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1 Abstract

In this paper, the concept and the prototype realization of a novel reconfigurable small-footprint
manufacturing system in a transportable container is presented. The containerized format enables
transportation of the system to provide on-site manufacturing, enabling the benefits of localized service
delivery without duplication of equipment at multiple locations.

Three industrial product use cases with varying manufacturing and performance requirements were
analyzed. All of the use cases demanded highly customized products with high quality in low production
volumes. Based on their requirements, a general system specification was derived and used to develop a
concept for the container-integrated factory.

A reconfigurable, modular manufacturing system is integral to the overall container concept. Production
equipment was integrated in the form of interchangeable process modules, which can be quickly
connected by standard utility supply and control interfaces. A modular and self-configuring control
system provides assisted production workflow programming, while a modular process chain combining
Additive Manufacturing, milling, precision assembly and cleaning processes has been developed.

A prototype of the container-integrated factory with reconfigurable process modules and control system
has been established, with full functionality and feasibility of the system demonstrated.

2 Introduction

Time is a valuable resource in the management of production processes and in this context its use needs
to be optimized. Production management methods such as lean manufacturing focus on the elimination
of time spent on non-value-added processes, whilst focusing on the performance of value added



processes [1]. Quick Response Manufacturing focuses on the optimization of lead times in order to
obtain a competitive advantage. If the principles are applied correctly, product quality and production
costs can be optimized and the competitiveness of the company can be improved [2].

Shipping often has a strong impact on total lead-time. It may take several days, often weeks, for a
product to arrive at its destination, especially to remote locations. If a product is shipped across
international borders, further delays may arise as a result of customs processing. In consequence, to
reduce lead times, shipping and customs processing times are subject for optimization. [3]

Lead times become particularly important with custom-made products as they typically cannot be pre-
produced and stored until demanded [2, 3]. This is particularly the case for many medical products, such
as orthotics, prosthetics or surgical aids. Especially for the latter case, the lead-time may be critical, e.g. if
a patient (resp. customer) is awaiting surgery.

One way to reduce shipping times is to move production closer to the customer. This way shipping times
and thus, lead times can be minimized.

In order to improve the lead times for custom products, this work aimed to realize a manufacturing
system that:

» can be rapidly (re-)configured,

> can be transported and set up at the location of need in a rapid and simple way

» can produce customized products close to the customer at the required quality whilst minimizing
lead times

To provide the desired mobility, the system must be compact and easily transportable it needs to be
integrated within a single enclosed unit. In addition, established vehicles should be able to transport the
system, therefore a standard container was selected as the production system platform.

As medical products were identified to have the highest requirements in the manufacturing portfolio
special focus was paid to the precise control of the process conditions, i.e. particulates, biological and
chemical contamination.

This paper describes how a comprehensive concept for a containerized mobile manufacturing system
was developed, physically realized and demonstrated.

2.1 Decentralized Production

Centralized production is replaced more and more by decentralized production and top-down methods
by bottom-up synthesis [4, 5]. The adoption of production networks and distributed production is
essential to the increase of competition and market globalization of manufacturing companies as well as
Small and Medium Enterprise [6]. Matt et al. describe several approaches to cope with the challenges
imposed by the changing production landscape [5]. Mobile, non-location-bound factories are identified
as possible approach to realize geographically distributed production networks [5]. Such mobile
production facilities require a high degree of flexibility in various dimensions, as well as the capability to
be reconfigured in order to adapt the flexibility corridor to the continuously changing requirements of
the market [5, 7].



The availability of such mobile production facilities allows the setup of geographically distributed
networks, connected and orchestrated by cloud services. These enable in turn cloud-based design of
products and local manufacturing [8]. In this context, distributed networks of additive manufacturing
facilities are discussed, with their high degree of process and design flexibility [9].

2.2 Reconfigurable Manufacturing Systems

A widely followed approach to rapid reconfiguration and continuous adaption are Reconfigurable
Manufacturing Systems (RMS) [10]. RMS are designed at the outset for rapid change in structure, as well
as in hardware and software components, in order to quickly adjust production capacity and
functionality within a part family in response to sudden changes in market or regulatory requirements
[10]. They are marked by three main characteristics namely dedicated flexibility, convertibility and
scalability, and three supporting characteristics such as modularity, integrability, and diagnosability) [11].

The successful implementation of RMS requires autonomous and intelligent components on different
granularity levels, which are to be accommodated within the formed superordinate system [12]. The
intelligent components need to be supervised and orchestrated in order to efficiently and reliably
achieve the system’s goals [13, 14]. Additionally the system needs to provide an appropriate level of
responsiveness in order react to changes from market, product and available resources [15, 16].

2.3 State-of-the-Art

Miniaturized factories can be classified principally into transportable and stationary systems. A
classification of transportable factories is provided by Fox, referring to three different types of moveable
factories. The first type comprises mobile factories fitted inside a van or mounted on the back of a truck.
A second type is mobile factories that can comprise one or several shipping container units. A third type
is moveable factories consisting of a number of volumetric elements significantly larger than a container.
(17]

Postawa et al. proposed a containerized concept with an integrated mini-factory for the production of
cocoa paste [18]. Um et al. developed a prototype 20’ container factory for the growth of plants and
vegetables [19]. Both systems are mounted on trucks, are therefore highly mobile and can be classified
to type I. The US Special Operations Command (SOCOM) have realized a container-integrated system to
create mobile workshops by integrating CNC machining and 3D laser-sintering systems into standard 20’
containers [20, 21] to produce spare parts in the field in order to reduce lead times [21]. This system may
serve as an example for a type Il system. An example for Type Ill system is a plant factory, consisting of a
number of connected containers, allowing for the farming of plant under controlled conditions [22].

Miniaturized production lines are also often described as Desktop Factories [23]. One example, the TUT
Microfactory is based on miniaturized production units (modules) for small products [24]. Each of the
modules is equipped with standard interfaces which can be combined in order to realize small
production lines. Miniaturized desktop factories have typically a small footprint, are reconfigurable and
could be principally integrated into a container. For example, Jackson et al. have proposed a concept for
a container-integrable manufacturing equipment [25].



In summary a number of containerized or mobile manufacturing solutions already exist. Also
miniaturized production systems are available. However, a comprehensive solution, integrating both
concepts and satisfying the prior determined requirements does not yet exist.

2.4 Motivation: Reduction of lead times for customized products

Typically, a product is manufactured at a central location. Once an order has been placed, the
customized product is engineered and manufactured. An opportunity existed to optimize these
processes and reduce lead times. Following manufacture, the produced part(s) are sent for delivery to
the customer, with shipping taking anywhere between several days to weeks to reach their destination.
Problems often also arise at border customs or when different service providers have to cooperate along
the supply chain

While standard products (not custom-made) may be stocked in number close to the location of need,
highly individual, customer-dependent customized products cannot be stocked locally prior to demand.

However, if manufacturing is performed within close proximity to the customer, packaging and shipping
can be better controlled, the distances travelled can be minimized and customs matters can be shifted
into the earlier phases of the value chain where time is less crucial (i.e. raw materials). A comparison of
both scenarios is shown in Figure 1.

Within a localized production scenario for example, a custom surgical aid may be manufactured close to
a hospital and becomes available within a couple of hours. Production of custom prosthetics or orthotics
often requires several fittings and adaptions. For example in the UK, it may often take several weeks and
multiple sessions until a patient’s orthosis is properly fitted. By moving the manufacturing system closer
to the customer, overall lead-time could be significantly reduced.

