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Abstract 

In today’s business environment, the trend towards more product variety and customization is unbroken. Due to this development, the need of 
agile and reconfigurable production systems emerged to cope with various products and product families. To design and optimize production
systems as well as to choose the optimal product matches, product analysis methods are needed. Indeed, most of the known methods aim to 
analyze a product or one product family on the physical level. Different product families, however, may differ largely in terms of the number and 
nature of components. This fact impedes an efficient comparison and choice of appropriate product family combinations for the production
system. A new methodology is proposed to analyze existing products in view of their functional and physical architecture. The aim is to cluster
these products in new assembly oriented product families for the optimization of existing assembly lines and the creation of future reconfigurable 
assembly systems. Based on Datum Flow Chain, the physical structure of the products is analyzed. Functional subassemblies are identified, and 
a functional analysis is performed. Moreover, a hybrid functional and physical architecture graph (HyFPAG) is the output which depicts the 
similarity between product families by providing design support to both, production system planners and product designers. An illustrative
example of a nail-clipper is used to explain the proposed methodology. An industrial case study on two product families of steering columns of 
thyssenkrupp Presta France is then carried out to give a first industrial evaluation of the proposed approach. 
© 2017 The Authors. Published by Elsevier B.V. 
Peer-review under responsibility of the scientific committee of the 28th CIRP Design Conference 2018. 

Keywords: Assembly; Design method; Family identification

1. Introduction 

Due to the fast development in the domain of 
communication and an ongoing trend of digitization and
digitalization, manufacturing enterprises are facing important
challenges in today’s market environments: a continuing
tendency towards reduction of product development times and
shortened product lifecycles. In addition, there is an increasing
demand of customization, being at the same time in a global 
competition with competitors all over the world. This trend, 
which is inducing the development from macro to micro 
markets, results in diminished lot sizes due to augmenting
product varieties (high-volume to low-volume production) [1]. 
To cope with this augmenting variety as well as to be able to
identify possible optimization potentials in the existing
production system, it is important to have a precise knowledge

of the product range and characteristics manufactured and/or 
assembled in this system. In this context, the main challenge in
modelling and analysis is now not only to cope with single 
products, a limited product range or existing product families,
but also to be able to analyze and to compare products to define
new product families. It can be observed that classical existing
product families are regrouped in function of clients or features.
However, assembly oriented product families are hardly to find. 

On the product family level, products differ mainly in two
main characteristics: (i) the number of components and (ii) the
type of components (e.g. mechanical, electrical, electronical). 

Classical methodologies considering mainly single products 
or solitary, already existing product families analyze the
product structure on a physical level (components level) which 
causes difficulties regarding an efficient definition and
comparison of different product families. Addressing this 
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Abstract 

Blockchain Technology has gained prominence since 2008 with trust, reliability, speed, and transparency becoming major 
advantages.  It has also been applied and researched within a multitude of industry applications ranging from manufacturing to 
financial transactions through to real estate.  In addition to Artificial Intelligence (AI) and Internet of Things (IoT), Distributed 
Ledger Technology (DLT) such as blockchain serves as the backbone to the Machine Economy, which is a relatively recent concept 
in which machines can communicate and exchange data with each other autonomously, allowing manufacturing companies to 
become more competitive. However, using blockchain for exchanging large volumes of data requires significant fees and energy 
due to its use of miners to validate transactions which is a barrier for manufacturing companies to implement. Directed Acyclic 
Graph (DAG), which is a different type of DLT is an example of an alternative to blockchain which aims to overcome most of the 
problems currently on the blockchain and promises to enable fee-less transactions with much lower power requirements than 
blockchain. In this paper, the authors explore the DLT aspect of the machine economy within the manufacturing context. Firstly, 
the enabling DLT technical attributes of the machine economy are analysed. This is followed by an evaluation of all DLT’s, 
focusing on the challenges and benefits of each alternative. Following on from this, a cross comparison of each DLT type is done 
which leads into a discussion and future directions to be drawn.  
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1. Introduction 

The fourth industrial revolution of evolving digitalization 
and smart connectivity has led to businesses discovering new 
ways of reducing costs and increasing performance. The 
manufacturing sector in most western economies is facing 
challenges from the Far East due to their lower cost of labor and 
along with the decline of manufacturing employment [4], this 
places an emphasis on newer ways to increase competitiveness 
and reduce costs through automation.  
 

