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Abstract
The maintenance process of machine tools becomes more complex and difficult due to its increasing complexity and individu-
ality. Augmented reality (AR) can support the maintenance engineer by visualizing the process with individual working steps
and further information in a user-friendly manner. In order to an efficient deployment, a short and automated creation process
of the AR based documentation is required including the integration of existing systems and data such as the technical docu-
mentation, CADmodels and PDMdata. This avoids a complete rewriting andmanual creation of the AR based documentation
in addition to the standard paper-based version. Therefore, various concepts for creating AR based technical documentations
for the maintenance of machine tools are presented and verified including an analysis of the required documentation data,
systems and processes.
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1 Introduction

1.1 Motivation

The augmented reality (AR) technology can be used to sup-
port the maintenance engineer in the maintenance process
of machine tools [1]. With the deployment of a supporting
AR application, the increasing complexity of the machine
tools and their maintenance can be handled better and errors
can be reduced. Furthermore, theARapplication provides the
required specialist knowledge about a particularmachine tool
and assists the worker on the individual machine tool. With
the use of AR, the maintenance process is visualized through
individual working steps and further information by super-
imposing the real environmentwith virtual information in the
right location in the user’s field of view [2]. This improves
the human–machine interaction with a user-friendly visual-
ization of all required data.

An important area of the deployment of AR systems is the
content creation of the specific use case. For the maintenance
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of machine tools, a technical documentation is required [3].
In addition, a digital documentation offers the possibility to
include existing systems and data of the company. The cre-
ation process can lead to a high effort and must be designed
efficient for a use in a company. Therefore, concepts for cre-
ating AR based technical documentations in different use
cases are needed.

1.2 Problem of the creation process

A machine tool requires a technical documentation that is
typically created as a digital office document and printed on
paper [4]. This existing form cannot be used directly for the
AR application because of its data format and structure. For
current AR maintenance applications, the documentation is
typically created twice with a special application for AR that
leads to a high creation effort. Furthermore, updates of the
documentation have to be made twice for each use case.

The AR application needs a special data structure con-
taining two main aspects. On the one hand it represents the
machines’ technical documentation in single steps and on
the other hand it defines the special AR data including e.g.
tracking information [5]. Additionally, existing data in the
company’s infrastructure should be referenced to extend the
documentation possibilities and to reduce the creation effort.
This requires the connection of available systems such as
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CAD or PDM (product data management) for an efficient
integration of the data.

2 State of the art of creating AR content
in production environments

For production and maintenance use cases, several
approaches for content creation were explored. The project
“AR-Handbook” [6] used videos and artificial intelligence
(AI) to create digital manuals with step-by-step instruc-
tions. Therefore, manual tasks were recorded with a camera.
Afterwards, the videos were split automatically in single
sequences and recognized in the following executed tasks.
The support for the user is provided by a semi-transparent
video overlay. The advantage is the simple and quick han-
dling of the system. The disadvantage is the limitation to
videos, no further information is shown.

In [7] a special authoring software is used to create assem-
bly instructions for an AR based support of the worker
by arranging 3D models, texts and multimedia data. The
sequence of the assembly is imported from an assembly plan-
ning program. The processed data is stored in a database. The
position and orientation of the 3D models in the real envi-
ronment is shown in the editor using previously recorded
images. In [8] an AR system for assembly is created using
middleware to connect external systems. By using a special
authoring software, individual information for each working
step is created. This method has the advantage of creating
individual information in a user-friendly way, but needs a
high effort to create an additional instruction besides the stan-
dard documentation.

The connection to external data systems is an important
component to reduce the effort of the creation process and
to extend the documentation with additional data. In [9] an
AR based maintenance system is presented that uses data
from a PDM system. With an authoring application, mainte-
nance files for the AR usage are generated based on a formal
description of various maintenance activities. Also in [10],
PDM and CAD data is used with an authoring application for
the maintenance planning. Some information for the worker
is arranged manually and some information is arranged auto-
matically to reduce the effort and extend the instructions.

In summary, Fig. 1 illustrates a typical current creation
process for the AR maintenance documentations. A com-
mon way is the use of a special authoring system to create
the AR documentation with the required AR structure. The
maintenance documentation text and steps have to be typed
manually in the authoring system by the maintenance plan-
ner. Additional information is included by importing and
combining external data manually, e.g. pictures, documents,
3D models and product data. This data is needed to extend
the textual maintenance documentation and to exploit the

Authoring
system

AR
application

Export

Import

AR
documentation

Maintenance
documentation

CAD,
3D models

Pictures,
documents

Import
Create

PDM, product 
& process data

Import Import

Fig. 1 Current creation process for AR maintenance documentations
with a special authoring system with high manual effort

possibilities of AR. Afterwards, the created AR documen-
tation is exported from the authoring system on a PC and
imported in the AR maintenance application on a mobile
AR device to use it on-site the machine tool. This process is
characterized by a high effort with many manual steps by the
maintenance planner. The additional authoring system has
to be managed in the company and the documentation has
to be created and updated a second time besides a standard
paper-based version.

