynote paper “Cooperation of 
humans and machines in assembly lines” [7] concluded that for 
closer cooperation of humans and robots, besides ensuring safety 
of the worker, newer methods of programming the HRC systems 
will be required.  

HRC is seen as a complex biomechatronic architecture from 
design perspective and the design decisions are extensively 
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supported by computer-aided simulation models for validation 
and failure assessments [8]. As the design and operation are 
traditionally disconnected life-cycle phases from data-usage point 
of view, these simulation models gradually get useless along the 
system’s life cycle as the system evolves from design to operation.  

These CAD (Computer Aided Design) based simulation models 
contain maximum details of the desired performance of the 
production system and have the potential to be integrated at all 
levels of system’s life span [9] [10]. By using sensing technologies, 
and internet connectivity, these simulation models can be 
connected to the physical events in operation phase forming a 
digital twin [11]. The efficacy of digital twins can accommodate the 
use of already developed simulation models from design phase to 
the operation phase for intelligent control of complex systems e.g. 
HRC. During operation, the digital twin can escalate productivity 
by offering the methods for fast reconfiguration of an HRC 
assembly with each production changeover and can lead to new 
offerings. A reference model for implementation of a digital twins 
in manufacturing was proposed by Schleich [3]. It ensures the 
model properties such as scalability, interoperability, expansibility 
and fidelity throughout the system’s life cycle. 

The concept of DT as connecting a virtual simulation model with 
a real control-system and a real production-system has been 
discussed by [11]. The authors presented an offline approach for 
comparing a virtual simulation model against a specification 
model that is receiving sensor signals from a physical system. The 
comparison reveals the operational success or failure based on 
conformity or non-conformity of specification model and the 
simulation model. During the design phase of HRC, the usability of 
a disconnected digital twins has been discussed in [12] for layout 
planning, reachability of human and robot for various locations 
and human ergonomic analysis.  

A wide range of DTs based solutions in manufacturing are 
available in literature but the efforts to implement them for 
assembly flexibility with human-robot interaction is rather 
limited. A holistic approach needs to be addressed for integrating 
operational activities in HRC with product data, simulations and a 
control system. This can utilize the fidelity of design related CAD 
data in event-based simulation to support assembly process 
planning, dynamic work-load balancing and workspace 
optimization attributed towards production space dynamics.  

3. System overview 

The basis for an event-driven simulation-based digital twin 
acting as a counterpart of the human-robot assembly system is 
illustrated in Figure 1.  

For this study, the DT advantages for HRC are focussed at skill-
based tasks distribution between human and robot, generating an 
optimized robot trajectory, balancing the workload during 
production, and generating robot program. This dynamic control 
of human-robot collaboration is evaluated especially for variant 
oriented production environments.  

The system consists of four modules. Module-1 is an engine that 
decomposes a product assembly into various tasks and evaluates 
them based on physical properties and assembly characteristics. 
Each task is then assigned a numerical score for their automation 
potential, thereby distributing the tasks into manual and robotic 
tasks. 

 Module-2 is a library of function-blocks that are representing 
the assembly tasks and trigger the task events. Connected to the 
function-blocks is an event-based simulation of human and robot 
which is a representation of the actual production system. The 
simulation executes each task according to event trigger-signals 
received from function-blocks and generates operation plans 
calculating estimated cycle times. The simulation already has 
defined key-positions (pick and place points), therefore minimum 

information is needed to develop robot program. Module-3 is a 
decision engine that receives the data from simulation, assigns 
appropriate resource for a balanced production schedule and 
generates a control program. Module-4 is the control section for 
the operator and the robot. The robot program is sent to the robot 
controller for execution on the robot. The human task-instructions 
can be communicated at the screen in front of the operator.   

 
Figure 1. Digital Twins in HRC assembly. 
 
4. Digital twins for human-robot collaboration 

 
4.1. Digital twins for tasks distribution and work-load balancing 

 
This section forms a method to make a dynamic work-load 

balancing of the assembly tasks based on the skills of humans and 
robots. Each task is a set of various activities e.g. picking the part, 
moving the part to assembly location, and mounting the part in 
required orientation. Since humans and robots have distinct skills, 
various factors can influence the suitability of a task for the robot 
e.g. physical and geometrical properties of the components, 
assembly characteristics, safety implications, feeding and joining 
method involved. Method to quantify the automation complexity 
of assembly tasks has been discussed by [13] which takes care of 
assembly attributes contributing to automation complexity and a 
qualitative score as a representation for automation potential is 
generated.  