The advancements made in Internet of Things (IoT) 
technology in which its total economic impact by 2025 is 
estimated to be $11.1 trillion per year [5], along with Artificial 

Intelligence (AI) and Distributed Ledger Technology(DLT), 
the attention in industry and research has shifted towards 
machine communication [6]. Machines are becoming smarter 
with the introduction of new emerging technologies, where they 
can communicate with each other, make decisions 
autonomously and conduct transactions with each other. This 
concept is termed as the “Machine Economy” and can be 
defined as “Smart, autonomous, networked and economically 
independent machines or devices that act as the participants, 
carrying on the necessary activities of production, distribution, 
and allocation with little to no human intervention” [7]. Trust, 
speed, transparency, and reliability of data are key ingredients 
within machine automation [8]. Contrasting with the current 
economy of centralization and intermediaries the Machine 
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the attention in industry and research has shifted towards 
machine communication [6]. Machines are becoming smarter 
with the introduction of new emerging technologies, where they 
can communicate with each other, make decisions 
autonomously and conduct transactions with each other. This 
concept is termed as the “Machine Economy” and can be 
defined as “Smart, autonomous, networked and economically 
independent machines or devices that act as the participants, 
carrying on the necessary activities of production, distribution, 
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speed, transparency, and reliability of data are key ingredients 
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economy of centralization and intermediaries the Machine 
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Economy aims for decentralization and autonomy for all its 
participants, without the need for human interference. This can 
be seen in a multitude of application areas such as 
manufacturing where machines in a factory can sell their 
services during downtime, communicate with other machines 
in the factory and self-maintain themselves by re-ordering spare 
parts, all without the need for human presence [9]. In the 
preceding example a machine is turned into an economic agent 
which facilitates microtransactions between other agents and 
entities to create a microservice ecosystem in which services 
become commoditized[10]. Hence, each machine will have its 
own identity, history and (bank) account to store digital tokens 
to pay for services e.g., replacement parts.  With automation 
becoming a key initiative within manufacturing production 
systems, factories will need machines to self-optimize and 
communicate with each other. This is further evidenced in a 
report by [9] where the Smart Manufacturing market is 
estimated to reach $480 billion by 2023. Other industry 
examples include smart cities and mobility [11, 12].  

 
Internet of Things (IoT), Distributed Ledger 

Technology(DLT) and Artificial Intelligence (AI) are seen as 
major pillars of the Machine Economy [6]. However, with the 
potential of millions of transactions occurring each second 
between machines, providing a platform for an efficient, safe, 
and fast communication system is needed. This is provided by 
DLT which acts as the backbone of the Machine Economy by 
facilitating interactions of machines.  Blockchain, the most 
prominent DLT type has been met with criticism over its high 
energy consumption, high fees involved during communication 
and lack of scalability [3]. Therefore, alternative DLT types 
must be explored to overcome these problems. In this paper, the 
authors analyze the DLT aspect of the Machine Economy by 
evaluating its enabling requirements along with cross 
comparison of alternative DLT’s.  

 
The remainder of this paper is organized as follows. In 

Section 2 the DLT requirements needed for the Machine 
Economy to function are presented. In Section 3, the different 
types of DLT in terms of their structure, strengths, and 
limitations are presented. This is followed by an overview of 
comparative results focusing on how DLT types compare 
against each in Section 4. Finally, in Section 5 a discussion and 
final conclusions are drawn presenting future directions.  

2.  DLT Requirements 

For the Machine Economy to prosper it requires the DLT to 
have the following key attributes of Scalability, Validation, 
Immutability, Interoperability, Security, Fees and Energy. 
These are further detailed below. This paper considers all 
attributes mentioned in publications pertaining to the machine 
economy [8, 10, 13].  

