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Abstract The content of the book chapter is the development and application of a
method for the cost optimized integration of a condition monitoring system for
machine tools. An environment for the simulation of lifecycle costs considering the
maintenance processes as well as the hardware will be described to identify an
appropriate sensor concept. The approach of event based simulation allows an
assessment of possible sensor concepts depending on the machine tool’s perfor-
mance. To realize a cost-effective condition monitoring solution using simple
consumer electronics, such as Micro-Electro-Mechanical-Systems, and to provide
high scalability a wireless sensor network has been developed and evaluated. It can
be easily adapted to different specific applications because of decentralized data
preprocessing on the sensor nodes, as well as services in the cloud. Within this
network the sensors interact through a software agent system which is implemented
in the machine tool and all of its subsystems. The Java Agent Development
Framework will be used as a middleware. The modularization leads to a highly
flexible system. Additionally, the agent system enables the interaction between the
machine tool, the 1PS? provider, and its service technicians. The book chapter
includes the evaluation of the method in the field of grinding machine tools by
means of a feed axis.
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10.1 Introduction

The perception of industrial services has changed during the past years. Nowadays,
services are an integral part of the offer to fulfill the customers’ demands. Therefore,
services are no longer seen as an add-on to the core product. This development is
due to two causes. Firstly, in the service sector increased margins can be achieved
compared to the selling of products [5]. Secondly, the consistent orientation on
customer needs leads to a stable customer provider relationship and thus advantages
for all stakeholders involved.

Approaches for the transformation of companies from a product seller to a
solution seller, where industrial services are an equal part, are subsumed under term
servitization [10]. Product Service-Systems (PSS) are a particular form of serviti-
zation as the focus lies on the use of product shares and not merely on the selling of
products. As a consequence, the customers benefit from a restructuring of the risks,
responsibilities, and costs traditionally associated with ownership [1].

PSS for the industrial sector are called Industrial Product-Service Systems (IPSZ)
and are characterized by the integrated and mutually determined planning, devel-
opment, provision, and use of product and service shares including its immanent
software components in Business-to-Business applications and represents a
knowledge-intensive socio-technical system [5]. The individuality of IPS? can lead
to innovative IPS? business models, since the IPS* provider guarantees specific
machine tool availability or certain amounts of parts manufactured by the machine
tool [5]. Therefore, the IPS? provider faces difficulties in predicting and controlling
risks and uncertainties that usually would be the problem of the customer [8].

10.2 Objectives and Approach

IPS? allow the individual configuration of solutions consisting of product and
service shares which is an advantage for customers towards the classical approach
of buying goods. Therefore, a wide variety of external and internal influences on
customer site have to be taken into account in the machine tool industry. In the case
where the IPS? provider covers the guarantee of machine tool availability an
appropriate and customer individualized concept for maintenance, repair, and
overhaul (MRO) activities is crucial.

One objective of this book chapter is the development of a holistic approach to
develop and simulate a customer provider relationship where a specific machine
tool availability is guaranteed. Thus, the IPS provider is able to quantify the effort
considering the MRO costs over the entire lifecycle. In the development phase a
business process model and notation (BPMN) based workflow management system
is used to model and simulate the necessary activities for different MRO concepts.
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These concepts differ regarding the existence of a condition monitoring for
proactive maintenance or regarding the methods for spare parts supply. The cost
efficiency of these concepts depends on different factors on customer site. Machine
tools, which operate in a three-shift production, have different requirements con-
cerning MRO concepts than machine tools in a one-shift production. In the same
way the requirements differ in a cycle operation and in a job shop production with
buffers.

As soon as the existence of a condition monitoring is necessary for the machine
tool operation the IPS? provider is interested in a cost efficient solution for sensors
and evaluation electronics. The second objective of this chapter is the development
and application of a cost effective wireless sensor network for distributed condition
monitoring. This wireless sensor network enables the IPS® provider to upgrade
machine tools with low effort.

10.3 Method for Ensuring the Availability of IPS?
10.3.1 Concept

A method is specified by activities, roles, specification documents, techniques, and
a meta model [2, 11]. In the framework of this chapter the method for ensuring the
availability of IPS? shall be described by means of activities and tools. The
sequence of activities considers the IPS? lifecycle which consists of the phases
planning, development, implementation, operation, and resolution [9]. Figure 10.1
shows the assignment of activities and tools to the IPS? lifecycle phases.