Centralized Production

Order Engi- Manu- Packaging and
Entry neering facturing Shipping

1-4 Days 3-14 Days
Decentralized Production
Order Engi- Manu- Packaging
Entry* neering* facturing and Shipping
1-4 Days 1-2 Days

*Order Management and Engineering may be handled centrally, while the
manufacturing is performed close to the customer

Figure 1: Envisaged lead time reduction by local production units

2.5 Objectives

The objective of this work was to realize a system that provides the capability to manufacture
customized products close to the point of need at the required time. To realize this, the system must be
easily transportable with minimal effort required for its relocation.



Rather than developing the system for a specific application, a high degree of adaptability was projected
and implemented. This corresponds to the definition of a flexible system realized by a reconfigurable,
modular production system. In order to cope with changing operational requirements that may exceed
the initial flexibility provided, the system should be designed to enable it to continuously evolve [26] or
facilitate a sufficient degree of changeability [27]. Once the system is deployed at a remote location, it
must provide the required infrastructure to perform the desired production processes. The process
conditions must remain within specified limits regardless of the location of operation. As the availability
of expert personnel at remote locations may be limited, the control of the equipment and the associated
software must be as user-friendly as possible and employ a high degree of automation and assistance.

A workflow for the engineering, pre-processing and manufacturing of customized parts is also required.
The workflow management system should also provide a user-friendly interface and a high degree of
automation.

The manufacturing processes are required to facilitate the production of customized products. These
processes should provide a high level of flexibility, while keeping a sufficient degree of reliability and
availability. In summary, the following properties were required:

> Rapid configuration and deployment

» Easy transportation to the point of need

> Reliable operation at remote locations

» Production of highly individualized products

The opportunities enabled by future factory features (localization, adaptation, and customization) will
also allow the implementation of a consumer-centric business model in a decentralized supply chain
[28]. While a transportable and reconfigurable production system would allow the local availability of a
manufacturer’s portfolio, the conventional business model of ‘the producer produces for the consumer’
will be progressed. As such, the consumer may take over the production activities of the manufacturer
for customization purposes. The idea of a consumer acting as a producer has previously been highlighted
by Alvin Toffler in 1980 [28, 29] suggesting, that ‘prosumers’ become more important while industrial
countries transform from the Industrial Age to the Information Age. Nowadays, the term ‘prosumer’ is
widely used for energy harvesting, consuming and suppling owners of renewable energy systems [30]. In
the context of this work, the presumption relates to involving individuals within the design and
production of goods that they consume locally [31, 32].

To address these challenges within the new production system, cyber-physical components will enable
the reconfigurability and usability of the system, therefore maturing the general concept into a cyber-
physical production system (CPPS). CPPSs can be seen as the continued development of the fractal
factory [33]. In short, the fractal factory is defined by several production fractals in which independent
manufacturing units communicate with each other allowing flexible workflows [34, 35]. CPPSs combine
the features of Human-Machine-Interaction, Machine-to-Machine (M2M) communication, connectivity
onto platforms and digital services and decentralized decision-making for production purposes [36].
Among others, the key features of CPPSs are the economic manufacturing of customized products,
comprehensive process optimization across locations, increased responsiveness and truly individual work
piece-related monitoring and documentation. Therefore, the following objectives were established:



» Areconfigurable process chain using interchangeable process modules

» A unified mechanical, electrical and informational platform for simplified transportation and
installation

» A Human-Machine-Interface suitable for prosumer interaction

» Self-describing equipment for background process configuration, monitoring and documentation

3 Materials and Methods

3.1 Approach

The development phase was split into three stages starting with a comprehensive analysis of the three
use cases. Thereafter, the most significant and important requirements as well as the most challenging
features for the manufacturing processes were combined to generate a common production scenario.
These requirements were used to design and configure the first mini-factory and its capabilities during
the development phase.

For the conception of the mobile manufacturing system, a top-down approach was selected as shown in
Figure 2.

Use Case Requirements Analysis
| UC1: Surgical Aids || UC2: Orthotics || UC3: Indiv. Gripper |
A 4

| Generic Product Demonstrator |

.

Conception of a Container Mini-Factory

| Conception of a Container Mini-Factory |
A 4

| Elaboration of the Individual Subsystem Concepts |

.

Realisation of a Demonstration System
| Design and Set-up of a Demonstration System |

b 4

| Use Case Validation |

Figure 2: Methodological Approach

The conception of a container-integrated production system and the elaboration of the individual sub-
systems followed analysis of the system requirements. Within this stage, the task was to align the
individual processing needs with the limited space by planning and drafting a common platform for the
production system. The single sub-systems include the processing equipment along with the media
infrastructure, the equipment for a defined environment, the mechanical platform as well as a holistic
control system and a user-machine interface.



Finally, realization and demonstration focused on the detail design of all sub-systems and their setup.
The configuration and installation of all components for the demonstration container was finished
before testing validated the production system by manufacturing customized parts.

3.2 Use Case Requirement Analysis

An analysis of the three representative use case scenarios was performed. These comprised of
manufacturing of custom surgical products, customized orthotics and customized industrial gripping
systems. An overview of the use case requirements is presented in Figure 3.

Within all three use cases an opportunity existed to minimize lead times significantly. The required
production volumes ranged between 5 units and 20 units daily for all use cases., which corresponds to
low volumes according to the classification by Thoben [37]. All three products required high levels of
individualization, particularly regarding the three-dimensional shape of the products. For the medical use
cases, product quality was critical and needed to be controlled. Process conditions have the potential to
affect the function of the product in all three cases and therefore also need to be controlled. A “track-
and-trace” of the whole process was required for all use cases. Operation of the process equipment by
prior trained personnel was also necessary. The system was required to be suitable for all three use
cases, as well as future use cases that may impose similar manufacturing requirements.

Use Case
Requirements*

(1) Surgical Products  (2) Orthotics (3) Individual Grippers

Volumes Low Low Low } Low volumes
Individuality High High Medium > Highly individual
Product Quality Critical High High > Product quality critical
Process Conditions Critical Medium High (Critical) > Process F?ndltlons
critical
Track & Trace Critical Required Required } Track & Trace required
Operator |  Skilled Worker Skilled Worker Skilled Worker > Operatx)onrll::rskllled

System suitable for all
=>Highest V
requirements LIS .

=>» All three use cases must be principally realizable with the same system

* Requirements were compiled for a running production, not for a demonstration system. Therefore due to restricted ressources, not all requirements may be fully realized within demonstration
Figure 3: Use Case Analysis

A demonstration part was developed that combined the most important features of all three use cases.
Measuring 62.5mm x 47.5mm x 20mm, it was established to incorporate a series of design and
engineering features within a single component - as shown in Figure 4.



Feature Five - Blind Hole
Pricted: 3 e dia x 34 men
CNC.miling: opened to 6 mm da

Compound Curves
Cleamng: To demonstrate the use and
wibsequent removal of support material

10 manuacture complex grometries

CNC-milleg: Finishing cut 10 enhance surface propetes

Feature Four - Through-hole

Printed: 38 mm dia Features One and Two
CNC Miled: Mole opened to 4 o mm dha Printed” Assembly pockets for

demanstrating fissert and pressng
function. Sexe: 30 x 102 35 mm

Feature Three - Through: hole
Printed. 5.8 mm diameter
CNC Milerd. Mole opened to 6.0 mm dia

Tuxt

Removable identification tab for
Internal tracking. Text printed
with 0.5 mm offset. Text printed
on part to demonstrate possibiity.

