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Executive Summary
This deliverable presents the different hardware and software modules that are combined to
the Openmind process chain. Detailed descriptions of several modules have already been
published. These public deliverables are available via the Openmind website:
-

D4.3 Laser ablation module

-

D5.3 Marker printing module

-

D9.2 Image acquisition solution for FRP profiles

-

D10.2 Implementation of Overall Control System (HMI) including Graphical User
Interface (GUI)

-

D12.6 Implementation of exemplary ordering system

The deliverable contains the description of the status of implementation of the hardware
modules, followed by the status of implementation of the software modules. An example of
how the project developments are used to create an individual minimally invasive guide wire
is given at the end of the chapter.
In the conclusion the main achievements and challenges of the implementation phase are
discussed. The outlook for the rest of the project time finalises this deliverable.
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1 Introduction
The goal of the Openmind project is the development of new kind of production system for the
manufacturing of individualised minimally invasive medical devices in a continuous process.
The project uses a minimally invasive guide wire as demonstrator product. The concept of the
production system consists of a hardware part and a software part. The hardware part is
composed of several modules for the different production and machining steps that are
required for guide wire manufacturing. The software part consists of a tailored statistical
process control system and a process model based on machine learning algorithms.
The hardware of the Openmind process chain is based on a fibre reinforced plastics (FRP)
production process and consists of four modules: pullwinding, laser ablation, pad printing,
extrusion coating. The pullwinding module existed before the project and was only slightly
modified. For the laser ablation process, two new modules have been developed: one for the
shaping of the pultruded core of the FRP product and one for the structuring of the winding of
the FRP product.
The linking element between hardware and software is a holistic data acquisition concept. All
relevant production parameters and product characteristics in the production line are acquired
via OPC UA connections and stored in a central data base. Tailored in-line inspection solutions
acquire product characteristics in the running process.
The first software component is the statistical process control (SPC) system. All data from the
production system is processed by the SPC software. The software aggregates and analyses
the incoming data and compares it with historical data from the data base. The software uses
a tailored data structure to store and evaluate the data in the data base efficiently. Deviations
from the expected results are detected and can be visualised in different dashboards.
The second important software component is a self-learning process model. The model uses
the historical data from the data base to retrain its algorithms in regular time intervals. For the
production, the model translates the individual product configuration of a guidewire into a set
of production parameters.
This deliverable presents the implementation of the different operational components of the
hardware and software of the Openmind production system. Former deliverables are cited, if
they are publicly available via the website. After the presentation of the modules, an example
is shown how the several components of the Openmind production system are used to
manufacture an individual guidewire.
The last chapter of this deliverable summarises the activities in the first 30 months of the
project. Main achievements and challenges are discusses. The next steps until the end of the
project are outlined at the very end of this document.
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2 Implementation of overall process chain
2.1 Implementation of the hardware
2.1.1 Implementation of manufacturing modules
The manufacturing process in the Openmind production system is based on a fibre reinforced
plastics (FRP) process. The use of FRP for medical devices gives the products the unique
property of being safe in Magnetic Resonance Imaging (MRI) procedures. However, the use
of FRP as material requires new types of manufacturing processes compared to conventional
medical devices made of metallic material. The process chain is depicted in Figure 2.1.

