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Abstract. Due to rising product and process complexity, assistance systems for 
humans are increasingly used in both the planning and execution of assembly 
activities or as support systems for reworking. However, developments availa-
ble so far usually act as isolated solutions. Therefore a continuous dataflow be-
tween top and shop floor is not given. This article presents a comprehensive as-
sistance system consisting of a virtual planning environment and various smart 
devices at an assembly workstation. In the virtual environment, the feasibility of 
initially created product condition graphs will be validated and a training of the 
repair scope to be carried out will be done. As a result, a process plan is derived 
from the virtual environment and transferred to an assisted workstation for re-
working. The repair on the real product is carried out using the created process 
plan so that a continuous data flow is available. Thus the system supports the 
persons involved in the product analysis and work plan creation up to the exe-
cution of repair activities during rework. 

Keywords: Virtual Assembly, Assembly/Disassembly Planning, Training Plat-
form, Assistance Systems, Consistent Data Exchange 

1 Introduction 

Planning processes for assembly and disassembly are becoming more and more ex-
tensive due to increasing product complexity, variant diversity and customer-specific 
individualization options [1, 2]. In addition, manufacturing companies are increasing-
ly forced to reduce development costs and time. Since assembly volumes represent an 
immense cost factor with regard to the product development process [2, 3] productivi-
ty, flexibility and efficiency must increase within the scope of the corresponding 
planning. However, this is becoming more and more difficult to achieve as the feasi-
bility testing of assembly volumes also becomes more extensive. As a result, virtual 
development methods and tools are becoming increasingly important. The three-
dimensional representation within Virtual Reality (VR) enables the user to visualize 
and interact with the digital product in a realistic way. Time-consuming and cost-
intensive planning with the aid of physical prototypes thus becomes superfluous. The 
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possible fields of application of VR technology for manufacturing companies are very 
diverse. A classification according to task fields can take place according to: design 
(prototyping), operations management (planning, simulation, training), manufacturing 
processes (production flows, assembly, inspections) [4] and visualization [5]. 
This article focuses on the areas of visualization, training and validation of assembly 
scopes in a virtual environment as well as the consistent data flow to and from the 
VR-Application. Based on that, the use of the results for other applications can be 
enabled. Initially created product status graphs, in which information regarding as-
sembly and disassembly scopes are stored, are to be validated in a virtual environment 
and adapted if necessary. For this purpose, the assembly scopes are created in a stand-
ardized platform and transferred to the virtual environment. To achieve a sustainable 
utilization of validated product condition graphs, information can be transmitted to 
other applications e.g. to an assisting workstation. After the initial planning phase the 
virtual environment can be used as a training platform for the further education of 
employees.  
In the following, the current state of research of virtual environments in the field of 
assembly is described (chapter 2). Since the paper focuses the overall data flow be-
tween VR and other applications, a cognitive assistance system is described as an 
example system which can profit from the validated product and process scopes. An 
overview of the data transfer and the necessary systems is given in chapter 3. The 
technological implementation of the developed VR application, functionalities and the 
realization of the data exchange is described in chapter 4. A summary and outlook is 
given in chapter 5.  

2 State of the art and initial situation 

This chapter highlights the current developments and areas of application in the field 
of virtual environments with regard to assembly planning and production. One focus 
of the paper is on consistent data exchange. Downstream systems should benefit from 
the results of the virtual environment. For this paper a cognitive assistance system in 
the field of rework on the shop floor was used. Therefore the last section of this chap-
ter discusses the current state of the art of this class of assistance systems.  

2.1 Virtual Environment and Assembly Planning 

Further developments with regard to the performance of software and hardware, as 
well as the possibility of realistic depiction of physical products allow Virtual Envi-
ronments (VE) to become present in the industrial environment. In the course of in-
dustry 4.0, VE is a fundamental technology due to the development of new potentials 
and its broad application spectrum. According to Nikolaos et al. [3], a technological 
classification of the VE can be divided into   

 Virtual Manufacturing (production process),
 Virtual Prototyping (product investigations) as well as
 Virtual Assembly (assembly scope).
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The traditional procedure for planning assembly and disassembly volumes is strongly 
linked to the expert knowledge of the planner. A fully automatic generation, also with 
the help of powerful CAD programs, fails due to the mathematical formulation and 
utilization of this knowledge. Instead of using abstract algorithms for planning the 
assembly scope, Virtual Assembly (VA) supports the planner within the virtual envi-
ronment. With regard to the validation of possible assembly and disassembly se-
quences, various VR applications can be found. One of the first systems developed is 
the Virtual Assembly Design Environment (VADE), in which user interaction, colli-
sion analyses and assembly tools are provided. Based on this, further VR environ-
ments exist with regard to validation, visualization and simulation of assembly scopes 
[6–9]. However, virtual environments are often regarded only as isolated solutions. 
The data transfer usually only takes place one way to the VR application, but not back 
again. Thus, the feedback and transfer of changes made to the assembly scope to data 
management systems or further applications is only insufficiently considered. 