In the authors’ preliminary work, the AR framework
“ARViewer” was developed, which is designed for produc-
tion usage and which includes various AR components (e.g.
for tracking) and interfaces for different use cases (e.g.
data connections) [5, 11]. Also the usage of PDM data was
explored to extend theAR support for theworker in themain-
tenance process [12]. The AR framework is used to visualize
the results of the developed creation concepts.

3 Aim and approach

3.1 Aim of the work

The aim is the usage of an existing technical documentation
system for the maintenance of machine tools to create the
AR documentation in contrast to the special AR authoring
system described in chapter 2 and Fig. 1. The advantages
are that the maintenance documentation has to be created
only once for different required formats, e.g. paper-based
versions or websites, and updates can be generated fast for all
formats. Moreover, the required external data, e.g. pictures,
documents, 3D models and product data, is linked between
the technical documentation system and its source systems,
so that they get automatically updated on external changes.
With the usage of an existing technical documentation sys-
tem, the maintenance planner can use a system he is familiar
with and no further system needs to be maintained in the
company. Figure 2 shows the new proposed creation concept
for AR maintenance documentations.
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Fig. 2 New creation process for AR maintenance documentations with
an existing technical documentation system and generating different
formats

The requirements of maintenance documentations and
the current documentation systems and processes in compa-
nies are different. Therefore, various documentation concepts
with different documentation systems are examined in this
paper. To ensure an efficient deployment and reduce the
creation effort, existing systems and data, such as pictures,
documents, CAD models and PDM data, are integrated.

3.2 Approach of the work

To reveal the problem of the creation process and develop the
new concepts for AR documentations for the maintenance of
machine tools, the state of the art of creating AR content in
production environments was examined. It shows that typ-
ical current creation processes are using special authoring
systems to create the AR documentation with the required
AR structure which leads to a high manual effort for the
maintenance planner.

Next, an analysis of the required maintenance data, cre-
ationprocesses and systems is performed to create the basis of
the new documentation concepts that should reduce the high
manual effort. Especially the CAD application is examined
because it shall be the starting point for the documentation
process since the 3Dmodel of the machine tool is the basis of
the AR application to determine the location of the informa-
tion in the environment and to overlay the information over
the real machine tool on the basis of the tracking.

Afterwards, the main concepts for the documentation
systems and processes are developed. For different require-
ments in different companies, three documentation methods
are examined: technical documentation system, spreadsheet
application and PDM system. All three systems provide a
graphical user interface for themaintenance planner and save
the created data in a structured form that is applicable for AR
maintenance applications.

Finally, a verification of the developed concepts is per-
formed with sample implementations of their components.
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Fig. 3 Maintenance data structure

Therefore, a maintenance scenario of a real industrial envi-
ronment and different AR devices are used. The results are
shown in a maintenance AR application.

4 Analysis of maintenance data, processes
and systems

4.1 Requiredmaintenance data

The technical documentation contains all information for the
worker to perform themaintenance.This includes all required
tasks, e.g. assembly instructions, as well as general hints for
the worker, e.g. safety warnings. Task instructions have to
be created as procedure descriptions in text form and can be
extended with pictures, data sheets and checklists.

In a digital form the maintenance documentation can be
extended with additional information such as videos, 3D
models and other data sources, e.g. diagnosis and condition
monitoring systems. The data can illustrate the tasks, help to
find errors and make the overall maintenance process more
efficient.

Furthermore, with a digital maintenance application the
results of a maintenance process can be recorded and eval-
uated. This can include occurred problems, disorders and
damages on the machine tool. Besides text-based descrip-
tions, pictures and videos can describe the current state. This
improves the quality management.

To use all the described data in an AR application, it has
to be created in a structured form. This makes it possible to
map different use cases in a uniform AR application. The
user interface for creating the data is described in the fol-
lowing chapter of the creation concepts. Figure 3 shows the
developed data structure for a maintenance task. A task con-
sists of a unique number, name, description, note and interval
to save the period of time in which the task has to be exe-
cuted. Each task includes different steps that theworker has to
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Fig. 4 General creation process for the maintenance documentation

perform. A single step has a unique number, name, descrip-
tion, note as well as materials and tools to show required
items. In addition, different external data can be assigned to
a step. The 3D model is required for the correct position and
orientation of the information in the AR view and used to
highlight parts of the machine tool. The PDM data set inte-
grates current production information. The MES and CNC
data set can connect live data on the machine tool e.g. for
diagnosis purposes. Also, available documents, pictures and
videos of the machine and process can extend the mainte-
nance documentation.