Planned process chain for seamless guide
wire manufacturing

Pultrusion

Core machining

Winding

Surface
Structuring

Pad printing

Coating

Cutting

Figure 2.1 : Overview of the production steps in the Openmind process chain

The base technology for the Openmind process chain is the micro-pullwinding process. This
process creates a 3-layer profile made of FRP. The three layers are composed of a core with
unidirectional fibre reinforcement and two winding layers. The fibre orientation in the winding
layers can be varied in the running process. This can be used to individualise the mechanical
properties of the product.
Another aspect for the individualisation of the mechanical properties is to alter the diameter of
the core layer of the profile. For this reason one laser module was developed to remove
material from the core profile locally in the running process. The concept of this laser module
Confidential
3
was already presented in deliverable D4.3.
The FRP profile itself is not visible in MRI. Therefore, it has to be marked with special inks to
make it visible. In the Openmind process the ink is applied with a pad printing process. The
prints are applied on the surface of the winding layer. As the outer surface of the final product
has to be regular without major indents or bumps, the prints are placed into grooves on the
surface of the winding layer. These grooves are structured with the second laser ablation
module (also described in detail in D4.3).
The pad printing process is usually executed on a static product. For the Openmind process
a new printing concept based on a flying saw mechanism has been developed to be able to
print on a moving product in a continuously running process. The details of the printing module
are presented in D5.3.
The final process in the Openmind process chain is the extrusion coating process. The surface
of a medical device has to be biocompatible. Therefore, medical devices are often coated with
an outer layer of a polymer that creates no harmful interaction with the human tissue, the blood
or other bodily liquids. In the Openmind production system the coating is applied using an
extrusion coating process based on thermoplastic polymers. The extrusion coating also covers
the applied marker prints and generates the biocompatible surface.
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During the implementation phase the full line was split into two segments in order to reduce
the length of the line and to tailor the line to different speed requirements from the involved
process steps. Segment 1 of the line comprises the pullwinding system and the laser ablation
modules. A buffer between the pullwinding system and the laser ablation modules enhances
the productivity of the whole segment (Figure 2.8). Only one laser ablation module is attached
to the line segment at a time. The laser ablation modules can be moved, positioned and
attached by a tailored exchange system.

Figure 2.2 : Segment 1 of the Openmind process chain, comprising pullwinding, buffer and laser
ablation station

The second segment of the line covers the remaining process stations, which are pad printing
and extrusion coating. Both stations run at comparable speed and therefore no buffer system
is required here.

Figure 2.3: Segment 2 of the Openmind process chain, comprising pad printing and extrusion
coating

All modules of the line are connected via OPC UA to the central control unit (CCU) of the line.
The CCU is also connected to the data base and the process model.
This document uses CAD renderings, if total views of the line segments are shown. This is
due to the fact that not all hardware modules have arrived at IPT yet. However, the modules
are physically available and the following pictures show some impressions of the developed
machine components.
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Figure 2.4: Micro-pullwinding machine developed by Fraunhofer IPT

Figure 2.5: Laser ablation modules developed by Blueacre Technology

Figure 2.6: Pad printing module developed by Tamponcolor TC-Druckmaschinen
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Hardware implementation
Auxiliary equipment
Figure 2.7: Extrusion coating module developed by Gimac International

Computer units for
real time in-line
inspection

Buffer system and dedicated control unit for
speed alignment between pullwinding and
laser process

Figure 2.8: Auxiliary equipment provided by IPT (buffer system) and ICS (computer units)

2.1.2 Implementation of in-line inspection modules
Confidential
6
The hardware modules are equipped with in-line
inspection modules. There are three different
types of inspection modules that are installed in the process chain:

-

Laser micrometers for high resolution diameter measurement in two perpendicular
orientations (measurement accuracy: < 1µm)
Speed encoders for real line speed detection in the different segments of the line
Line-scan cameras for surface inspection with a resolution of 5µm

As an example, Figure 2.9 shows the locations of the different type of in-line inspection
equipment in the micro-pullwinding module. In this setup, the line-scan camera is used to
evaluate the winding angle and the diameter of the product.
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Laser micrometer for diameter
measurement from 2 faces

Speed encoder for line speed
measurement

PU

Line-scan camera for
winding angle and
diameter evaluation
from 4 faces

15
Figure 2.9: Locations of in-line inspection equipment in the micro-pullwinding module

The line-scan camera module is designed to evaluate the whole circumference of the product.
In order to fulfil this task, the module is equipped with a mirror assembly that splits the camera
picture into four segments. The mirrors are arranged in a way that allows to inspect 90° of the
surface of the wire with each of these segments. The module uses two LED ring light sources
to illuminate the product for camera inspection. An alignment stage allows to adjust the focus
of the camera. The setup is depicted in Figure 2.10. More detailed information about the
developed inspection solution is presented in the public deliverable D9.2 Image acquisition
solution for FRP profiles.

