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1. Introduction

The on-going Fourth Industrial Revolution (IR4) is
fostering digitalization in all industry sectors. Cyber Physical 
Systems (CPS) combine physical world with digital control 
systems enabling bi-directional feedback loops [1]. Data 
exchange is a key feature of the CPS [2], making it elementary 
to have a proper access for reading and manipulating the
required data. In manufacturing industry this data is typically 

related to manufacturing equipment and processes [3]. The 
data from manufacturing processes is heterogenous as it can be 
collected from manufacturing information systems, equipment,
smart products and even from users.

Generally, Small and Medium Enterprises (SMEs) are 
lagging behind larger companies in digital transformation [4]
up to the point where the digital maturity of the SMEs can be 
too low to be addressed using standard I4.0 maturity models
[5]. Due to the SMEs’ remarkable role in building financial and 
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social welfare in society, it is essential to support their growth 
and proceeding on digitalization pathway. Previous studies 
clearly show that data can build a competitive edge for 
companies [6].

Typically, SMEs have their digital data spread across 
several separate IT-systems, making it hard and time 
consuming to utilize. Nagorny et al. (2020) have identified 
three main categories for reasons that make the selection and 
extraction of data so time consuming activity; Data chaos, 
Inefficient data understanding and selection and Time and 
resource consuming data extraction [7]. To support the SME’s 
development activities and investment decision making around 
the topic, open reference setups for benchmark are needed.

This paper introduces an approach for building a
lightweight, scalable, and affordable data acquisition testbed 
setup in the manufacturing industry context. The paper 
addresses the following research questions: 

1. What elements and sub-systems are needed to build a 
lightweight and scalable data acquisition testbed setup for
manufacturing industry, with multi-brand manufacturing 
equipment?

2. How does the developed architecture correspond to 
Reference Architecture Model Industrie 4.0 (RAMI 4.0)
framework model?

To address these research questions, a case-study research
work was conducted at the Tampere University of Applied 
Sciences (TAMK) FieldLab which is an Industry 4.0 testbed
environment. Based on the technology review and previous 
studies [8] a set of subsystems, architectures and protocols
were selected for building a pilot data pipeline. After 
implementing the system for selected manufacturing 
equipment, the performance of the data transfer was tested, and 
the results were compared to industrial requirements. Also, the 
pilot setup was analyzed to compare the solution with the 
RAMI 4.0 architecture. 

The paper is constructed as follows: Chapter two outlines
theoretical background by introducing some key technologies
and protocols for building the data acquisition elements of the 
data pipeline in industrial context. RAMI 4.0 framework is also 
briefly explained. Chapter three focuses on the research results 
and introduces the proposed solution. Testbed correspondence 
with the RAMI 4.0 framework model is analyzed there as well, 
and implementation environment TAMK FieldLab is 
described shortly. The paper is concluded with chapter four
focused on discussing the results and addressing future 
research topics.

2. Industry 4.0 Testbeds, protocols and technologies used 
in current studies

Universities and research institutes are currently 
implementing testbeds and pilot lines for the use of the 
industry. In practice, this means testing facilities that will
enable SMEs to familiarize themselves with emerging 
manufacturing technologies before investing to them. The 
usability of testbeds in prototyping small patch sizes,
prototyping [9] adaptation of new technologies in a 

reconfigurable pilot set up [10], technology scale-up [11]
piloting manufacturing processes such as binder jetting [12] or
product life-cycle management [13].

2.1. RAMI 4.0 and related technologies

Reference Architecture Model Industrie 4.0 (RAMI 4.0)
was introduced in 2015 to describe the interrelations of 
Industry 4.0 elements and to streamline their implementation
and communication around the topic [14]. Standard DIN 
SPEC 91345:2016-04 defines the model in detail. The core of 
the model is presented in three-dimensional illustration as 
shown in Figure 1. 

The vertical layers of RAMI 4.0 describe the ICT 
perspective of representing the I4.0 [15]. First horizontal axis 
expresses the product life-cycle states and the second shows
the hierarchy levels representing functional hierarchy of
connected objects based on IEC 62264, supplemented with 
levels “Connected World”, “Field Device” and “Product” [16]. 