 
Scalability. Within the Machine Economy are potentially 

billions of transactions occurring each second and with the 
ever-increasing number of machines participating in the 
Machine Economy, the system must handle this load. In 
addition to the existing number of participants in the system, 
new machines will be entering the DLT system over time which 
requires the DLT to be scalable i.e., the transactions per second 
(TPS) to be constant or increase as the system size increases. 

When a new transaction needs to be added and validated onto 
the chain, the time taken to validate it also increases, which is 
a major bottleneck for new machines entering the 
ecosystem[8]. 

 
Validation. In a decentralized infrastructure with many 

independent machines exchanging data with each other, it is 
important that there are built in trust mechanisms within the 
system and have tamper-proof records of every transaction 
which allows immutability and ensures auditability. Validation 
of a transaction occurs differently depending on the DLT 
type[8].  

 
Interoperability. Each machine will have its own operating 

language and therefore the system must allow different 
machine systems to connect and interact with each other 
seamlessly, for data exchange to take place. This requires 
certain standards to be created within each specific industry 
e.g., manufacturing interface standard for machine 
equipment[8, 10]. 

 
Security. Data security is a major requirement of the system 

and protects the participants in the Machine Economy from 
cyber-attacks or attacks to software through viruses[8, 10].  

  
Fees. For a machine to participate in the Machine Economy 

by exchanging data, normally a fee is attached depending on 
the DLT. This is because validating a transaction requires 
powerful computers to solve complex mathematical problems 
and validate the transaction. The fee is also dependent on the 
network conditions at the time, data size that needs to be sent 
and received and gas energy consumed for that transaction[14]. 
The larger the data size and the higher number of machines 
sending data, the higher the fee involved. Hence, having a very 
low, if not feeless transaction is a key requirement for the 
Machine Economy[13].  

 
Energy. During the validation process in blockchain, miners 

need to solve a complex mathematical equation which requires 
huge energy resources therefore emitting large quantities of 
C02 emissions[15]. The lower the energy required during the 
validation process the more desirable. 

3. DLT Comparison 

This section will provide comparisons between different 
types of DLT in terms of the six technical attributes mentioned 
in section 2. The list of DLT’s analyzed in this section have 
been compiled through examination of all literature [3, 13, 16-
18] on cross comparison of DLT’s, not just pertaining to the 
machine economy.  

3.1. Blockchain 

Blockchain technology has gained great significance since 
2011[19] and was initially used as the technology behind peer-
to-peer(P2P) cash systems and ever since its greatest use case 
has been in the world of cryptocurrencies. There are many 
platforms that use blockchain technology. Bitcoin is the most 
prominent example, however Ethereum and Hyperledger 
Fabric are other major examples. Hyperledger Fabric though is 
a private blockchain [3] which is a problem for machine 
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communication as preferably the platform must be public 
allowing many other machines to enter and participate.  

3.1.1. Structure 

To understand how a data transaction is sent and stored on 
the blockchain, the ledger is explained below in the context of 
the machine economy and can be seen in Figure 1. 

1. Firstly, data is to be sent from machine A to machine B. 
2. A block which represents that data transaction is created. 
3. A copy of the data transaction is then sent to every 

machine (node) in the blockchain network. 
4. Every machine then must validate the data transaction. 

which involves solving complex algorithms, in a process 
labelled “mining”. 

5. The machines then receive their “fees” for validating the 
transaction. 

6. Once the validation has occurred the “block” is then 
added to the existing blockchain. 

7. This update in the blockchain is then sent to every 
machine in the network and data transaction is complete. 

8. The data transaction is complete. 

3.1.2 Limitations 

Scalability. Blockchain has an inherent problem in that 
whenever a new “block” is created as seen in Figure 1. This 
limits the transactions per second (TPS) even further meaning 
that as more “blocks” are created more and more machines in 
the network must verify and validate the transaction which 
leads to a slowdown in the number of transactions that can 
occur each second. Different blockchain platforms have 
different TPS rates. Bitcoin has the lowest rate of 7 TPS, 
whereas Ethereum is more than double with 15 TPS [20]. 
Hyperledger Fabric though can achieve much higher scalability 
with 3000 TPS [21].  