Figure 4: Integrating all use case requirements: demonstration custom part

The primary feature of the demonstration component is its compound curved surface. Its inclusion
aimed to demonstrate the 3D printing of appropriate complex forms encountered in customized
products; especially medical devices design to fit human anatomy. The test piece would also require
support structures during its manufacture enabling testing of support materials and their subsequent
removal. Features 1 and 2 as shown include two 10 x 10 x 15 mm pockets to examine the inserting,
pressing and encapsulation that might be used in assembly processes. The demonstrator component
also features two through-holes on the curved surface as indicated by features 3 and 4 as well as a blind
hole as indicated by feature 5. These features were intended to examine how 3D printed features could
be finished to specification using CNC-milling. A further feature of the demonstration component is a
breakable identification tab. The purpose of this tab is to track the manufactured component through
the production processes. It can be easily removed prior to final packaging. This tag can feature 3D
printed text.

4 Conception of the container-integrated production system

To find a suitable production process for integration within the containerized mini-factory, state of the
art planning systems and production modes were assessed in relation to defined boundaries. The
classification of the container-integrated production system assisted in the alignment of subsystems
during the development of a common platform.

The conception of the container architecture began with its classification according to known production
systems found in the literature. Although a new production system is envisaged, the classification of the



system helped to align the subsystems and to focus on the most critical parts of the reconfigurable and
mobile mini-production facility. It was important to consider the general structure of today's production
planning and control systems when setting the boundaries of the system. Figure 5 depicts the general
process flow of a standard production system and explains the theory of the envisaged containerized
mini-production system.

“The container

Production Program produces
Planning something”
% ¥ “The container
[ Materials produces a certain
a requirements amount with ?vailable
s planning (MRP) input
o
£ ¥ “The container is able
5| schetung an e
capacity plannin .
q:) pacity p 9 timeframe”
0 ¥
O
“The container is
Production control producing and is
v reporting”

Figure 5: Production planning and control system theory.

The container-integrated production concept addresses a dedicated task for each planning step in the
course of its general process flow. As a result, the boundaries of the considered production system are
clearly derived in the next step of the system’s conceptual design. The assignment of functions of the
subsystems and the obligatory scope of the production system in the context of this project are outlined.

Customer orders

Production Program > Upload to system,
Planning CAD/CAM conversion, generation of the
' “Set of Commands”= initiation of job
LGS > Part list and lot size
requirements planning Consumption, assembly parts, lot size 1
(MRP)
\/

L ime an i lignmen
===p  Process module states, lot processing
time, maintenance cycles

Scheduling and
capacity planning

¥
) )
Production control ==
HMI, Workflow-Mgt. and Quality Mgt.

Figure 6: Steps of the production and the corresponding system boundaries.

The production program is represented by the instant request of required parts by the prosumer. Focus
was then paid to technical realization via the container-integrated production system. Customer orders
are uploaded and are converted into a machine processable language, called a “Set of Commands”. This
initiates the overall production, the job is launched and the mini-production system can be technically
prepared. State of the art production planning software can be attached externally.



Material planning is the responsibility of the individual process module providers. Automated material
order or other autonomous raw materials and consumables management was deemed out of scope at
this first instance. However, material stock with respect to the production ability is required within the
system. As an example, when a production job is launched there has to be sufficient material stock
within each production phase. Therefore, each process module is required to calculate its own
consumption rates for guaranteeing sufficient operating supplies.

Scheduling and capacity planning takes the individual job processing times as well as production system
capacities into account. For the container production, scheduling and capacity planning is subject to the
process module capabilities and the percentage of manual work is dependent on the produced parts.
General lead times are defined by the specific use case requirements. Maintenance cycles for the system
will be executed regularly, while process module maintenance may be required more often, such as the
restocking of materials.

Production control in the container mini-factory and its objects are represented by the Human Machine
Interface (HMI), the Workflow-Manager and the quality assurance functions. The production control
integrates the subsystems into one production system. Therefore, the visualisation of the total system,
the visualisation of the processing modules, the process initiation of the individual processing modules
and the data capture of significant key figures for quality traceability are the most important functions of
the production control. Sensitive prosumer guidance for the user-container interaction is also covered by
the production control system. For the system concept, the classification towards a labour-intensive
production or an equipment intensive production is balanced due to the fact the characteristic depends
on how the achieved flexibility of the mini-factory could be utilized. This comes along with the
classification of the production flow method: in-line production is less flexible but more efficient, while
shop production has a flexible but a more inefficient production flow. Following consideration of the use
case requirements, it was concluded that the realized manufacturing system should be capable of
producing multiple parts at once but with a high level of customization. As a consequence, the
production is single-item focused but with several similar parts - also known as batch production. Within
this concept, this only applies for the Additive Manufacturing process module. Any further processing
inside the mini-production will be single-part operated. The circumstance of a changing lot size within
the production flow requires part buffering (centralized in the container/decentralized in the process
modules). Alternatively, the disrupted continuity of the lot size will likely require the separation of parts
following the Additive Manufacturing process when multiple objects could be generated in one process.
Such separation was considered as a manual step, where the user/operator will need to interact with the
machine.

Single-item production, the high flexibility within the process chain and the manual interaction in the
production process flow are characteristics of the mini-factory concept. Therefore, the considered type
of production is the “shop fabrication” as documented in in Table 1.



Table 1: Type of production according to the system’s features.

Related feature S!nop- Ba.tch- In-'Ime.
fabrication fabrication fabrication

High product diversity ++ + -
Small lot size ++ + -
Automated part transfer between processes - - ++
Similar products in average lot size + ++ -
Use Case “Surgical Aids” ++ + -
Use Case “Orthotics” ++ + -
Use Case “Individual Gripper” ++ + -
Fast material flow adaptation ++ + -
Independence of production steps + + -

As previously highlighted, the intended container production system concept is based on a top-down
approach. An overview of the system and its elements is presented in Figure 7.

The housing structure is provided by a technical container. A 20’ or comparable type container was
designated as a reference for the system; the principal concept may however be adapted to other
dimensions. The purpose of the container is to provide the infrastructure necessary to operate the
integrated production equipment. Depending on the product (e.g. medical products) and the
requirements of the production process, the environmental conditions need to be controlled and
documented. A cleanliness concept was therefore an inherent part of the system. This allows for the
adaption of process conditions according to principle “just as much as necessary”. Control of the process
conditions comprises primarily of temperature, humidity and particle contamination but it may be
extended to further parameters such as biological or chemical contamination, as well as the
documentation of the system’s condition during processing.

Reconfigurable and transportable container-integrated production system

Modular
Unified platform Production Process Modules HMIS&ng:]trOI
System y
» Technical » Standardized » Reference * Plug & Produce
container design based on process chain, Control System
* Electrical, reference model including PMs * Human Machine
network and * Installation for: Interface
media through side »AM » Automated Pre-
infrastructure walls > Milling Processing
* Reconfigurable, » Adaptable »Precision * Quality tracking
modular transfer system Assembly * Remote access
architecture » Standardized »Cleaning
» Control of complex » Sterilisation
process interface

conditions

Figure 7: Overview of the system concept elements

The production system inside the container is based on a truly modular architecture. To mount the
process equipment in the form of process modules (PM), the container provides a number of
mechatronic receptacles with standardized interfaces.