All assembly tasks in a cycle are evaluated for ease of automation 
against various attributes (Figure 2). A unique score is assigned 
representing the ease of automating an assembly task given the 
complexity of an HRC environment.  

The data is then sent to the task-execution program (function-
blocks) that is communicating with the simulation. The simulation 
makes the first run of the process to find accurate cycle times for 
each robotic and human task. Once the cycle times are evaluated, 
the final tasks assignment is performed to balance the workload of 
the assembly process. The balancing of the workload is performed 
based on the logic that determines the task precedent constraint, 



ease of automation (starting from highest in a descending order) 
and availability of the resource (i.e. human and robot) and assigns 
the task to the appropriate resource. This data is then sent again to 
the simulation to generate final control program. 

 
Figure 2. Digital-twins supported assembly tasks distribution in HRC.   
 
4.2. Digital twins enabled workload monitoring  
 

Manual assembly cells are prone to time variability in cycle times. 
The human factors e.g. instability of humans with respect to work 
rate, skill level, motivation and failure-sensitivity for complex 
processes are reasons for the possible time variability. 
Additionally, changeover times can also create imbalance in the 
line. Human factors continue to play their role in man-machine 
systems.  

A Lean tool “Yo-i-don” in Toyota Production System is used to 
take care of human-variability in assembly cells. The Japanese 
words (Yo-i-don) are translated as "ready, set, go,". It is 
synchronization of the processes for balancing the work-pace by 
coordination of the fellow operators to make sure that everyone 
finishes the tasks in given time window thereby minimizing the 
delays. If an operator at a workstation is getting delayed, a bulb 
lights-up alerting the fellow operator to help the colleague in 
completing the task. Once the delayed tasks are completed the 
whole production system will resume.  

In the proposed DT driven assembly cell, “Yo-i-don” is 
implemented to take care of human variability. Figure 3 shows the 
points where different sensors are used to signal the control 
system for critical events happening at the assembly cell.  

The comparison of the simulated signals with measured ones 
help to identify the failure mode. The measured signals are 
compared continuously with simulated signals. In case of a 

deviation, the data is sent to the simulation for necessary 
optimization. A temporary instruction is communicated to the 
robot, which surpasses the original program. As soon as the system 
returns to the normal state, the robot program is reverted to 
original tasks. 

 
Figure 3. Feedback in HRC assembly cell for signalling of critical events. 

 
For example, if the work-in-process at location 6 increases, it is 

taken as a blockage, and a signal is initiated to the control system. 
It redefines the control logic and instructs the robot to leave its 
original tasks and start performing subsequent tasks on the 
product at work-in-process (originally defined for the operator), 
thus saving time for the human. 

As soon the work-in-process decreases the robot resumes 
performing its original tasks. Further, with every changeover, 
based on the cycle times at predecessor and successor stations of 
the HRC station, the simulation re-schedules the tasks to balance 
the assembly-line. 

 
4.3. Online optimization of robot trajectories  
 

Based on the allocation of tasks and human engagement with the 
robot, an appropriate level of human-robot collaboration is 
determined. The levels are based on the variables of time and 
space-sharing and are a trade-off between cycle-times and safety 
implications. It is important that the HRC system is made safe for 
fellow human(s) for which several approaches are available both 
in theory and practice. As per ISO15066, speed and separation 
monitoring need to be implemented in industrial HRC. This will 
cause the robot to have varying speeds based on the distance from 
the human and in some situations, a complete halt would require 
if the operator gets too close to the robot. Industrial 3D camera 
such as SafetyEye can be used for this objective [14]. 

 
Figure 4. Volume of robot trajectories and possible human collision. 

 
A Kinect sensor is used to monitor human positions and the 

presence inside the work space. This study focuses on the potential 
of DT in HRC to track the interference-volumes between human 
and robot (Figure 4), and the frequency of interferences. This data 
is then utilized to optimize robot trajectories periodically to 
accommodate for the locations where human often enters. The 
historic data of human positions will make simulation to get self-
learned about constantly occurring human-robot collisions and 
generate robot trajectories free from possible human intervention.  
 