Hardware implementation
Details of 360° camera inspection system

Alignment stage

© Fraunhofer IPT

Line-scan camera

Light sources

Mirrors
Speed encoder
Product
© Fraunhofer IPT

Figure 2.10: Line-scan camera module for in-line inspection developed by In-Core Systèmes
16
Another example of an implemented inspection system is shown in Figure 2.11.
These
components are installed in the printing module. While the hardware components are the
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same, the software in this setup is tailored to detect the position of the prints, to trigger the
printing process and to evaluate then print quality.

Line-scan camera for
print quality
evaluation from 4
faces

Laser micrometer for groove
detection from 2 faces

Figure 2.11: Locations of in-line inspection equipment in the printing module

2.1.3 Implementation of user interface? Confidential

6

The HMI was developed in D10.2 and implemented step by step. All available hardware
modules are implemented, including the pullwinding machine and the inspection system. The
HMI is running in the central control unit and provides an overview on all parameters and
modules of the Openmind process chain. It allows the operator to set the parameters during
production for the whole machine with one interface. In addition, each hardware module has
an individual HMI with its own visualisation for full control directly at the module.
The overall HMI is shown in Figure 2.12 with the overview on the pullwinding process. To give
the operator the best overview, the screen is split into three mayor parts. The first on the top
is the visualisation of the most relevant parameters, errors and mayor functionalities, which
are shown permanent. On the left side, the different modules are shown. By clicking on the
machine parts, the right screen changes to a detailed view of the chosen part of the process
chain. In Figure 2.12, the overview of the pullwinding process is shown as an example. This
screen includes more details of the actual status of the machine module.
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Figure 2.12: Overview on the HMI in running mode

2.2 Implementation of the software
2.2.1 IT-infrastructure
Two mayor influences define the framework of the IT-infrastructure. On the one hand, it is
defined in previous developments (D3.1) that every partner will use his own control unit to
control his part of the process chain. That has direct influence on the hardware interfaces,
which need to be available on the hardware side. These interfaces were defined in D3.1 next
to the software interfaces. The software for the central control unit (CCU) is also defined with
the needed interfaces to be able to implement all control units in the IT-infrastructure. OPC
UA was defined as the standard interface between the CCU and the control units of the
different modules. On the hardware level of the IT-infrastructure, a switch was implemented
to give the possibility to connect the different modules. This interface enables the ITinfrastructure to implement the different control units in one physical network. The CCU has
several functions next to the connection of the different control units. In general, the CCU was
defined at the beginning of the implementation phase (D10.1).
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Control level

Machine level

Figure 2.13: Implementation of the different levels

The second mayor influence on the IT-infrastructure, is the defined data flow, which is a result
of WP3. The data flow defines how the data should flow between the process model
(developed in WP8), the database (defined in WP3) and the process chain including the
control units. In this data flow, the CCU is the connector between the process chain on the
physical level and mayor parts of the digital part of the process. The CCU pre-processes data
for the database, the statistical process control and the process model. The dataflow is shown
in Figure 2.22 and the resulting overview of the IT-infrastructure in Figure 2.14.

Outlook: Implementation of automated data
evaluation system
Database Server
• Stores all process and metrology
data in common database
• Runs SPC software for quality
control

Central control unit
• The central control unit
provides data including
mean values, min values,
etc.

Process model
• Uses historical data
for learning process
• Trained model
predicts process
output

MicroPullwinding

Inpection
system

Control unit of pullwinding
 Provides measurements and
parameters of pullwinding
machine

Control PC for in-line
inspection systems
 Provides in-line
measurements (diameter…)

Control unit of other
manufacturing modules and
additional in-line inspection
systems

OPC UA

Network switch
OPC UA

 Central control unit collects and aggregates data from connected systems (manufacturing
Figure 2.14: IT-infrastructure implemented at the IPT shop-floor

modules, inspection units) via OPC UA

 Database server stores and analyses provided data from central control automatically and

2.2.2 Inspection software

generates alarms for operator if deviations occur
One
part ofprocess
the in-line
inspection
task isusing
to evaluate
thedata
database
generated
by the
inspection
 major
Self learning
model
can be trained
data from
for quality
prediction
27

14

D10.3 Operational Process Chain

Project No

680820

Date

31.03.18

Classification

PU

hardware. For the Openmind process a new software has been developed by In-Core
Systèmes. This software is especially tailored to the evaluation of the 360° images that are
generated by the line-scan camera modules (cf. Figure 2.10).