At the end of a maintenance task, the result is saved with
a description and date for the quality management. Pictures
and videos that are recorded directly with the AR applica-
tion can be appended. With the defined data structure, each
required information and the overall process using single
steps is mapped. For different use cases in different compa-
nies an adaptation of the data structure with additional data
fields is possible without interfere with the basic concept.

4.2 General creation process

Based on the required maintenance data, Fig. 4 shows a gen-
eral creationprocess for themaintenancedocumentation.The
approach is the creation from general down to the detailed
information. First, for a newmaintenance scenario a new task
with its data, such as name and description, is created. Next,
the single steps with their data are created. For each step
external data fields are linked, such as the 3D model, exter-
nal systems (PDM, MES, CNC) and media files (pictures,
videos, documents). Afterwards, more steps and tasks can
be added. At the end of the creation process, the created data
is stored in the developed data structure and in a standard file
format.

A basic concept is that all the existing data is reused and
linked to the maintenance documentation. In that way, the
creation effort is reduced and the data can be updated easily.
Furthermore, for a user-friendly creation process, templates
for each task are provided. The templates represent the devel-
oped data structure with an appropriate user interface. The
specific process, file format and user interface depends on the
used systems in the company. Therefore, different creation
concepts are developed in the following chapter.
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Fig. 5 Maintenance creation systems

4.3 Required systems for the creation process

To reach the goal to create the AR documentation for the
maintenance of machine tools directly without an additional
authoring system, three different systems were worked out
and presented in detail in the following chapter. Different
concepts are required because of the different preconditions
with existing systems in various production environments.
Figure 5 shows an overview of the presented systems.

The first investigated maintenance documentation sys-
tem is the technical documentation system that is especially
developed for creating technical documents. Problems are
the integration of external data and the usage for AR appli-
cations.

The second system is the spreadsheet application that is
not prepared especially for documentations but provides a
structured user interface to store the data in a useful way. It
shall be investigated because not every company is using a
special technical documentation system but office software.
The problem of using this is typically the integration of exter-
nal data.

The third system is the PDM system that is often used in
production environments. Advantages are the graphical user
interface, the structured storage and the directly linkage of
data. But the system has to be prepared for special documen-
tation requirements and AR applications.

For the integration of external data, the three areas CAD
application, PDM system as well as pictures and existing
documents shall be included. This additional information is
required for the AR use case or can extend the standard doc-
umentation.

4.4 CAD application as starting point

3D models are required in AR applications to determine the
position and orientation of information in the environment
and to overlay the information over the real machines on the
basis of the tracking. In addition, the 3D models are used for
visualization, e.g. to highlight components of a machine that
are not visible or that are relevant for maintenance. For that
reason, the existing CAD data of a machine should be used
as a source for the 3D models.
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Fig. 6 Information created with the CAD application for the AR main-
tenance documentation

The CAD application can be used as a starting point
for the AR based maintenance documentation because the
3D models are already existing and the users are familiar
with the software. Furthermore, no other software has to be
managed in the company. Figure 6 shows the information
created with the CAD application for the AR maintenance
documentation. Assemblies can be added or rearranged for
the maintenance requirements. Also marker objects for the
tracking are added and readout in the AR application. For
the implementations in this paper, the CAD application
Autodesk Inventor [13] is used.

The existing CAD data of a machine is initially in the data
format of the CAD application used for design. These pro-
prietary formats are only supported by the respective CAD
application and cannot be used directly in theARapplication.
This can be done using exchange formats, e.g. jt, step, iges,
obj, fbx or mesh, that are read by many different applications
and libraries, but not all original data are retained. They are
interpreted differently by different systems. Various software
can be used for converting and reading the 3D model in the
AR application, e.g. Assimp [14] or PiXYZ [15].

Due to the mostly very large amounts of data of the CAD
models and the real-time requirements of the AR application
on mobile devices, a polygon reduction of the 3D model is
advisable of themachine or of assemblies. The reduction usu-
ally has to be made to less than a tenth and should be carried
out automatically in order to avoidmanual processing and the
use of an additional application. Therefore, additionally algo-
rithms can be added to the workflow, e.g. with VCGlib [16].