4.4. Generating robot control program 

 
The purpose of this step is to generate program instructions for 

the robot to perform the assigned tasks. The current industrial 



approaches to teach collaborative robots are through teach-
pendants, hand-guiding and offline-programming. For each of 
these methods, in assembly with multiple robotic tasks, several 
key points are needed to be taught to the robot for which 
significant manual work is required. Additional refinements are 
needed to take care of the interferences with human and other 
auxiliary equipment. 

The DT method has key positions for the robot already saved in 
the simulation model. Once the tasks assignment is completed and 
robotic tasks are identified, the tasks are simulated in the virtual 
environment to generate robot trajectory. The intermediate 
positions are generated automatically, and robot avoids any 
possible collision with the equipment. These paths are then saved 
in an SRC file which is loaded to the robot. Additionally, for 
dynamic changes, the robot instructions are passed in form of a 
message that surpasses original robot program.  
 
5. An assembly case study 
 

The case used in this study is a sub-assembly of a linear-actuator 
as shown in Figure 5. The product is currently assembled as a 
manual process and is investigated for HRC production. 

 
Figure 5. Use case and experimentation. 

 
The simulation used in this study is a 3-dimensional virtual 

simulation model of human-robot cooperation. Tecnomatix 
Process Simulate software is selected and is used as a simulation 
tool during the experiment. The software helped in three 
directions: (1) designing the digital-twin as a 3D virtual 
representation of the HRC workstation for the experiment (3D 
models of the equipment are designed in CAD software and are 
imported in the simulation software), (2) estimating cycle times 
and defining the robot trajectory, and (3) communicating with 
function blocks for tasks execution. The virtual simulation model 
is built in four layers of modelling (creation of 3D CAD objects), 
physics (placement of CAD objects in the scene), behaviour 
(kinematics of robots and human), and rule (assembly process 
sequence), as suggested by [15]. 

The virtual model of robot is a pre-defined kinematic model of 
UR-10 robot. The Human package of the software is used to 
develop a digital human for process verification. The digital human 
is a deformable mesh technology based human figure representing 
visually accurate body shapes to virtually map out complex tasks.  

The computer used for deploying the experimental setup is 
configured with an Intel Core i7 processor and 16 GB RAM running 
on Windows 10 operating system. Another computer, connected 
via ethernet to simulation-computer, maintains a communication 
with the robot and is equipped with Intel 2.7 GHz Core i7 CPU and 
12 GB RAM running on Windows 7.  

Based on the task precedent constraint, the ease of automation 
and availability of the resource, the tasks are assigned to the 
appropriate resource. Assembly of tasks 1, 2, 3 and 4 are pick & 
place and screwing tasks and are assigned to robot. The tasks 5, 6, 
7 and 8 are kept manual. The sequence is sent to the simulation. 
Based on pre-defined key-locations a simulation is developed 
generating a control program. 

The proposed assembly station receives sub-assembly from 
preceding station, and robot mounts parts 1, 2, 3 and 4. After this, 
the subassembly turns around and is transferred to the operator. 
Operator picks-up parts 5, 6 and 7, forms a sub-assembly and 
assembles it on the main-assembly followed by the screwing task. 
The work in-process monitoring (to take care of human factors) is 
validated with the task 8 where the robot can perform the 
screwing task if there is increased work in process. Frequent 
occurring human-positions are integrated with the simulation 
model to form an obstacle-envelope to optimize the robot 
trajectories.  

 
6. Conclusion  
 

The realization of digital twins is progressing but is facing 
challenges due to insufficient synchronization possibilities 
between physical and digital spaces and the lack of high-fidelity 
simulation models at various levels of details. In this paper a 
digital-twin driven human-robot assembly system is presented for 
industrial application of HRC in variant oriented assembly 
systems. Results show that the approach supports the notion of 
automation while maintaining assembly flexibility. The method 
can extend the industrial applicability of HRC for newer as well as 
legacy assembly cells. The future work will consider the seamless 
integration of different modules with minimum manual 
intervention.  
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