For the realization of the PMs, reference designs and thorough interface specifications were established.
For the realization of highly customized medical products, a novel process chain was proposed, which
comprises AM (3D Printing), CNC Milling, Precision Assembly, Inspection and Cleaning processes.
However, depending on the envisaged service, a different set of process modules may be integrated. The
production control system and human-machine-interface (HMI) supports the operator in the control and
production of the customized parts.

The HMI also allows access to the production system via the Main Control including the workflow
manager and the equipment’s controls. Direct access to the HMI within the container is available via a
front panel and there is also the facility to safely access the HMI from a remote location. The control
system’s components together support a “plug & produce” practice and configures the production
system in an automated way. Processing of the individual geometrical models to machine readable
manufacturing language is performed automatically via back-end software in pre-processing modules.

4.1 Reconfigurability

The container and the manufacturing system need to comply with the requirements identified for all
four phases of the system’s deployment. Additionally reuse and reconfiguration need to be considered.

Within the configuration phase the implementation of process equipment and eventually a transfer
system has been performed. Therefore, the container system needs to be able to house and to
mechanically support the changeable production equipment and to provide the infrastructure to operate
it.

To facilitate the reconfiguration of the system, a modular production system was considered. Therefore,
distinct production processes are provided in the form of process modules (PM). In this context, a
process module is an autonomous production unit that provides a distinct manufacturing process [10,
38].

The overall container provides the slots/sockets for a number of PMs. Each slot provides a mechatronic
supply connector that provides a safe energy supply, links to the safety circuit and connection to the
container control system [38].

Consequently, to provide the supply for the production equipment, a suitable infrastructure within the
container was required. This infrastructure comprises electrical and fluid circuits, as well as network
infrastructure and servers for the deployment of software and control services. To operate the
container, an external supply with electrical energy and other utilities, as well as network access is
required.

The operation of many production processes, typically in the semiconductor or the medical industries,
require the control of the manufacturing environmental conditions. This typically comprises of
temperature and humidity, but also particle contamination or chemical or biological contaminants in the
air. In order to control these factors, an air conditioning and filtration system was established as part of
the container concept matching the I1SO 14644 class 6 cleanroom specifications.



A schematic of the container design is shown in Figure 8. The dimensions are approximately based on
the dimensions of a 20’ container. However, due to regulations for working rooms, the container has a
minimum internal height of 2300 mm. As an essential infrastructure component, the control cabinet
housing the front panel, a server cabinet and an air conditioning system were located to one side of the
container for convenient access.

The PMs can be installed within any of the six process module slots. A PM occupies at least one and may
occupy up to all six slots. Each slot is equipped with a standard media supply interface. Six individual wall
elements cover the slot area and they can be removed for the installation and retraction of the various
PMs.

Depending on the production process and the desired throughput, a manual or automated transfer
system may be beneficial. Thus, within the outlined concept, space for an automated transfer system
directly in front of the process modules was reserved.

Based on the conceptual design, different configurations can be realized. Figure 9 shows three
representative container configurations.

Sample Configuration 1: In this scenario, four PMs with different widths are installed. No transfer system
is installed, which allows a free transfer between each PM. This set-up provides a relatively low
throughput, but high flexibility. This scenario is particularly suitable for cases where the cycle times of
the installed processes do not match or where a high degree of flexibility is required (e.g. shop-style
production).

Sample Configuration 2: In this scenario, six PMs with identical widths are installed. Additionally, an
automated transfer system is integrated. While the transportation system impairs flexibility, throughput
is significantly higher than in the first example. Cycle times of the processes within this configuration
should be approximately matched.

Sample Configuration 3: Instead of using all the PM slots, some space may be used to install an area
within the container for purposes other than manufacturing. For example, a sales room could be
installed within the container to complement the manufacturing activities enabling products to be
manufactured immediately on location and on demand.
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Figure 8: Container and modular manufacturing system
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Figure 9: Representative container configurations

4.2 Modular Control System

As a part of the container production system, the concept of a self-adapting control system has been
developed. Two motivations exist for not embedding sophisticated control intelligence such as CNC or
PLC directly within the PMs: the cost reduction for the individual module and no necessity for a powerful
control system (for example where the module has no complex capabilities such as part handling). As
such, different levels of the PM's granularity can be implemented in the same production system. To
enable a broad pool of PMs by different process owners and to enable them to provide their
manufacturing service independently in any of the production systems an independent configuration
mode is proposed based on self-describing PMs. Thus, the system allows performing a self-configuration
of the installed modules and their capabilities. Self-adapting features and modularity of control systems
have been widely researched for different applications [39-42]. Yet there has been no solution presented
in the literature that combines heterogeneous processes (like additive manufacturing, precision



assembly, cleaning, milling and sterilization) in such a compact way as required for this container-based
production system.

In order to speed up the development process of a certain control configuration and to allow the
development without the availability of the process hardware, a virtual commissioning approach was
pursued. In this case the software I1SG-virtuos was applied. Using graphical (CAD) and behavioral models
(PLC programs) of the system, a virtual simulation can be performed. Furthermore, with the control
hardware available, a hardware-in-the-loop simulation allows to test the control system beforehand.
This approach allows a significant reduction of development and commissioning times, and reduces the
dependence onto the physical availability of the process hardware. The automated control system
configuration and the virtual commissioning approach within this project have been described in detail
by Scheifele et al. [39, 40].

As illustrated in Figure 10, the modular control system is separated into single components that are
connected via a communication system to allow a service-oriented architecture (SOA) based
communication for production requests and real-time (RT) communication for hardware control tasks.
The central component of the system architecture is the ‘Main Control’, consisting of the ‘Workflow
Manager’ (WFM) and the ‘Configuration Manager’, which presents the production system to outside
systems (e.g. an ERP-system or e-commerce applications) and receives the product order supplied by the
non-skilled operator of the HMI. Figure 10 illustrates the related components communicating within and
around the Main Control System (MCS).
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The production capabilities of the MCS are defined by the installed PMs. Each PM contributes one or
more production services, e.g. additive manufacturing, CNC milling, part assembly, cleaning and
sterilization. The WFM handles the distribution of the production recipes based on the offered services
of the PMs and establishes a suitable workflow spanning the required services of the process chain
leading to the manufacture of the final product. The operation information (e.g. G-code strings) is
obtained by a product-process-compiling back-end CAD/CAM system. Through the self-description



capability of each PM and automated workflow generation, rearrangement of the production line is also
feasible for non-skilled operators.

In general, a PM consists of a mechanic and kinematic structure, the inputs and outputs (I/0) for the
sensors and actuators, as well as drive amplifiers (Drives). To configure the modules, the WFM asks the
Configuration Manager to read each PM's Configuration and Information Memory (CIMory) while
communicating during the configuration phase. The WFM itself has an interface to the Configuration
Manager, which handles the configuration to set up each module's SOA service list and to compile the
array of applicable workflows.