Test results with different fibres

The software can detect the diameter of the product, the winding angle, the position of laser
ablated areas for the prints and the position of the final print. The software can also be trained
to detect irregularities or defects in the picture. Figure 2.15 shows an example of a winding
angle detection with two different fibre setups.

 Results of winding angle detection:
110 dtex polyethylene roving

400 dtex aramid roving

Figure
2.15: Automatic
evaluation
for both
different
fibre setups
setups
 Winding
angle winding
can beangle
detected
with
fibre

The
software roving
uses thehas
multiple
images
of a section in
generated
by the 360° inspection to
 Aramid
better
processability
other manufacturing
calculate average values of the inspected for this section. The average values (+ min/max),
therefore
chosen
the processes,
number of defects
detectedaramid
and the is
number
of errors during evaluation are provided for
each 1 mm segment via the OPC UA server module of the software.

2.2.3 Implementation of data preparation
With the possibility to generate data inline, these data has to be transferred to the
19 other
software systems passing the CCU. To improve the quality control inline and the in the process
development, an statistical process control (SPC)software is used, as well as a process model
which transfers the mechanical characteristics into process parameters for the machine.
Therefore the CCU transfers the raw data into statistical data by calculating mean, standard
deviations, minimum and maximum values. This could be done with an aggregation of the
time or over the length. Due to the implementation of the speed encoders, the length of the
guidewire is measurable inline and the aggregation over the length was implemented. On the
HMI/GUI on the CCU, a button was implemented that allow the switching between lengthbased aggregation and time-based aggregation.
As defined in WP3 the length-based aggregation will be used for the SPC software and the
model. The CCU is used as the middleware, which transfers the measurements in the lengthbased format and provides this for the other software systems.

2.2.4 Statistical Process Control
The statistical process control (SPC) is one mayor part of the WP7. Regarding to ITinfrastructure, the SPC is implemented on the database server, which is connected to the
CCU. After the first demonstration of the SPC software chy.stat, the software was connected
to the CCU and receives data from there. One requirement for the implementation of the SPC
is preparation of the data, which need to be provided in mean values, standard deviations,
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minimum values and maximum values over the defined length. This functionality was
implemented into the CCU (See Chapter 2.2.3). The benefit in preparing the data in the CCU
is, that, independent from the input data, the output of the CCU is always the same. This is
needed because of the different data sources on the machine level.
Another important factor for the output data of the CCU is the standardization of the data
structure as well as the parameter naming. This standardization uses the AQDEF format,
which is used for every data exchange on the database level on the left side of Figure 2.13.
The standardization of the parameter naming was implemented in the CCU and the process
model.
K0100 2
K1001 operation
K2001/1 parameter_name
K2005/1 Class (2: Of sec. importance, 4: significant)
K2110/1 LSL
K2111/1 USL
K0001/1 parameter_value
K2001/2 relative_parameter_name
K2110/2 -1
K2111/2 1
K0001/2 relative_parameter_value
K0004/0 date, time
K0014/0 GW ID
K0053/0 order
K0054/0 brick
K0055/0 marking
K0056/0 overcoat
K0057/0 Length_Total
K0058/0 Length_Guide_Wire
K0059/0 ordered_count
K0060/0 finished_count
Figure 2.16: General structure of the AQDEF file
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Figure 2.17: Examples of the implemented parameters

Especially important for the SPC is the in WP3 developed brick structure, which is used to
define the different part of the guidewire. In most situations, the guidewire consists of three
different part. The first part, which is also the first brick, is the tip, which is e.g. less stiff then
the other parts of the guidewire. The second brick is a transition brick, which is the connection
between the tip and the shaft of the example guidewire. The transition is a result of the change
of the machine parameters, which are different between the tip and the shaft. The shaft, as
the third brick, is e.g. more stiff then the rest of the guidewire (cf. Figure 2.18).