5 Creation concepts for maintenance
documentations

5.1 Technical documentation system

Technical documentation systems are specially developed
for the creation of documents in the technical area and are

Fig. 7 User interface of a technical documentation system

also used for themaintenance documentation ofmachines. In
contrast to office documents, the individual parts of informa-
tion are given certain properties in order to define a special
structure and to make them available for various use cases.
Furthermore, they provide additional functions, e.g. version-
ing of the documentation and the collaboration of different
users on documents.

Figure 7 shows an example of a graphical user interface
(GUI) of the documentation system XMLmind XML Edi-
tor [17]. By entering text and adding images, a document is
created via a user-friendly interface. An explicit structure is
made in order to assign all entered information to a special
meaning. Formatting can also be specified. By defining the
document structure, a required format can be ensured and
saved. For the maintenance documentation the data structure
and creation process defined in Sects. 4.1 and 4.2 is used.
The data and GUI structure is based on Fig. 3.

The possibility of defining certain properties and using
them in the document enables it to integrate additional data.
These cannot be displayed in the documentation software
itself, but can be linked for later use. For example, a machine
component number can be entered in a field for CAD,
whereby the corresponding 3D model of the component can
be loaded and displayed in the AR application.

The data formats of technical documentation systems are
mostly based on xml [18]. This format saves the information
in a well-structured form and can therefore also be processed
in other applications. In addition, standards such asDocBook
[19] or DITA (Darwin Information TypingArchitecture) [20]
are used to specify the data structure and to validate the
entered information.

Due to the used data structures and formats, the infor-
mation created with the technical documentation system can
be processed in the AR application. The documentation sys-
tem also offers the option of generating documentations for
different media, such as text documents and websites. The
common basis means that changes can be quickly adopted in
all formats.
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Fig. 8 User interface of the spreadsheet application for the maintenance
documentation

5.2 Spreadsheet application

Spreadsheet applications offer a user-friendly and widely
used way of entering and storing information in a struc-
tured manner. Maintenance tasks can also be documented
and structured with this application type especially if no
additional software shall be used in the company. In order to
evaluate the created documents in other applications, defined
structures must be considered.

Figure 8 shows an example of the graphical user interface
of the spreadsheet applicationMicrosoft Excel [21] for enter-
ing the maintenance tasks. A specific meaning is defined for
each column, e.g. the number in column one and the name of
the task in column two. The maintenance tasks are entered in
the individual lines. A uniform structure can be specified by
means of a corresponding template using the data structure
defined in Sect. 4.1.

External data can only be integrated into the documenta-
tion by specifying names that are replaced by the actual data
in the maintenance AR application. For example, by speci-
fying a component number, the 3D model exported from the
CAD application can be assigned and visualized.

The created documents can be saved in various formats
for further processing. One option is the office format xls
[22] or xlsx [23]. The data can also be saved in structured
exchange formats such as xml [18]. An exchange via a text
file (txt, csv) is also possible.

The AR application reads the stored documents and dis-
plays the specified information accordingly. This requires
that the structure of the created documents match the data
structure defined in the AR application. Additionally, the
spreadsheet application can also save the data in a format
for direct use (e.g. pdf [24]) or the data can be imported into
a word processing program in order to format and include it
into a more extensive documentation.

5.3 PDM system

In a PDM system, all required product, process and organiza-
tional data of a production is stored, managed and provided
during the entire product life cycle [25]. In this way the

Fig. 9 User interface of a PDM system for the maintenance documen-
tation

complexity and variety of products and processes can be con-
trolled. With the adaptable graphical user interface and data
structures, maintenance documentations can be created. The
advantage is the integration of existing data that can be linked
directly in the PDM system. In addition, automatic version-
ing of the documentation and collaboration between several
people are possible.

Figure 9 shows an example of the graphical user interface
of the PDM systemSiemens Teamcenter [26] for entering the
maintenance documentation. To realize this, corresponding
input masks and data structures must be created in the PDM
system in order to implement the defined data structure of
Sect. 4.1. The maintenance documentation is structured and
stored directly in the PDM system together with all other
available data, which enables a direct link between them.

For the integration of further data and systems, corre-
sponding interfaces are available as standard in the PDM
system. In this way, e.g. 3D models from CAD applications
are added and versioned. Required 3D models in the mainte-
nance documentation can be selected, linked and visualized
using attributes. Overall, this creates a consistent data model,
which means that updates can be carried out quickly. Exist-
ing product, process and organizational data, e.g. part lists,
documents, drawings and spare parts information, can be
integrated into the maintenance documentation.

Themaintenance documentation is stored internally in the
underlying database in the PDM system on the basis of the
created data structure. For use in other applications, either
direct access via an interface of the PDM system can be
implemented or an xml file [18] can be exported.