Concerning the management of the self-configuring control system, two types of PM are considered: The
first type has a built in control system that is configured on delivery to the container and requires a high
performance control system. The second type relies on a central control system. If, however, a PM does
not have its own integrated control system, the CIMory provides this information to the Configuration
Manager, which in turn uses the Central Control System (CCS) to implement a separate, software-based
real-time control system for that particular PM. Two motivations exist for not embedding sophisticated
control intelligence such as CNC or PLC directly within the PMs: cost reduction of the individual module
or no necessity for a powerful control system (for example where the module has no complex
capabilities such as part handling).

Once the PMs and the CCS-based control systems are in place, SOA communication between the WFM
and each control system is established. The required information about the offered services is again
obtained from the CIMory of each respective PM. Thus, this modular control system allows any common
process owner to offer their production service inside the container-integrated mini-factory by using the
container’s unified process APl and the equipment individual CIMory.

The operation of a distributed control system may lead to errors on different levels. Error resolution in
distributed control systems is typically more complex than in central control systems. To ensure a
reliable function at a remote location, the implementation of monitoring and diagnostic functionality is
indicated. Odrey et al. propose the introduction of additional mediation and recovery functionality
throughout the different hierarchy levels of the control system, enabling the capability of detecting
errors and of resolving them [44]. Error detection and recovery may thus be additionally implemented to
the proposed concept.

In order to be able to optimize the process performance, minimize, to track important process variables
and to ensure conformity to standards, it is necessary to obtain data from different hierarchy levels. The
obtained values may then be used for further calculations or control loops. For example, key
performance indicators (KPIs) may be determined. The necessary variables and interfaces on all
hierarchy levels are principally accessible, but are not available in a central database. The modeling of
the system in the database could be performed for example with the IDEF model based on the method
proposed by Hernandez-Matias [45].



4.3 Human-Machine Interface

The HMI of the container mini-factory serves as a front desk between the user and the production
system. Independent of the user’s authority level, the operator is able to upload the product
information, configure it, set properties of the workflow and monitor the whole system. The HMI
provides a number of different functions by access to the several sub-systems, including:

» Status of the system and the individual PMs

» Order management and execution

» Selection, configuration and preparation of workflows
» Access and control of process equipment

» Access to quality tracking data and protocol

A schematic of the HMI system concept is depicted in Figure 11.
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Figure 11: Concept of the prosumers’ interaction via the HMI

The technical concept consists of a client-server architecture. For the client, a web client provides the
operator with a usable graphical guidance that has high responsiveness and allows easy interaction,
independently of the configured process chain. This client is then connected to a back-end server that
provides the required information services to the client. The back-end server provides a database for
storing data related not only to its internal operation but also to any required information regarding the
whole system. As such, the state of the container infrastructure and the individual PMs is monitored and
the capabilities of the connected sub-systems are validated.

There are two distinct paths of information between the HMI and the Main Control and two different
tasks are associated to implement standard operating procedures:

» The controls and the data management require reliable communication channels for requested
data and issued commands. Mainly directing from the HMI to the registered PMs.

> The event coordination needs a communication channel as close to real time as possible for
sensitive and urgent information (e.g. critical machine status/alarm). Mainly directing from

processes and inspection devices to HMI for a call to action and reporting.



These abstract communication channels are also represented between the back-end server and the
Workflow Manager, which allows all the required information to be collected and treated before
reaching the user. There are three separate communication channels drafted for control, data and
events management.

The back-end server of the HMI also provides access to external network services in order to use them
for specific tasks, in a way similar to a plugin system, thus keeping the HMI modular and open to new
additions and extensions.

Besides the communicating function, the most important task of the HMI is to report the proceedings of
the production and to assign the responsibility of the manufactured product features. Especially certified
process modules (e.g. ISO, GxP or NEMA conformity, etc.) will need to report its legitimacy to the HMI
following the completion of the manufacturing process chain.

4.4 Module Development and Process Chain

A reconfigurable modular architecture was established to facilitate flexibility within the manufacturing
process chain depending on the requirements of its operator. Within the established flexible mini-factory
process chain, the five process modules included:

1. Additive Manufacturing (3D Printing)

2. CNC-Milling
3. Assembly
4. Cleaning

5. Sterilization

A range of Additive Manufacturing (AM) processes were initially explored for integration within the
CassaMobile containerized manufacturing environment including Stereolithography, Laser Sintering, 3D
Jetting, Material Extrusion (ME), and Powder Bed 3D Printing processes. Following identification of the
physical constraints of the AM process module, and a series of established industrial requirements, the
most suitable AM process for integration was that of Material Extrusion. The developed AM process
module featured:

e Abuild area of 240 x 240mm within a heated chamber to assist in homogenizing environmental
build temperatures.

e A dual print nozzle system for the deposition of build material appropriate for use in medical
grade and FDA approved materials for end use components, as well as associated support
material.

e The ability to manufacture components with a minimum tensile strength of 45 MPA and 20 MPA
in the weakest direction.

e Anintegrated cooling system to keep critical module components such as stepper motors and
inspection apparatus within optimal operating temperatures.



As part of the AM process module, an in-process monitoring system was developed and integrated to
detect and alert the system operator to identified errors within the build process — highly important for
the traceability of safety critical and end-use medical components. The complete AM module is shown
within Figure 12 (left).

Coolmg cabinet and Aefarmsce Image Captursd Imaga
materials supply

— Maodule 1

User control panel

Build and inspection

chamber
Inspeciios Bathngs Inspactian Bl
sl urer " PASS
woaseH o

Electrical cabinets s o ) L

[rr— hrma " L ]

= L
Standardised Module

Platform ——=

] | | omn|

Figure 12: Additive Manufacturing module (left) and visual inspection interface (right)

To facilitate visual in-process inspection activities, the developed system featured:

e Aseries of four ProPhotonix Lotus line lights positioned around the circumference of the AM
build area to illuminate features for process inspection, and encased within a water-cooled
lighting enclosure.

e Basler acA2040-um camera with Kowa LM12HC lens fixed at a location centrally above the build
platform at a height of 206mm from the top printed layer, and encased within a water-cooled
camera enclosure.

A dedicated in-process monitoring software solution was also developed and integrated within the wider
CassaMobile control system, as shown within Figure 12 (right). The developed solution utilized cross-
section PNG images generated from the original CAD file of a part intended for manufacture at a range of
heights dictated by the system operator or traceability requirements. Images were then taken by the
inspection system at the user specified heights during the AM build process, and compared against their
respective cross-section PNG file generated using the original CAD data. Any detected errors beyond
specification alert the system operator, with all captured images are stored for traceability and GMP
requirements. The complete AM module was fully integrated within the wider CassaMobile control
system for the preparation and monitoring of components throughout their manufacturing process.

The developed CassaMobile CNC-milling module featured a working envelope of 251 x 261 x 350mm,
controlled using a Beckhoff control system, and was directly connected to the central CassaMobile
control system for process monitoring purposes. Using a classical 5-axis concept, the established process
module featured spindle speeds ranging between 5,000-20,000 rpm, an axis velocity of 5,000 mm/min,



and a machining accuracy of <0.1 mm. Following manufacture via the AM process, parts are transferred
to the CNC-Milling module and appropriately secured before performing a range of technical operations
including milling, drilling, grinding, and engraving across an array of materials including polymers and
metals. The developed CNC-milling module is presented within Figure 13.