 
Interoperability. Currently no universal standard exists and 

the interoperability landscape is immature for business use 
[22].  

 
Energy Usage. Per transaction it is estimated that during 

validation with Bitcoin, the C02 emissions is estimated to be 
451.6kg[23]. With Ethereum though this value is nearly four 
times lower with 126.4kg per transaction [24]. This is still a 
relatively high value with potentially millions of data 
transactions occurring each second between machines. With 

Hyperledger Fabric being a private blockchain it will have 
much lower energy usage per transaction; however, it cannot 
be seen as a feasible alternative due to its private setting. 

 
Fees.  If a data transaction is needed to be completed very 

quickly, this can involve a higher fee during the validation 
process as “miners” receive a reward/fee for using powerful 
computers to solve complex mathematical problems and 
validate the transaction. The fee is dependent on the network 
conditions at the time and data size that needs to be sent and 
received. The larger the data size and the more machines 
sending data, the higher the fee involved for the machine 
sending and receiving data. This is a big barrier for potential 
participants to be involved in the Machine Economy. In Section 
3.2 an alternative DLT called DAG is presented. 

 
3.2 Directed Acyclic Graph (DAG) 

 
Directed Acyclic Graph (DAG) is a different type of DLT 

which has recently gained prominence as a major alternative to 
blockchain due its superiority in scalability, fees, and energy 
consumption. The IOTA foundation, which uses DAG for 
developing machine-to-machine communication, uses the 
DAG data structure as seen in Figure and rebranded it to “The 
Tangle”[25] which was proposed as an alternative to 
blockchain. The structure and the unique features of DAG are 
explained below. 

3.2.1. Structure 

When a new data transaction needs to be added onto the 
network it first needs to approve two previous transactions 
before it can be added. For example, in Figure  Transaction 5 
needs to approve Transactions 2 and 3 before it can be added. 
Transaction 6 is called a tip as it is not approved yet and each 
incoming transaction must choose two tips to approve. In 
comparison to the blockchain structure, DAG offers multiple 
sites for attaching a new transaction whereas in blockchain only 
one site is offered for attaching a new “block” which is 
commonly known as the “blockchain bottleneck” [14].  

 
3.2.2. Unique Features 

Scalability. DAG overcomes this issue as it offers multiple 
sites for attaching new transactions as seen in Figure . This 
effectively allows the DAG network to achieve much higher 
scalability [26] and TPS speeds when more participants join the 
network, which is ideal for fast machine-to-machine 
communication.  

 
Energy. DAG does not need the use of miners to validate 

transactions nor require heavy calculations hence is much more 
environmentally friendly than blockchain [27]. 

Figure 2-DAG Structure [1] 

Figure 1-How Blockchain Transaction Works  
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Fees. There are no miners in the validation process hence 

there is no need for fees to pay for manufacturers or machines. 
In the following section the Hashgraph data structure and its 
unique features is presented. 

3.3. Hashgraph 
3.3.1. Structure 

In order to validate a new transaction into the Hashgraph, 
the network participant is obliged to share all information 
relating to transaction with multiple randomly selected nodes 
in the network using “gossip” protocol [28]. The nodes which 
have received that information will then share the information 
with other randomly selected nodes and ultimately after some 
time all nodes will receive this information and validation of 
that transaction will be completed with the help of “virtual 
voting” protocol which can be further explained in [29]. The 
structure of Hashgraph can be seen in Figure 3. With energy 
per transaction related to whether miners are involved, as 
Hashgraph does not use miners the energy used per transaction 
is 0.00017 kwh [30]which is very low.  