2.2 Virtual Training System 

Products are becoming increasingly complex and thus more difficult and expensive to 
manufacture. The training of employees on real objects is therefore only possible to a 
limited extent. New technological developments for supporting training and further 
education are therefore becoming more important [2]. In addition to the applications 
for planning and development, there already exist various VR platforms for mapping 
training scenarios [10–13]. The digital three-dimensional model, assembly as well as 
disassembly sequences are simulated realistically. In addition to the purely visual 
representation within the VR, the increase of the user's performance and learning rate 
could be shown by implementing auditory and tactile feedback [7]. Assembly work 
requiring a high degree of psychomotor skills can be trained thoroughly (learning by 
doing) and cost-effectively within the VR application. The goal of virtual environ-
ments as learning platforms is always the transfer and recognition of simulated sce-
narios from user’s in reality [2]. 

2.3 Cognitive assistance systems 

In the manual assembly of complex products, the use of cognitive assistance systems 
(also: digital assistance systems [14]) is suitable for supporting employees. In most 
cases this is done by fading in assembly process information [15, 16]. Extended sys-
tems have integrated resources for process testing and documentation, so that pro-
cesses can be checked for their correct execution and logged for traceability purposes. 
This is intended to detect and eliminate errors on site and reduce the return rate.   
The assistance systems are usually operated from the shop floor. A process list (as-
sembly sequence) is created by the foreman or a comparable employee to enable se-
cure assembly. Using an example of product assembly, all assembly steps are record-
ed step by step, together with the associated test characteristics. The next step can 
only be processed if the previous step with the taught-in inspection characteristics has 
been recognized as correct.  
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Assistance systems can be used for supporting the reworking of products with many 
variants [17]. Nevertheless, cognitive assistance systems for the rework are so far the 
subject of research and hardly available on the market.  

3 Concept for the creation and validation of assembly 

sequences 

The main system discussed in this paper is a VR-Application for validating assembly 
scopes. Functionalities to visualize and edit those assembly scopes are implemented 
in the VR application. By using a standard exchange format, relevant data can be 
transferred to the VR application and validated. To achieve a flow of information 
from the VR to subsequent systems, the standardized graph tool (SGT) serves as a 
platform for data exchange. In the SGT the initial lists of the assembly order and pro-
cesses are created already. The SGT was previously developed at ZeMA [18]. Edited 
and validated assembly scopes can be reimported in the SGT and later transferred to 
other systems. In this case a cognitive assistance system to support employees in 
rework where automatically created repair plans provided to the worker allow a faster 
disassembly and assembly of complex, variant diverse products. A summary of those 
three systems is given in Fig. 1. The following chapter provides a detailed description 
of the three systems.  

Fig. 1 Central characteristics of the virtual environment, standardized graph tool 
(SGT) and assistance system 

4 Implementation of the environment for the creation and 

validation of the assembly sequences and transfer of the work 

plan into reworking 

The following section gives an overview over the previously described systems. Fur-
thermore, the continuous data exchange between the three subsystems is described.  
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4.1 Scope of functions within the Virtual Environment 

The virtual environment offers the possibility of visualization as well as the validation 
and editing of the assembly scope. The displayed product can be assembled and disas-
sembled step by step within VR-Application according to the planning data created in 
the SGT tool. As shown in Fig. 2(a) the main functionalities are "Move all" (scaling 
and translation of the object in space), "Teleport" (jumping movement of the user, see 
Fig. 2(b)), as well as "Assembly" (evaluation assembly sequence) and "Reset". Color 
coding of successive components or assemblies makes visualization easier. Relevant 
process steps are displayed in a toolbar (see Fig. 2(c)). The correctness of these can 
thus be continuously validated. If it is necessary to edit them, another process can be 
selected and saved. Furthermore, there is the option to adjust the given assembly se-
quence. Based on the current product status, a subsequently planned component or 
assembly can either be acknowledged or, if desired, replaced by an object determined 
by the user. For this purpose, all of the following components are displayed transpar-
ently, a chosen component for replacement is highlighted (see Fig. 2(d)). Because of 
this functionality the user is able to step through the parts, so that the current part will 
be colored and selectable. If the assembly scopes are valid, they can be confirmed and 
saved by the planner. Verified assembly sequences are saved in tabular form. This 
makes it possible to identify corresponding product status paths within the JSON file 
and to mark these with corresponding information regarding there validity. The mark-
ing is done by coloring of the respective edges/processes (see Fig. 3(b)). 

Fig. 2 Functionalities of the Virtual Environment - (a) Menu, (b) Teleport, (c) Visual-
ization of assembly scopes, (d) Editing process 

Furthermore, validated assembly scopes can be used as training scenarios. Due to 
higher product complexities and more variants, employees need extensive training. 
An alternative to training on real prototypes can be the virtual environment.  
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The setup for the virtual environment includes VR glasses, two sensors to detect the 
position of the user, as well as a Leap Motion sensor for the detection of hand move-
ments and gestures. On one hand, this enables intuitive handling of the application, 
and on the other hand, it allows to assign specific functionalities in different gestures. 
The engine is implemented in the Unity development environment. 