Figure 13: CNC-Milling module (left) and Assembly module (right)

The assembly module, as shown in Figure 13 (right) has a working area of 230 x 250 x 450mm and
features a Jenny Science Linax LXC linear three axis positioning system with a repeatability of 2um per
axis and combined positioning repeatability of 3.46um. To satisfy the established project and industrial
requirements, the assembly module featured a range of installed tools and devices including pick and
place functionality, pressing functions, and dispensing capabilities.

These tools were integrated within the CassaMobile assembly module with a view to facilitate a range of
industrial requirements including the integration of electronic components within previously
manufactured articles. For example, the developed system’s pressing tool featured a combined gripper
and pressing device up to a force of 5N with a target accuracy of £0.05 mm. In addition, its dispensing
tool could be used to encapsulate electronics components such as RFID chips using a standard 3cc Luer-
Lock time-pressure dispenser. To facilitate the accurate placement of each tool within the assembly
module, an AVT Manta GigE 1600x1200px camera was installed vertically above the working area and
operated using Halcon 12 vision software. The complete assembly module was controlled via the
Beckhoff TwinCAT 3.1 soft PLC.



Parts manufactured via AM, CNC, and Assembly process modules require appropriate levels of cleaning,
relevant to their intended end-use environment. Cleaning operations may range from the removal of
support material and machining residue, to full product sterilization. To fulfil such requirements, an AT-
OS instrument cleaning device (model AWD655-8) was incorporated within the CassaMobile cleaning
module enabling alignment with 1ISO 10993 — as shown within Figure 14 (left).

Figure 14: Cleaning module (left) and sterilization module (right)

Pre-cleaning, main cleaning and post-cleaning activities can be be performed within this single device,
which was also integrated within the main CassaMobile central safety and control systems via USB and
RS232 interface connections. The established apparatus also enabled programmable and high levels of
traceability through the monitoring of process parameters such as temperatures, time and level of
detergent or cleaning media — a requirement for medical devices.

Medical components or implants that require sterilization and packaging according to ISO 11737 can also
be achieved through use of the developed CassaMobile Sterilization module. Parts can be sterilized
using the integrated Melag Vacuklav 24B+ Class B steam autoclave system which features a load capacity
of 22 litres — as shown within Figure 14 (right). Once cleaned, parts can be loaded for sterilization and
held at a temperature of 121°C for 20 minutes — with the monitoring and recording of all relevant
parameters such as temperature, time, and pressure to meet traceability requirements. Once sterilized,
parts are appropriately sealed using the integrated and validatable Melag MELAseal 200 device.

The proposed location of each process module and the flow of manufactured parts is shown within
Figure 15.
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Figure 15: Process module location and process flow featuring optional module

Within the process chain shown in Figure 15, an additively manufactured component is processed
through the CNC-milling, assembly, cleaning and optional sterilization modules prior to dispatch.
However, opportunities also exist for the process chain of manufactured components to be modified. For
example, following AM and CNC-milling operations, there may be no need for parts to enter the
assembly module and therefore can progress to the cleaning and sterilization phases. Alternatively, if
part sterilization is not required these modules could be replaced with multiple time intensive process
modules, as shown within Figure 16.

The use of a modular system provides a level of ‘future proofing’ where individual modules can be
updated or replaced with alternative technologies depending on the requirements of its operator.
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Figure 16: Process flow featuring multiple manufacturing modules

4.5 Cleanliness Concept

To avoid contamination with particles or other air-born contamination, an air filtration system was
established within the container concept. As cleanliness is a cost-factor, the measures are limited to
those necessary and not all that might be possible. Vertically above each PM slot, a fan-filter unit (FFU) is



fitted. Each of the FFUs can be adapted to the individual process and equipment in the process module
slot. Additionally, curtains may be fitted to separate areas with varying cleanliness levels/requirements.

Within the cleanliness concept, air circulates from the top of the process area, through the opposite side
wall of the container, over the ceiling, and back to the FFU - as shown within Figure 17. Additionally a
small portion of external fresh air is continuously fed into the system prior to the FFU.
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Figure 17: Air filtering concept enables ISO 14644 class 6 condition in process area
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To realize the cleanliness concept, a number of measures needed to be implemented either during
configuration or during operation of the production system [46], these include:

» PMs needed to be separated into zones with different cleanliness levels, by curtains or air locks

» Optimization of the air flow within the PM and transfer system (if applicable)

» Protection from contamination by special transport and storage boxes (if applicable)

> Recurrent training of personnel and determination of rules for personnel (e.g. clothing, shoes,
head and mouth covers, gloves, etc.) would be required.

» Continuous monitoring and documentation of relevant process conditions

The process equipment must comply with the set requirements in order to achieve the desired
cleanliness level. Particularly for higher cleanliness levels, optimization of the airflow, materials or
equipment (e.g. actuators) may be indicated. [47]

5 Demonstration System

5.1 Realization of the Prototype System

In order to demonstrate the feasibility and to validate the concept, a prototype of the container-
integrated production system has been realized. Figure 18 shows the configuration of the production
system (integration of PM) and the finished and enclosed container mini-factory.



Figure 18: Implementation of process modules and configuration of the container-integrated production

system

A welded steel frame supports the container for reinforcement purposes due to the interior installed
masses and the ‘weakened’ sidewall required for PM installation. The reinforcement is needed to
support the equipment during transport and operation as well as to reduce vibration during operation.

As described in the container and modular production system concept, the fully equipped control
cabinet and server cabinets were integrated at the front-end inside the container. Furthermore, the air
conditioning and filtration systems were installed and tested, successfully demonstrating cleanliness in
line with I1SO 14644-1 Class 6.

5.2 Realization and Integration of Process Modules

The first step towards the realization of the PMs was achieved by defining the available/required spaces
and interfaces. An L-shaped steel frame was defined as being the base frame to facilitate the integration
of single PM's within the container. An industrial mechatronic interface was defined to connect each PM
in the same way to the container’s media infrastructure.



Figure 19: Mock-up rendering of process modules inside container

In total, five prototype PMs have been realized, as defined by the proposed process chain. This
comprises one PM for AM, one for CNC milling, one for precise assembly operations, one cleaning
module and one for sterilization equipment. A mock-up presentation of the process modules is shown in
Figure 19. Additionally, an auxiliary process module for deionized water supply and drainage was setup
and integrated. An overview of these PMs integrated within the container is shown in Figure 20.

For the AM module, thermoplastic material extrusion (ME) was selected as the most suitable Additive
Manufacturing technique in relation to the prior determined requirements. The system has two print
heads and is thus able to manufacture structures out of two different materials. Typically, this is a
combination of a build material and a soluble support material. To assure the quality of the
manufactured parts, the build process and its results are continuously monitored by a bespoke in-
process machine-vision based inspection system.

The milling module is based on a 5-axis kinematic setup and has a working envelope of approximately
250 x 250 x 350 mm. The milling module was developed specifically for the processing of free-formed 3D
printed parts. Development initially started with a virtual model, which was then transferred into the
physical realization of the PM.

Precise assembly is provided by the assembly module. The system is based on a 4-axis gantry setup and
has a total repeatability of < 4 um. Using a manual tool exchange interface, the system can be equipped
with various tools and devices. For example, different grippers, dispensing systems or machine vision
systems are available as functional modules that can be easily mounted to the module.



The cleaning module allows for the removal of particles or other contaminants. It is realized by
integrating an industrial cleaning machine into the module. The wet cleaning process is also used for
support removal from AM components and the cleaning of all further parts.