3.3.2 Unique Features 
 
Virtual Voting. Each participant in the network has a copy 

of the Hashgraph ledger containing the full history of all 
transactions that have occurred and therefore no participant 
must send their vote to other participants in the network. This 
occurs because each participant will know how the other 
participants will vote as they all have a copy of the same ledger, 
which helps to achieve validation much more effectively [3]. 

 
Scalability. Hashgraph has high scalability and TPS as it 

uses “gossip-about-gossip protocol meaning it randomly 
selects another participant and sends the message with any 
conditions [17]. The TPS rate however varies in literature with 
100,000 in [17], >200,000 in [3] and >250,000 in [16]. 
However even if the actual TPS is at the lower end of 100,000 
,this still represents a huge increase compared to blockchain 
which has a TPS range from 3-20 TPS [3]. The focus in the 
next following section will focus is on Sidechain DLT type. 

 
3.4 Sidechain 
3.4.1. Structure 
 

Sidechain uses the same structure as blockchain however its 
novelty lies in that it can combine multiple blockchains which 
can overcome existing limitations of a single blockchain of 
security, privacy, and scalability. The mechanics of validating 

data transactions and storing data is the same as blockchain. In 
Figure 4 the architecture of Sidechain is presented. 

3.4.2. Unique Features 
 

Scalability. Within blockchain as the number of participants 
grows, the TPS rate decreases.  Therefore to counter this 
limitation the Sidechain structure of dividing the main 
blockchain into segments means any validation that needs to be 
done is done locally rather than globally [17].  

 
Security. Privacy of data is increased as the Sidechain 

configuration of sub-networks creates private channels and 
constraints on who can access the data. 

 
Even though Sidechain has been identified as a blockchain 

alternative, we cannot yet consider this as an effective 
alternative. This is because in relation to scalability, nothing is 
mentioned in current literature on how local validations of 
transactions in the blockchain segments can produce a global 
consensus system for validating all data transaction. In the next 
section the Holochain DLT is presented.  

3.5.  Holochain 
3.5.1. Structure 

Within Holochain every participant on the network has their 
own ledger which they maintain. In this way there is no global 
validation process, however the network has a set of rules 
called “DNA” which verifies each individual ledger for 
validation. Figure 5 shows the overall architecture of 
Holochain. 

 
3.5.2. Unique Features 

 
Scalability. As previously described, each participant will 

hold their own ledger and will have the freedom to operate 
autonomously and data that is shared from them will be 
distributed through different locations in the world [31]. This 
makes the network low risk of over loading when new 
participants join the network and hence the network becomes 
highly scalable and in theory limitless scalability [16]. 
 

There is limited literature related to Holochain, especially 
within the context of the machine economy as it is one of the 

Figure 3-Hashgraph Data Structure [3] 

Figure 5- Holochain Structure [2] 

Figure 4-Sidechain Structure [2]. 
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least mature DLT’s [16] . as it is Holochain has been presented 
as a DLT which supports social coherence [2], in which groups 
who want to collaborate and co-ordinate together by sharing 
data can do in a reliable and scalable manner. However as seen 
Table 1, it does have features which makes it a suitable option 
for the Machine Economy. In the next section the identified 
DLT’s are compared and discussed. 

 
4. Comparison  

 
Each DLT included in Table 1 has its pros and cons. 

Blockchain and Sidechain are made up of the same data 
structure. Therefore, the analysis is also very similar when 
compared with each other barring minor differences in 
scalability. Within Blockchain there are other platforms 
alongside Bitcoin as mentioned in section 3.1. However, 
Hyperledger Fabric cannot be considered as a solution as it 
works only on a private network, forbidding new machines 
entering the network which is a significant limitation in the 
context of the machine economy.   

 
Scalability: In terms of solving the “blockchain bottleneck” of 
scalability, DAG, Hashgraph and Holochain can be viewed as 
solutions with DAG having multiple attachment sites for new 
transactions whereas Hashgraph uses the “gossip” protocol 
meaning much quicker validation of transactions. The TPS rate 
for Hashgraph varies when analyzing current literature. 
However, it is much greater than Blockchain, Sidechain and 
DAG [13]. Holochain does have the highest theoretical 
scalability, however no experiment has been done to confirm 
the theory. 