4.2 Development and setup of a planning tool for the creation of graph-based 

assembly sequences 

The standardized graph tool is used to model and depict the relationships between the 
product, the required processes and the required operating resources (see Fig. 3(a)). 
To model and edit the assembly sequences, the user can select and insert elements 
from a configurable selection of product, process and resource templates. In addition 
to the visual adjustments of the inserted elements, the user can dynamically assign 
attributes to the elements. Such attributes can contain product-specific information 
such as product id, included parts of the assembly, manufacturer, etc. Different edges 
can be used to model the relationships (processes) between the product states. The 
name of a specific process which is used to get from product state n to product state 
n+1 can be entered here. To simplify the representation and structuring of elements, it 
is possible to hide different elements and to nest or cluster them hierarchically via 
father-child relationships. Created graph structures can be both exported and imported 
as JSON (JavaScript Object Notation) objects. With implementing the planning tool 
as a Web application, it can be used on a variety of different platforms. 

Fig. 3 Interface of standardized graph tool (SGT), (a) Product states of transmission, 
(b) valid (green) and non-valid (red) assembly scopes based on VR-Validation
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4.3 Data Transfer between Virtual Environment and SGT-Platform 

Using the virtual environment requires two input formats. A three-dimensional model 
of the product to be viewed (.obj file), as well as the product states defined in the 
beginning within the SGT platform. The associated assembly volumes are exported 
from the SGT platform on the basis of the standardized exchange format JSON.   
The different possibilities of (dis-)assemble a product result in a branched representa-
tion of product states within the SGT platform. In order to visualize all of the reason-
able defined scopes in the SGT platform, each path is exported as a linear lists. There-
fore the exported JSON file gets parsed and transferred in multiple .csv files, related 
to the number of possible paths. Those .csv-files are loaded one after another into the 
virtual environment. Validating of editing the assembly scopes means, that relevant 
information about assembly order and process will be assigned to the corresponding 
.csv file. After all of the lists are checked, an algorithm will loop over all of the .csv 
files an extract the changes. Therefore the changes can also applied to the JSON file. 
Valid lists are highlighted by a green color, invalid lists are highlighted red. Reim-
porting the adapted JSON file in the SGT gives the opportunity to quickly under-
stand/visualize which product state branches are valid and which are not (see Fig. 
3(b)). An overview of the data exchange between the systems is shown in Fig. 4.  

Fig. 4 Information flow between virtual environment, SGT and subsequent systems 
(e.g. an assistance system) 

4.4 Transferring the routing to rework 

The edited JSON-file enables the use of validated assembly scopes for further appli-
cations, e.g. the cognitive assistance system for rework. For this assistance system 
various product states that the employee can reach during the repair of a product must 
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take into account. Therefore, a product structure is used instead of a classical assem-
bly priority graph. The product structure is composed of nodes and edges, with the 
nodes representing the respective product status and the edges representing the as-
sembly processes leading to a status change. In the first step, the employee enters an 
error code into the assistance system via the Co-worker guidance system (see Fig. 5) 
The required repair plan is then output via a database query. This controls the neces-
sary resources in digital form and provides the employee with the necessary process 
information via the Co-worker guidance system.  
In the technical implementation, the graph is stored in a graph and document data-
base. The objects are organized in four categories: inform (informing the employee), 
parametrize (parameterizing equipment), validate (process testing) and document 
(documenting processes), since these four areas are covered by the assistance system. 
Each of these objects has a sub-object "address" and "parameter", which contain the 
resource to be controlled as well as the necessary parameters. The graph database 
allows for queries containing graph operations. For example, the shortest path from a 
product state to the target state can be output with a query.  
The validated work plan from the virtual environment is searched by a JSON parser, 
whereby the nodes are written to the database and the processes are appended to the 
edges. The graph structure is set up with the available data and made available to the 
control program for operative operation. 

Fig. 5 Architecture of the cognitive coworker assistance system

5 Conclusion and Outlook 

In this article, a VR-supported procedure for the feasibility assurance of reworking 
processes by consistent data exchange was described. The central element of the 
planning was a graph tool that allows the representation of product and process rela-
tionships and the input of their relevant data. The process relationships are stored as a 
graph together with the corresponding data in a JSON formatted text file. This serves 
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as an exchange file for other systems. It is loaded into the VR environment, where a 
planner can start simulating the (dis-)assembly processes. Step by step, individual 
processes are validated and returned to the graph-based planning system as feasible or 
non-feasible. In addition, the virtual environment can be used as a training platform. 
Employees can train on already validated assembly scopes to achieve a faster under-
standing of the complexity of the product. 
An updated graph can be transferred to other systems. This is shown on the example 
of a rework system, whereby data is transferred for assistance (information and pro-
cess testing) as well as for process execution and documentation. 
In the future, data from the rework area should be able to be fed back. This would 
allow optimization potentials, uncovered in rework, to be reported in a standardized 
way and introduced transparently in rework. Furthermore, a process list generation 
has to be optimized so that the minimum number of process lists is generated, in order 
to make the validation process effortless and repeatable. 
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