The sterilization module integrates a steam based cleaning process and provides the equipment for
appropriate packaging of the cleaned goods, and completed components/parts.

Figure 20: Process module integration (left), installed process modules (middle), view of equipment front
and the operator’s corridor (right).

An automated transfer system (e.g. conveyor belts or work piece carrier system) can be easily integrated
within the established concept since the base plate level across the PMs working area are identical. The
operator’s corridor was considered to allow such implementation in the current configuration turning
the mini-factory into an almost fully automated production system.

5.3 Modular Control System and HMI

For demonstration, all software tools enabling an easy configuration of the overall CassaMobile
production system are run from the MainControl (MC). The MC is the central system of the container-
integrated production system. Its primary function is to orchestrate the individual PMs via the
ModuleViewer, which calls for the required specific input while offering each process module’s capability
via a recipe template. The following software tools are integrated and have been tested on the MC:

o The WorkflowManager (WFM)

e HMI/CAD-CAM backbone software
e ClMory

e ConfigManager

e Database for Workflows

e Container surveillance PLC



Figure 21: HMI workflow configuration panel
The network equipment consists primarily of the following hardware components:

e MainControl IPC
e VPN router for a worldwide easy and secured access to the productions system
e Access point for the use of mobile devices to support the prosumers

The HMI is a front desk application that is the multifunctional interface for all users of the production
system. All necessary parameters and production steps can be controlled and modified via the HMI, as
shown in Figure 21. The HMI software supports the user to reconfigure the manufacturing process flow.
A specific focus was placed on establishing a Build Processor (BP) framework, which has been broadened
to generate specific files for the PMs. A CAD/CAM converter tool was developed to provide the HMI and
MainControl with specific CAM data for the PMs. The installed quality control and tracking function
collects process parameters from the single PMs to create GMP- product documentation once the
process chain has been completed.

Communication between the HMI and the WFM is performed by a set of SOAP interfaces that expose
most of the WFM functionality so the WFM can be remotely controlled by the HMI. In the same way, the
workflow database can be accessed. Additional to the SOAP interfaces, a set of real-time bi-directionally
communicating channels were developed, implemented and tested in combination with the HMI
software. These real-time communication channels were implemented with Signal-R, which uses
permanently-opened web sockets to communicate data.

The integration of the HMI, CAD/CAM-backbone and MainControl was successfully realized and tested
Highlights of the demonstrated Modular Control System and HMI include:

o A self-configuring ‘plug & produce’ modular control system for an easy exchange and

reconfiguration of the process chain



e An easy to use human-machine interface which allows non-skilled operators (prosumers) the use
of the container-integrated production system
e Anintuitive process control and workflow management for high-quality products

e Quality control and monitoring functions for offline and in-process monitoring

5.4 System Evaluation

5.4.1 System Configuration

A module exchange was performed in order test the system configuration capabilities with the assembly
module. The mechanical exchange of process modules can be realized within less than one hour,
including re-establishing media and data connections. The configuration of the control system can be
performed in less than 10 minutes. If this is extrapolated to six process modules, a complete
reconfiguration can be realized in less than 8 hours, which corresponds to a typical working shift.

5.4.2 Process Configuration and Execution

A CAD model of the demonstration product was prepared and then uploaded to the HMI in STL format.
The process chain was then configured in the HMI to a 3D printing, milling, assembly and cleaning
process chain. G-Code for 3D printing, milling and assembly processes was generated automatically. The
process was initiated using the HMI. The complete process chain was successfully executed without
errors and all processes were performed within their specification limits. Transfer between the PM was
carried out manually and start signals to the control system were provided via the HMI. All process steps
were successfully documented using the track & trace software within the main control system. The
process flow of the manufacturing process is shown in Figure 22.
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Figure 22: Manufacturing process of demonstration product

The total process duration is 10,100s, which corresponds to 168min. The demonstration product can
therewith be realized rapidly with the proposed process chain.



5.4.3 Productivity and Unit Cost

Based on the experimental realization of the serial process, the system productivity was examined.
Cleaning and Sterilization are batch processes, while the other processes are serial processes. 3D printing
can also be planned and executed as a batch process. The process duration then increases proportionally
with the build volume. To calculate the throughput of the system the durations of the individual
processes were summed. This was performed for batch sizes between 1 and 128. The resulting
throughput is shown in Figure 23.
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Figure 23: Throughput for different batch sizes

As the calculation results indicate, the throughput can be significantly increased by batch processing. For
larger batch sizes (232) a throughput of 19 units per day can be achieved, which corresponds to the
required productivity.

With the productivity of the system known, a calculation of the unit cost was performed based on the
method by Lindemann et al. [48]. Aim of the calculation was to assess if the system can be operated in
an economically sustainable way. The method was slightly adapted to include the whole process chain
and not only the AM process.

Cauild = Crixed + R - Tauid (1)
Chauild Manufacturing cost for one unit in [€]

Crixed Fixed cost [€]

R Machine Hourly Rate [€/h]

Tauild Time required for the manufacturing process [h]

The machine hourly rate R was calculated by taking investment and subsequent depreciation,
maintenance, degree of utilization, labor cost and overhead into account. The fixed cost Ceixeq Was
calculated by taking the material costs and auxiliary material costs into account. Fixed costs were
calculated at Crixea = 1.13€. The hourly rate was calculated with R = 19.49€/h. Unit costs were determined
on the base of process durations for different batch sizes (Figure 24).
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Figure 24: Unit manufacturing cost for different batch sizes

As expected, the unit cost for serial processing is higher than for batch processing. With increasing batch
sizes, unit cost can be reduced by more than 50%. Still, each unit can be individual regarding its shape,
dimensions and assembly.

The calculated unit cost for the demonstrator part is acceptable for a low volume production and the
initial target products. The unit costs determined here are roughly in line with cost calculations of AM
processes found in the literature [49, 50], particularly when taking the additional cost from the container
system and extended process chain into account.

Based on the calculations of the throughput and the unit cost, the proposed system is considered as
comparable to existing Additive Manufacturing systems. According to Thomas and Gilbert a cost-
effective operation of Additive Manufacturing systems can be realized for small batches for both
centralized and distributed production scenarios [50]. In this context, the presented results indicate that
the proposed system can be principally operated in a cost-effective way. However, if the system can be
operated in a sustainable manner depends eventually on the application and the business case.

5.4.1 Business Model Considerations

The consumer-centric business model of the ‘factory on the go’ is based on the attributes ‘local
availability’ and ‘individual product’. The challenge in the development of such production systems —as
for every new system development - is given by its interfaces. As such, the scope was framed by the
assumption to have the required infrastructure for the supply of media and material available at the
place of installation. The research team was aware of creating a disruptive approach, which
requirements for supply may not fit into today’s supply chain structures. The future availability of digital
tools for planning and consumer-integrated manufacturing orders legitimated the supposition to
consider upstream and downstream business processes as steady factors for the business scenarios of
this production facility development.

The attractiveness of an itinerant production facility is supported by the value of reduced lead times and
reduced downstream logistic costs. While a strictly centralized organization has high coordination efforts
decentralized organization suffer from inefficiencies due to lower workloads. The developed system can
partly cover both disadvantages: the local supply of production services — self-configuring (‘organizing’)



and high utilization (‘efficiency’) due to customized products at the required location. Figure 25 depicts
the potential time savings by local installation to support existing productions and to create shortest
time-to-market channels.