Table 1-DLT Overall Comparison 

Technical 
Criteria 

Blockc
hain 

DAG Hashg
raph 

SideCh
ain 

Holoc
hain 

 

Scalability 
(TPS) 

Low (4-
28) 

Medi
um 
(800-
1000) 

High 
(150,00
0 to 
>250,0
00) 

Low 
(Simila
r to 
blockc
hain) 

High 
(Limitl
ess) 

 

Interoper
ability 

Mediu
m 

Low Low Low Low  

Energy 
Consumpt
ion 

High  
(885 
kwh) 

Low 
(0.00
011 
kwh) 

Low 
(0.0001
7 Khw) 

High 
(885 
kwh) 

Low  

Security High High High High High  
Fees Yes No No Yes -   
Validation 
Time 

Order 
of 
minutes 

Order 
of 
secon
ds 

Order 
of 
Second
s 

Order 
of 
minute
s 

Order 
of 
minute
s 

 

Platforms Bitcoin, 
Ethereu
m, 
Hyperle
dger 
Fabric 

IOT
A 

Hedera Monax Holoc
hain 

 

Interoperability. As stated in section 3.1, Blockchain which 
is the most mature DLT type currently has no universal 
standard and interoperability is still immature for business use. 

The alternative DLT’s are therefore still at a very early stage of 
creating any standards for industrial use.  
 

Energy Consumption. As seen in Section 3.1, blockchain 
has the highest energy consumption even if Ethereum is 
considered alongside Bitcoin. In literature, “energy 
consumption” in relation to Holochain is not frequently 
mentioned.  However, using the inference of scalability being 
linked to energy consumption, it can be assumed it has low if 
not zero energy consumption. As seen in Table 1, IOTA uses 
the least amount of energy (0.00011kwh) per transaction [32] 
and Hashgraph is also not far off with 0.00017kwh [30]. 
Sidechain is composed of multiple blockchains; hence energy 
usage will be similar.  

 
Security. All DLT’s analyzed in Table 1 have very high 

security features. For Blockchain and SideChain, an attacker 
must attain 51% or more of the total mining power to prevent 
new data transactions from occurring which is very difficult to 
achieve. With Hashgraph all participants are known before, and 
the network is not open for non-registered participants [13] 
resulting in lower chance of attack.  

 
Fees. Blockchain and SideChain will have high fees as they 

are both made of the same data structure. Hashgraph and DAG 
exhibit no fees as no “mining” is needed to validate the data 
transactions in the network. Not much information is given 
within literature on whether Holochain exhibits fees during 
validation.  

 
Validation Time. Validation Time is indirectly linked 

scalability TPS, so the higher the TPS the quicker it takes to 
validate a transaction. In a study done by [20] Blockchain 
validation time ranges from 10 minutes (Bitcoin) to 0.25 
minutes on Ethereum. DAG on the other hand has instant 
validation due to no mining involved. As seen in section 3.3.1 
Hashgraph uses virtual voting protocol, where all nodes 
validate themselves resulting in very quick validation times.  
 

Platforms. DAG has recently been adopted by the IOTA 
foundation, who have rebranded it as “The Tangle” in 2017[25] 
and are mainly at the experimental stage currently, with IOTA 
forming partnerships with Jaguar Land Rover (JLR)[33], Dell 
[34]  and many others [35]  to develop and test the Tangle 
framework. Hashgraph along with Holochain are the least 
mature DLT with both being introduced in 2018 by Hedera and 
the Holochain foundation respectively. However, Hedera has 
also built partnerships with major firms such as Boeing, IBM, 
Tata and major educational establishments e.g. University 
College London (UCL) and London School of Economics 
(LSE) [30].   
 