Even though RAMI 4.0 can be seen as an tool for 

integrating different standards of automation [17] and a way to 
model wide smart supply chains [18], adoption of the model is 
typically only partial or otherwise limited [16]. Kirmse et al.
(2019) propose an agent-based information architecture 
model, covering six out of seven RAMI 4.0 layers. The lowest 
level, Asset, is excluded thus the model is focused on digital 
world, not on physical entities [19]. Schulte and Colombo
(2017) represent a migration process for upgrading a legacy 
industrial manufacturing device into a RAMI 4.0 compliant 
digitalized system. In their research validation showed positive 
outcomes, but further work was recognized around topics of 
interoperability and connectivity [20]. When evaluating 
architecture compliance with RAMI 4.0 model, the mapping 
of proposed sub-solutions and functionalities to RAMI
dimensions is important. Flatt et al. (2016) use visual 
illustration to represent the mapping of functionality and data
of their use case in RAMI 4.0 framework [21]. Visual 
representation of multi-dimensional system architecture is 
complex, but when realized successfully, it gives valuable 
insight about the system structure.

Figure 1: RAMI 4.0 framework. [14]
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Vertical and horizontal data flows are in the core of the 
Industry 4.0 concept. This requires standardized interfaces. 
Asset Administration Shell (AAS) is a digital representation of 
an Industry 4.0 asset, ensuring the interoperability between

applications [22]. Figure 2, adopted from [23], illustrates the 
AAS and its content. Several applications and case studies 
related to AAS can be found in resent papers [24-27]

Several technologies and protocols are available for 
implementing the data processes in RAMI 4.0 context. 
Currently, the most important protocol for Industrial Internet 
of Things (IIoT) applications and thus for RAMI 4.0 is OPC 
UA (OLE for Process Control Unified Architecture). It has 
achieved a status of de facto standard for IIoT communication 

protocol. It offers both “Client-Server” method as well as 
“Publish-Subscribe” method to execute the communication. 
OPC UA is also recommended by the German Industry 4.0 
agency. [28]

Message Queuing Telemetry Transport (MQTT) is a broker 
-based publish/subscribe (pub/sub) protocol for lightweight 
communication [29]. Its lightweight character makes it 
especially suitable for conditions and devices with limited 
resources like bandwidth or memory. Broker holds the data on 
behalf of the devices, releasing their limited resources [30].

Representational State Transfer (REST) is an architecture 
based on “Client-Server” method, and includes caching for 
storing frequently accessed data [31]. It uses HTTP protocol 
and is widely supported by web frameworks. 

3. Developed testbed solution utilizing RAMI 4.0 
framework

Tampere University of Applied Sciences has systematically 
developed its Industry 4.0 research, development and learning 
environment. Manufacturing devices in this laboratory, titled
TAMK FieldLab, formed the asset layer for the case study 
setup. It includes mobile robots, machining centers and
industrial robots, both traditional robots and collaborative 
robots. Architecture overview to the TAMK FieldLab Industry 
4.0 Testbed setup is presented in figure 3. Besides the 
manufacturing assets considered as “Stations” and “Work
Centers” in RAMI 4.0 model, some standalone sensors were 

Figure 2. Asset Administration Shell. (Adapted from [23])

Figure 3: TAMK FieldLab Industry 4.0 Testbed architecture
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also included in the setup. These correspond to “Field 
Devices” of the RAMI 4.0 model.

Some manufacturing assets of the setup are brand new with 
modern data interfaces like OPC UA or REST. Older legacy 
devices have very limited connectivity properties. The range 
in device ages and variety of available interfaces makes the 
setup similar to the typical situation in SME manufacturing
enterprises.

Several methods are used to transform the device-specific 
data from physical assets into common database. These 
include microcontroller and minicomputers (ESP32, Rasperry 
Pi 4), portable reconfigurable I/O boards (National 
Instruments MyRIO) as well as standard Windows PCs. OPC 
UA and MQTT are the main protocols used to transfer the data 
to the common database. The common database is built on 
PostgreSQL utilizing a custom-made FieldLab data model.
The database is running on a virtual machine on a cloud service 
hosted by the university. Customized gateway software is 
required to fit machine proprietary API (ARCL) with database 
API. Gateway is responsible for data polling from machine 
API and fitting the data for FieldLab data model. Both 
Windows and Linux virtual machines are used to run the 
gateway software.