Figure 2.18: Example guidewire consisting of three bricks

This brick structure is important to mention at this point because it is consequently
implemented in the SPC of the different guidewires. The SPC is done for the every brick to
control the quality of the guidewire.
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Figure 2.19: Example of implemented chy.stat

The main screen of the user interface (cf. Figure 2.19) shows the development of the
production in the different operations. The colour code distinguishes the individual guidewires.
On the right side, the actual (or the last known) value of the set key parameter for the operation
is displayed, together with the actual order identification, and the number of ordered / produced
guidewires.
The software SPCprocessLink and chy.stat were installed on the database server at the IPT.
That means that a functional SPCprocessLink installation is running, which is ready to transfer
the data from the CCU into AQDEF-formatted files. These files are than automatically
uploaded to the Oracle database running also on the database server. In addition, an open
source library, developed as part of the initiative, is available to support information system
architectures of Industrie 4.0 adopters. This library is used to read, write, create and
manipulate the AQDEF content generated and used within the Openmind project. The tool
can be found at https://github.com/diribet/aqdef-tools.
For the process control risk estimation, a bayesian network is used. As the production line is
designed in the way that it is very likely (and desirable) that characteristics produced at early
operation will influence the characteristics produced later, it is proposed to use a method that
would take this into account.

2.2.5 Process model
The mayor part of the process model development was done in WP8. With the provided
experimental data at the beginning of the project the first process models were build. In the
progress of the project, more data was generated by tests and simulations based on already
generated data with the target to build up a suitable data set to train the model. These
developments let to an executable model, which is able to predict the needed machine
parameters for the customer-required mechanical characteristics of the guidewire. The model
was tested on the database server and the CCU to get an impression of the processing load
of the two systems. The CCU is at full load, when the model is executed and the control
software is running, whereas the database server has around half of its processing power left,
when the model is executed. That means that the model is running on both systems, but
because of the importance of the CCU, which needs to perform without failure, the execution
of the model is done on the database server. The final implementation will follow after the
finalization of the model. In Chapter 2.2.5, the detailed implementation of the model is shown
along the dataflow scheme in Figure 2.22.
In

Figure

2.1,

the

implemented

HMI/GUI
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Figure 2.20: Interface to the Process Model implemented in the CCU HMI

Figure 2.21: Execution of the Process Model using the CCU HMI
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2.3 Example for individualised manufacturing process
This section gives an example of how the presented parts of the Openmind process chain are
used to produce an individualised guide wire. The basis for this process is the downstream
data flow shown in Figure 2.22. The process begins with the customer who wants to place an
order for an individualised product. The order is handled by the order management process
and stored in an order data base. If a sufficient number of orders is collected, a production
batch is composed and the process parameters for this batch are generated. The process
parameters can now be transferred to the CCU of the production chain. The CCU distributes
the parameters to the connected manufacturing stations and the product is produced.

Recent achievements in data flow interfaces
Overview: Concept from D3.3
The following figures show this process in a more detailed manner.

Customer
front-end

Hypothetical
production
order

back-end

Mock-up web shop

Overall control system
REST – API Communication?