Central availability Decentral availability
of customized goods using container-integrated production system
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Figure 25: Exemplary downstream time savings for customized good supply using the container-
integrated factory on the go.

Potential business models for local production of custom products have been recently discussed by Matt
et al. [5], Bogers et al. [28] and Piller et al. [51]. Strongly simplified, the business model must provide
either a gain or solve a problem for a specified set customer profile. Additionally the business must also
provide revenue, which is in this case achieved by selling the produced goods.

A potential value proposition for customers is the offering of custom high-quality components with low
lead times. In this case it is assumed to primarily focus onto industrial companies as customers. A sample
work-flow of a possible business process in presented in Figure 26. In a further assumption numerous
CassaMobile systems are placed at remote locations.

It is aimed to offer the product with an online platform, where the customer may configure or design his
product and may issue an order. This order is then processed centrally and the CassaMobile system
closest to the customer is selected. The order is then issued to the selected CassaMobile, where the
order is processed and the product is manufactured and then packaged. The finished product is then
delivered or shipped to the customer.

This is one example of a possible business model. Other models may for example realize benefits for the
customer by direct customer contact at the production container or by temporary leasing of
CassaMobile systems in order to augment locally available production capacities.



| Customer configures or designs product on online platform |

| Customer issues online order |
| Order is processed centrally and closest CassaMobile to customer is selected |
| Order is issued to selected CassaMobile |

| Product is manufactured and packaged in selected CassaMobile |

v

Figure 26: Possible business process work-flow

5.4.2 Reduction of Lead Times

As one of the main motivations of the proposed system is to reduce lead times of the ordered products,
a calculation of the reduction potential has been performed. Within the assessment, a representative
centralized scenario is compared to local production with a network of globally distributed CassaMobile
systems. The centralized production is assumed to take place in Stuttgart, Germany. Local production is
assumed to be performed in a catchment area of 50km, which corresponds to the extended area of a
large town (e.g. Stuttgart). The time required for order entry, engineering and manufacturing of the
produced good is assumed to be constant in all cases. Shipping time is assumed to be 6 hours for the
local production case. For the centralized production case, the shipping times have been obtained from a
representative parcel company [52]. The minimum and maximum lead times have been determined for
each continent. The results are presented in Figure 27.

As can be seen from Figure 27, a potential reduction of lead times is to be expected for all cases. Local
production would potentially be beneficial for countries with longer shipping times like e.g. Falkland
Islands (6d) or Australia (4d), as well as countries where customs take several days (e.g. Cuba (7d) or
Bolivia (5d)). Lead-time reduction potential is particularly beneficial for intercontinental orders.
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Figure 27: Lead times for central and local production scenarios per continent

Other advantages could be realized by the ability to rapidly respond to change. In cases where the
supplied parts are insufficient in quantity, incorrect or in need of modification the advantages of local
manufacture are emphasized and multiplied. The ability to arbitrarily alter batch size down (possibly to
as low as one) could also have a big impact on lead time when centralized supply imposes fixed minimum
batch sizes / order quantities.

5.4.3 Discussion

In Table 2, the fulfillment of the requirements is discussed. For a conclusive statement, further testing is
necessary. The results presented in this paper are however promising and indicate further testing,
preferably in an industrial environment.

Table 2: Fulfilment of requirements

Requirement Fulfilment

Rapid configuration and | Rapid mechanical and control configuration supported by holistic

deployment modular architecture. Rapid deployment demonstrated on prototype.

Easy transportation to the | Container format minimizes the preparation effort for transportation

point of need and can be easily transported throughout the world

Reliable operation at remote | The integration inside a container protects the system from outer

locations influences, as long the supply is provided. Remote controlled by WAN
interface is possible and enables continuous monitoring.

Low volumes (5-20units/d) System provides demanded throughput with applicable batch sizes




Highly individualized | Each product may be individual regarding shape, dimensions, materials

products and the components of the assembly due to AM processes and control
system

Product quality Established processes are used, AM process is equipped with in-line
monitoring system to detect defects in situ.

Process conditions critical Process condition controlled with sufficient cleanliness level, which can
be adapted according due to modular architecture.

Track & Trace required Track & Trace implemented in control software using commercial

software package

Operation by skilled worker | System was successfully tested by technical person after short
introduction.

System suitable for all three | Generic product demonstrator was successfully manufactured with

use cases respect to the required tolerances. Example parts for all regarded use
cases have been successfully manufactured.

Reduction of lead times Lead times can be substantially reduced by proposed approach,
particularly for international orders.

Unit cost Unit cost is slightly higher, but still comparable to central production

scenarios. With respect to the regarded use case, the system can be
operated in a cost-effective way.

In the following Table 3, the proposed system is compared against state of the art systems, according to
the prior determined criteria. Desktop or micro factory systems are stationary systems and are therefore
hardly moveable. Truck- or van-based system and container factories are moveable, but do not offer
reconfiguration functionality. Additionally, controlled process conditions are typically not integrated.
Moveable factories are principally full-blown factories, and can therefore be realized with all required
features. The size and necessary effort for the set-up is significantly higher, which impairs the
transportability. Controlled process conditions can be principally implemented in all regarded solutions.
The CassaMobile system integrates the reconfigurability from micro factories and combines it with the
advantages of mobile factory systems.

Table 3: Comparison of the proposed system against the state of the art
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6 Conclusions

A reconfigurable and transportable production system is proposed as a container-integrated solution for
the local production of highly customized products. The system provides the technical infrastructure for
an operator or a prosumer to self-configure the system and to produce highly individual products at the
right place and at the right time. For the first time, a reconfigurable and container-integrated
manufacturing system with cleanroom capabilities has been realized. In contrast to existing approaches,
e.g. the ‘Factory-in-the-box’ concept [25] or the mobile part hospital [21], a rapid exchange of process
equipment and flexible adaption of cleanliness levels is possible from both mechanical and control
systems.

A process chain is proposed, which combines an Additive Manufacturing process with CNC milling,
assembly and cleaning processes. This combination allows overcoming the limitations of the individual
processes, such as achievable precision or integration of functionality on customized parts. As a
consequence, novel products may be developed in an integrative manner due to reduced restrictions by
the production system and are to be specifically tailored to the process chain [53]. The processes and the
proposed process modules support the economical realization of a customized production in a just-in-
time scenario. Comparable process chains have been proposed before [54, 55], but the integration into a
transportable system has not been performed yet.

The process capabilities have been successfully demonstrated by a generic product demonstrator. A
batch of 10 customized products has been produced using the whole process chain to prove the
functionality of the entire production system and its affiliated sub-systems.

The local just-in-time production of individual products is particularly attractive for medical products.
Due to thorough regulations, seamless tracking and documentation of the processes used is required for
most medical products. This is supported by the quality tracking software as part of the container control
software.

Now that the prototype system is available, testing with further applications will be carried out.
Specifically, test runs for local just-in-time manufacturing of medical products will be continued to derive
optimized requirements for the commercialization of the container-integrated production system.

Furthermore, the applicability of current and future business models will be analyzed for the
optimization of the system’s services. Using the current system, new business models can be tested in
the field. As these are highly dependent on specific branches of products and services, further studies
will be required to identify the marketability of established products and the accompanied reengineering
needs for their remote and customized production.
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