Rest-API is used for taking data out from database to 
reference UI and for analyzing tools/applications. Currently 
main application for data utilization is reference user interface 
(UI) for data visualization, build with JavaScript React library. 
Several analysis tools are under development, e.g. for energy 
consumption monitoring and optimization.

Figure 4 illustrates how applied technologies and protocols
are mapped to RAMI 4.0 hierarchy levels and layers. To 
ensure readability of the image, only few assets and their 
related data pipelines are presented.

Several small-scale pilots were established to verify the 
functionality of the developed solution. These indicate that the
interfaces described in Figure 3 are functional and the 
proposed data pipelines can be utilized for data collection.
Omron LD90 mobile robot’s location data was collected 
through Omron’s ARCL interface and imported to the 
PostgreSQL database through the customized gateway. 

Location data was then visualized with reference user 
interface. ABB industrial robot (IRB 4600) was connected to 
PC running an ABB proprietary gateway software (ABB IoT 
Gateway) which delivered MQTT messages to a broker 
software for importing the data to PostgreSQL database.

To validate the solution’s suitability for future system 
performance tests, a simple MQTT trigger test was executed 
for the ABB IRB 4600 robot. Five time-based triggers (A-E) 
with different trigger intervals were logged, as well as one
software variable based trigger (R). Data in table 1 indicates
that variable based trigger is more unreliable in this setup and 
that differences in performance can be detected from the data 
generated from developed system.

Table 1. Initial MQTT trigger performance tests. (Modified from [32])

Trigger Trigger 
interval

Number 
of 
messages

Number 
of missed 
messages

Percentage 
of missed 
messages

A 00:00,110 19123 90 0.47%

B 00:00,100 21035 87 0.41%

C 00:00,120 17529 84 0.48%

D 00:00,130 16181 88 0.54%

E 00:00,140 15025 81 0.54%

R 00:00,320 6573 243 3.75%

4. Conclusions

This paper presents one relevant approach for building a 
lightweight and affordable testbed setup for Industry 4.0 data 
acquisition. The data pipeline is presented from the asset level 
up to business layer of RAMI 4.0 model [14]. The machinery 
fleet is well suited for the case study, since it has similar 
characteristics as typical manufacturing SMEs such as
machines with different ages and from several vendors with
different connectivity capabilities and protocols. The case 
study proves that selected technologies and protocols are 
applicable when building a testbed setup for Industry 4.0 data 
pipeline. Correspondence between the testbed architecture and 
RAMI 4.0 model is also described and visualized.

Even though the approach as such can be considered 
successful, some limitations can be identified. Mostly due to
pursuit for affordability and scalability, the setup ended having
several tailored software components. While addressing 
objectives important for future research work (like setup 
flexibility), it simultaneously expands the expertise required 
for maintaining and configuring the setup. This limits the 
potential to utilize the overall setup as a direct reference for
industrial applications see, for example, [33] for a method to 
use RAMI4.0 in a factory.

Asset Administration Shell (AAS) concept is only evolving 
in the setup and currently AASs are not implemented. Several 
tailored gateway software have some similar properties as 
AAS, but e.g. data model is not coherent. More research is 
needed to apply the AAS concept to the testbed.

Some performance tests were executed for the developed 
solution. They show that system can be utilized for evaluation 
of different data pipeline protocols and settings. ImportantFigure 4: Testbed mapping to RAMI 4.0 framework
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future research topic is performance evaluation of the testbed 
setup see, e.g. [34] for a setup for performance evaluation in 
I4.0 context. In current research, only very limited latency tests 
were executed, and results are only indicative. More 
comprehensive analysis about the quality, reliability and 
latency of the data transmission is required.

To address the forementioned deficiencies and to improve 
the testbed performance several future research topics are 
identified. Comprehensive performance tests will be carried 
out and reported, including comparison between data transport 
protocols. The testbed will also be expanded with some 
publicly available Fiware components. This enables 
comparison of different subsystem level solutions, supports 
data model development and AAS concept implementation as 
well as reduces the number of tailored software components.
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