In an availability-oriented IPS® business model the provider prices the solution
according to a specific technical availability. Therefore, the effort for the mainte-
nance activities has to be calculated at an early stage of the IPS? lifecycle. In the
framework of this chapter a workflow management system has been used to model
and simulate the maintenance costs according to the components’ properties and
their operation conditions over the entire lifecycle. In the case where the integration
of a condition monitoring solution represents the optimal approach the machine tool
components have to be extended in the implementation phase by the integration of
additional hardware by means of sensors and software for the data acquisition and
analysis. During the IPS? operation the periodic acquisition of sensor data allows
the classification of the results and therefore the assessment of wear margin for a
specific component. In the following chapter the activities of the method will be
described in particular.
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Fig. 10.1 Assignment of activities and tools to the IPS? lifecycle phases

10.3.2 Activities

10.3.2.1 Modeling and Simulation

Concrete activities shall be described by means of a ball screw spindle used in an
NC-controlled centerless grinding machine feed axis. In the development phase the
IPS? provider has to choose an appropriate concept to minimize the maintenance
costs. This can be achieved by a reactive maintenance concept, the storage of spare
parts on customer site, or an implemented condition monitoring system. According
to the information of a machine tool manufacturer, the ball screw spindle exchange
is necessary approximately every 5 years. As a consequence the ball screw spindle
has to be exchanged twice regarding a machine tool’s lifetime of 15 years.
Figure 10.2 shows the generic business process for the exchange of components.
This process model was created using the workflow management system IYOPRO
developed by the company intellivate GmbH.

The process execution varies depending on the existence of a condition moni-
toring system or the storage of spare parts on customer site. If the condition
monitoring is nonexistent, the service technician arrives at the customer site, ana-
lyzes the error, and checks the on-site availability of the necessary spare part. In
cases where the appropriate spare part is not available a procurement activity is
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Fig. 10.2 Generic business process model for the exchange of components

Table 10.1 Durations of activities

Activity Duration (h)
Reactive Spare Wireless sensor Actual condition
maintenance part network monitoring
Arrival 4 4 4 4
Spare part 48 0 0 0
procurement
Analysis 1 1 0.25 0.25
Exchange 3 3 3 3
Documentation 0.5 0.5 0.17 0.17
Departure 4 4 4 4

necessary which may last several days and causes machine downtime. During that
time the service technician departs and returns as soon as the spare part is available.
After exchanging the component the service technician documents the order and
departs from customer site. In the case where a condition monitoring is available the
business process starts with the analysis of the error under consideration of
appropriate sensor data and the procurement of spare parts. Subsequently, the
service technician arrives at customer site and handles the order.

To identify the optimized maintenance concept the process model will be sim-
ulated applying the discrete event-based simulation (DES) method. I'YOPRO allows
the investigation of process models due to the implemented interface to the
JAVA-based open-source bibliography DESMO-J [4]. Therefore, the process
model has to be supplemented by durations of activities and costs of resources. For
the durations of activities the four cases reactive maintenance, spare part, wireless
sensor network, and actual condition monitoring were differentiated (Table 10.1).

Table 10.2 shows the costs of resources in the present process model. The costs
for machine downtime differ with regard to the production type and the existence of
buffers. The costs for a machine hour with buffers decrease in a three-shift pro-
duction due to the optimized degree of utilization. Regarding a production type
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Table 10.2 Costs of resources

Resources Costs (€)
One-shift One-shift Three-shift Three-shift
with buffer without buffer with buffer without buffer

Machine downtime 71.65 600 5491 400

per hour

Service technician 46.54 46.54 46.54 46.54

per hour

Travelling costs per 100 100 100 100

trip (one-way)

without buffers the machine costs per hour are several times higher. The costs were
estimated for the application scenario of an NC-controlled centerless grinding
machine in a job shop production. Depending on the type of machine tools these
costs can amount up to several thousand euros.