Due to the client–server architecture and the interfaces
(API—application programming interface) provided by the
PDM system, the AR application can access and visualize
the maintenance documentation on-site the machine. Linked
data can also be downloaded and displayed. With the direct
connection of the systems, a quick update is possible if some
information changes. In addition, the PDM system offers the
option of generating office documents,whichmeans that they
can be reused for other output media.
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Fig. 10 AR application with the created maintenance documentation

6 Verification of the developed concepts

6.1 Setup and sample implementation

The creation concepts for the AR based technical documen-
tations for the maintenance of machine tools were verified
with a maintenance scenario of a real industrial environment.
With the implementation, the feasibility and viability of the
concepts shall be demonstrated. For the verification, the AR
application “ARViewer” [11] with different AR devices were
used.Based on an existing paper-based documentation, a new
AR based documentation was created with the three pre-
sented concepts. Therefore, the CAD application was used
as a starting point and the 3D models were included in the
documentations. The resultwas visualizedwith theARappli-
cation on the example machine tools.

For the sample implementation of the developed creation
concepts for the AR based technical documentations, the
Niles-Simmons CNC turn and mill center N20 MC with a
Siemens Sinumerik 840D sl control system was used (see
Fig. 10). Detailed machine specifications are available in
[27]. Due to the complex structure of the machine, it is
suitable to demonstrate the support of complex maintenance
stepswithAR.On the basis of the existing paper-basedmain-
tenance documentation and CAD model, the three presented
concepts of Sect. 5were realizedwith the process of Sect. 4.2.
The basis for saving the AR maintenance documentation is
always the same data model from Sect. 4.1, which means
that no adjustments need to be made to the AR applica-
tion for different creation systems. Besides the CAD model,
text descriptions, pictures, documents and PDM data were
integrated as input values into theARmaintenance documen-
tation (see Fig. 3). As mobile AR devices, industrial tablet
computers [28] and HMDs [29] were used to visualize the
resulting AR maintenance documentation.

Figure 10 shows the resulting AR application on a tablet
computer with the created maintenance documentation. The

individualmaintenance stepswith the associated information
for the respective maintenance case are visualized step-
by-step in an information field in order to guide the user
through the maintenance process. Using the AR technology,
the linked 3D model is used to superimpose the relevant
components on the real machine and an information field
is displayed in the correct position in order to highlight the
location of the maintenance work for the user. This visual-
ization can also be used during the maintenance planning
process. The AR visualization can be previewed by display-
ing a photo of the real machine or just the 3D model instead
of the live camera image.

6.2 Results of the sample implementation

The implementation of the three developed creation concepts
in a maintenance scenario of a real industrial environment
demonstrates the applicability for the AR basedmaintenance
ofmachine tools. TheARmaintenance documentation can be
created directly in a production application without an addi-
tional authoring system.With this method, the creation effort
can be reduced significantly because the documentation has
to be created only once for differentmedia and updates can be
made faster. The three different concepts are useful because
of the different requirements and conditions in different com-
panies.

With the defined data structure that represents the techni-
cal documentation in single steps, all required information
can be created and saved in all of the three production appli-
cations and visualized in the AR application. Existing data in
the company’s infrastructure, such as CAD and PDM, can be
included in different ways to extend the documentation and
to reduce the creation effort. The CAD system provides the
required 3D model in a user-friendly way without the use of
an additional software.

7 Conclusion

With the presented concepts for creating AR based techni-
cal documentations for the maintenance of machine tools,
the process is realized without a special authoring software.
Therefore, the three documentationmethods: technical docu-
mentation system, spreadsheet application and PDM system
were examined. As basis, the required documentation data,
systems and processes are analyzed and the three developed
concepts are verified with an AR application and a machine
tool. The implementation and verification of the method
shows that a short creation process and efficient deployment
of the documentation is realized because it avoids a complete
rewriting and manual creation of the AR based documen-
tation in addition to the standard paper-based version and
updates can be done fast. Furthermore, existing systems and
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data of a company such as technical documentations, CAD
models and PDM data are integrated for an efficient overall
process as well as to extend the documentation and to use
the advantages of an AR application. Moreover, live data of
MES or CNC on-site of the machine tool can be integrated
with the same concept to extend the documentation [5]. With
the usage of an existing technical documentation system, the
maintenance planner can use a system he is familiar with and
no further system needs to be maintained in the company.
As future work, adjustments of the documentation should be
possible in theARapplicationon-site of themachine tool dur-
ing the maintenance process that are also stored in the source
systems. This offers a simple way for the user to extend the
documentation and to make required changes if the working
environment has changed or faults were occurred.
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