Order
management

“brick” recipe
generator
Product
specification
(single)

middle ware

Process
DB

Order and
meta data DB
Product
specification
(batch)

Process Model
(IRIS)

Elements of process chain

Product
configuration

Order
finished
Process
parameters

Figure 2.22: Downstream data flow of the Openmind project

The first step of the ordering process is the configuration
Confidential of an individualised product. The
Openmind focuses on a minimally invasive guide wire a demonstrator product. During the
project a configuration tool has been developed. The description of the configuration tool is
content of deliverable D12.6 Implementation of exemplary ordering system, which is publicly
available via the web site. The configuration tool is online available on:
http://www.configurator-openmind.eu.
This tool can be used to create a product configuration. The dimension for the individualised
configuration are the length, the stiffness, the position and type of the markers and the position
and type of the coating. The configuration tool gives a graphical feedback during the
configuration (Figure 2.23, number 1). At the end of the configuration the configured properties
can be sent via email (Figure 2.23, number 2).
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Figure 2.23: Exemplary process - product configuration
Confidential

In the second step the product configuration from the email is exported into a text file (Figure
2.24, number 3). This text file can be imported in Excel using a VBA script. The script
decomposes the product configuration into the product specification. The product specification
is a list of elements that contain the features of the product (Figure 2.24, number 4). These
elements (“bricks”) are compatible with the data structure of the Openmind project and are
also used in the data base.
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Figure 2.25: Exemplary process - batch generation
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The bricks lists are saved in an order data base. If a sufficient number of products is collected
in the order DB, an Excel list for a production batch is generated (Figure 2.25, number 4b). A
second VBA script uses this production batch list to generate a batch file for the execution of
the process model (Figure 2.25, number 5).
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Figure 2.26: Exemplary process - model execution
Confidential

The batch file runs the model several times for each product (Figure 2.26, number 6) and
generates the process parameters for this production batch (Figure 2.26, number 7). The
process parameters can now be transferred to the CCU of the production line.
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3 Conclusions
3.1 Main achievements
Since the beginning of the project various hardware and software components have been
developed. Interfaces between the hardware and the software have been defined and
implemented. The available hardware components are:
–
–
–
–
–
–
–

Micro-Pullwinding system with OPC UA connection module
Laser winding ablation module with OPC UA connection module (not at IPT yet)
Marker printing module with OPC UA connection module (not at IPT yet)
Extrusion coating module with OPC UA connection module (not at IPT yet)
In-line inspection modules for different inspection tasks with OPC UA connection
module
Central Control Unit with OPC UA connections to process chain and data base server
Database server with OPC UA connection to CCU

The laser core ablation module is set up mechanically but is currently missing control
components that were destroyed during the first tests. The first operation of this module is
pending. The available and implemented software components are:
-

-

In-line inspection image evaluation software
OPC UA server software for in-line inspection modules
Control software with
o GUI for visualisation and parametrisation of manufacturing stations
o OPC UA client module for data exchange with process chain and in-line
inspection modules
o OPC UA server module for data exchange with data base server
o Interface to process model
Process model and SQL development environment for machine learning and process
parameter generation
SPC software installation for data aggregation, evaluation and data base access
SQL data base installation for data storage

3.2 Challenges
During the implementation phase several hardware defects caused delays in the finalisation
of the modules. The laser ablation module for the core treatment is still unavailable. This delay
caused further delays in the in-depth testing of downstream processes like printing and
coating. However, basic tests with these downstream processed could be executed. The
missing tests will be done in the final implementation phase of the project.
The limited test program also reduced the availability of real process data. For the process
model development a method was developed to generate additional simulated data based on
the available test results. Independent from the availability of real process data, the process
model could be implemented into the software structure and interfaces were tested.
The delays in the hardware development and had only minor effects on the software
developments. Based on the interfaces defined at prior stages in the project, the software
components were set up. A few final implementation steps like the connection testing with the
missing hardware modules are pending.

3.3 Outlook
The final phase of the implementation is also the final phase of the whole project. In the last 6
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months of the project all missing links to connect the hardware modules and software
components will be closed after the last missing machine components have arrived. The
optimisation of the whole system will be the main activity in the remaining time of the project.
The optimisation process includes adjustments in the hardware parts (e.g. guiding elements,
process parameters) as well as in the software parts (e.g. optimisation of image evaluation
algorithms, retraining and calibration of process model, optimisation of SPC visualisation). The
full implementation of the whole Openmind production system will be shown during the public
final workshop at the end of the project.
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