The process model was simulated for the four cases one-shift with buffer,
one-shift without buffer, three-shift with buffer, and three-shift without buffer
(Fig. 10.3). The reactive maintenance concept increases the maintenance costs in all
four scenarios. This is due to the fact that the procurement of the necessary spare
part may lead to a machine stop over several days.

Another interesting finding relates to the spare parts supply. In production
scenarios with buffers between particular machine tools the storage of spare parts on
customer site causes lower costs than the implementation of a condition monitoring
according to the state of the art.

The implementation of the wireless sensor network for a proactive maintenance
concept causes the lowest costs in all cases. This is primarily the result of the lower
hardware and software costs compared to actual condition monitoring solutions.
The development of the software and hardware will be described in the following
chapters.

10.3.2.2 Software Implementation

The development of software tools ensures the interfaces between the components
of the overall system (Fig. 10.4). The concept consists of the machine tool com-
ponent, the wireless sensor network, which includes a MEMS vibration sensor, a
minicomputer (Raspberry), the cloud (including services), and a smart device for
remote access and visualization.

The data acquisition and processing is realized on the sensor node level.
Furthermore, the classification of the features extracted from the diagnosis signal is
transmitted to the cloud server. On the cloud server there are applications and
services available for maintenance planning, remote condition monitoring, etc.

Via smart device the service technician or maintenance planner can receive the
reports generated using a condition monitoring processing unit. This allows remote
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Fig. 10.3 Results of the simulation experiment

continuous monitoring of the production system and enables condition-based
maintenance decision making of the system concerned.

The communication between these subsystems has been realized by the imple-
mentation of a software agent system. The Java Agent Development Framework
(JADE) will be used as a middleware (Fig. 10.1). The internal communication
between the software agents is performed through the asynchronous exchange of
agent communication language (acl) messages. Two software agents interact by
means of defined pattern. A communication always consists of an initiator and a
responder. Initially, an agent demands another agent’s readiness to execute a service
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by a ‘call-for-proposals’ (cfp). As soon as the service is executable the second agent
replies ‘propose’. Afterwards, the initiator agent executes the service by sending the
message ‘accept-proposal’. After finishing the execution of the service the
responder agent replies ‘inform-done’. This general procedure will be performed
until the overall process execution is finished. Figure 10.5 exemplarily shows a part
of the communication between several agents for the execution of the feed axis test
run.

Initially, the machine tool agent secures the readiness of the cloud for the col-
lection of data. If the cloud agent agrees the request, the axis test run can be
ordered. The directory facilitator (DF) agent, a directory which announces which
agents are available on the platform, informs about the necessary services to exe-
cute the test run. The agents and services will be blocked for the duration of the
execution. Subsequently, the machine tool agent communicates consecutively with
the agents to particularly perform the activities of the axis test run. After finishing
the test run the result data are submitted to the cloud. The comparison of the results
with previous test runs allows the assessment of wear margin of the feed axis.

10.3.2.3 Hardware Implementation

The modifications of the components will be described by means of a feed axis test
rig. It incorporates a top slide, an inside slide, and a machine bed. Furthermore, two
asynchronous motors drive the ball screw spindles, which move the slides along the
unloading axis X4, and the infeed axis and recessing axis X1 in steps of 0.2 pm.
Figure 10.6 shows a schematic representation of the axis test rig.
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Fig. 10.5 Unified modeling language (UML) interaction diagram of the agent communication
during the feed axis test run

The wireless sensor network is composed of four individual nodes which can act
independently from each other. Each of these nodes is comprised of a MEMS
temperature and vibration sensor. Furthermore, a Micro-Electro-Mechanical-
Systems (MEMS) digital output motion sensor with 3-axes ‘nano’ accelerometer
is used (Table 10.3).
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Table 10.3 MEMS sensor LIS3DH specification
Feature Value
Measuring accelerations with output data rates 1 Hz-5 kHz
Wide supply voltage 1.71-3.6 V
Ultra-low power mode consumption <2 pA
Dynamically selectable full-scale +2 g/+4 g/£8 g/+16 g
Data output 16 bit
Operating range —40 to +85 °C
Shock survivability 10,000 g
Digital output interface 12C/SPI1

10.3.2.4 Data Acquisition

A design of experiments was developed for the acquisition of training data in order
to evaluate the implemented algorithms. For this purpose, reproducible damages
were created using the laser powder cladding method. A five-axes Trumpf TruLaser
7020 three dimensional laser cutting machine with various laser spot diameters was
used to create a small and a heavy damage on the surface of the spindles (Fig. 10.7).

In addition, a fault was created on the needle roller/axial cylindrical roller
bearing spindle. The acceleration of the spindles was measured on the axis test rig.
They were conducted repeatedly under exactly the same conditions. The vibration
was measured using a MEMS sensor with a sampling rate of 3,000 Hz. Figure 10.7
shows the collected vibration data at 1 and at 3 m/min for three different classes. It
also shows the measured vibration data using MEMS sensor at the axis test rig at
different operation speed.
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10.3.2.5 Data Classification

The feature extraction using Python is realized on the Raspberry (Fig. 10.1). Python
was selected to be used for this application because it is a fast programming
language widely used in the field of data analysis using machine learning methods.
To enable the feature calculation and classification on the Raspberry, extensions to
the Python programming language such as Numpy, SciPy, Matplotlib, and
Scikit-learn were used.

For the calculation of the selected features, such as statistical values (variance,
mean, and kurtosis), the Scipy library is used. It includes the functions for the
calculation of the statistical values.

For the classification of the features extracted, a support vector machine
(SVM) algorithm is implemented [7]. SVM is a computational learning method
based on the statistical learning theory. This function acts as an expert system which
is based on the Vapnik-Chervonenkis (VC) Theory [6] and has recently emerged as
a general mathematical framework for estimating dependencies from finite samples.
VC theory combines fundamental concepts and self-consistent mathematical the-
ory, well-defined formulation and principles related to learning. SVM is used
successfully in many classification problems like text categorization, image clas-
sification, and bioinformatics.

For fault detection and diagnosis in industrial applications SVM is developed for
recognizing patterns in the collected sensor data. These are classified to predefined
fault condition of the considered component [3].

The most significant benefit of SVM is higher efficiency in high dimensional
nonlinear classification problems while other statistical classifiers often fail in
achieving such efficiency. The idea is to maximize the margin between hyper plane
and the training examples. This can be done by finding the optimal hyper plane
which has maximal margin.

After signal preprocessing, the statistical features are extracted. For the purpose
of classification appropriate data has been selected. The implementation of the
SVM algorithm on the Raspberry is done in Python. The feature extraction and
SVM algorithm was previously implemented and tested in a MATLAB environ-
ment. Figure 10.8 represents selected features for the classification step. The
well-defined areas in the diagram show that the features selected (mean, kurtosis,
and variance) for the classification step of the data at I m/min are correctly chosen.

The classification accuracy using different test data at 1 and 3 m/min is illus-
trated in Fig. 10.9.

The graph shows that the features selected for the classification (Fig. 10.7) for no
damage and heavy damage at 1 m/min is 100%. In contrast, the accuracy of SVM
classification of the test data for small damages did not reach 100% for both speeds.
To increase the accuracy for small damages other feature combinations has to be
selected.
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This chapter presented a method for the customer individual modeling, simulation,
and implementation of an appropriate MRO strategy for an availability-oriented
IPS®. Therefore, a generic business process for the exchange of worn components
has been modeled, implemented, and simulated using the workflow management
system [YOPRO developed by the company intellivate GmbH. The development of
a simulation model allowed the comparison of different MRO strategies regarding
the costs, i.e. occurred by a worn ball screw spindle of a feed axis. In this chapter
the four cases reactive maintenance, spare part supply, and two condition
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monitoring approaches were compared and the most suitable concept for a grinding
machine at the customer site was identified.

Furthermore, the development and implementation of a condition monitoring
system, consisting of a wireless sensor network using Raspberry Pi 2 modules and
MEMS vibrations sensors, has been described. The use of this network reduces the
costs compared to industrial sensors and allows an easy adaptability to different
specific applications due to decentralized data preprocessing, feature extraction,
selection, and classification on the sensor node level.

The implementation of different classification and clustering algorithms on the
sensor nodes will be addressed during further research activities. This will enable
the condition monitoring steps (signal preprocessing, feature extraction, and clas-
sification) of the acquired data directly on the node level.
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