5.Discussion and Conclusion 

With product customization becoming increasingly 
important and governments and manufacturing businesses 
pushing towards developing “greener” solutions[36], 
manufacturers must react quickly to satisfy customer demands 
which places an emphasis on reducing costs and lead times 
through machine automation. As DLT is assumed to be a vital 
component in developing the Machine Economy, the impact on 
manufacturing, along with the enabling technical requirements 
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are stated. This is followed by an in-depth analysis on 
alternative DLT’s that can overcome the limitations that 
Blockchain currently has.  
 

IOTA and Hashgraph have been presented as the most 
promising alternatives for the Machine Economy due to their 
very low energy and cost requirements as well as very high 
scalability allowing a greater number of machines to join the 
network. IOTA, in particular is one of seven DLT companies 
chosen by the European Union (EU) to participate in the 
European Blockchain Services Infrastructure's (EBSI) project 
due to its energy efficiency and feeless transactions [37].The 
problem with IOTA, Hashgraph and Holochain is that they are 
mostly in the experimental phases of developing test 
programmes with governmental and private agencies. This test 
period is likely to take a few years before being implemented 
on a global scale due to the problems discussed in this paper.  

 
Over the next 5-10 years it is envisaged that many more 

partnerships will be created between private and public 
(governmental) entities. For the Machine Economy to prosper 
in manufacturing, governments will have to collaborate with 
manufacturing industries in setting standards for different 
DLTs to operate together as it may not just be a single DLT 
type that will fully become the backbone of a global Machine 
Economy.  

CRediT author statement 
Mohammed Khan: Conceptualization, Investigation, Writing 
- Original Draft, Writing - Review & Editing. Dirk Schaefer: 
Writing - Review & Editing, Supervision. Jelena 
Milisavljevic-Syed: Writing - Review & Editing, Supervision 

Acknowledgements 
The authors would like to acknowledge support from EPSRC. 

References 

[1] IOTA. 2018. Available from: https://blog.iota.org/the-tangle-an-
illustrated-introduction-4d5eae6fe8d4/. 
[2] Turland C. Holochain Overview Github: Github; 2018 [Available from: 
https://github.com/Holochain/holochain-proto/wiki. 
[3] El Ioini N, Pahl C. A Review of Distributed Ledger Technologies.  On the 
Move to Meaningful Internet Systems OTM 2018 Conferences2018. 
[4] Telegraph T. The future of manufacturing. The Telegraph; 2022. 
[5] Chui MM, James. By 2025, Internet of things applications could have $11 
trillion impact. Mckinsey Global Institute; 2015. 
[6] Jöhnk J, Albrecht T, Arnold L, Guggenberger T, Lämmermann L, 
Schweizer A, et al. The Rise of the Machines: Conceptualizing the Machine 
Economy.  Twenty-fifth Pacific Asia Conference on Information Systems; 
Dubai, UAE2021. 
[7] FRANKENFIELD J. M2M Economy Investopedia2021 [Available from: 
https://www.investopedia.com/terms/m/m2m-economy.asp. 
[8] Schweizer A, Knoll P, Urbach N, von der Gracht H, Hardjono T. To What 
Extent Will Blockchain Drive the Machine Economy? Perspectives From a 
Prospective Study. IEEE Transactions on Engineering Management. 2020:1-
15. 
[9] AG NBT. Trends Shaping the Machine Economy. Next Big Thing AG; 
2020. 
[10] Lage O. Blockchain: From Industry 4.0 to the Machine Economy. 
Blockchain and Distributed Ledger Technology (DLT)2019. 
[11] Morenne B. Machines That Shop for Themselves Promise to Save Time 

and Money2021. Available from: https://www.wsj.com/articles/machines-
that-shop-for-themselves-promise-to-save-time-and-money-11617807664. 
[12] Rover JL. ON THE MONEY: EARN AS YOU DRIVE WITH JAGUAR 
LAND ROVER Jaguar Land Rover2019 [Available from: 
https://www.jaguarlandrover.com/news/2019/04/money-earn-you-drive-
jaguar-land-rover. 
[13] Zivic N, Ruland C, Sassmannshausen J. Distributed Ledger 
Technologies for M2M Communications2019. 301-6 p. 
[14] Pervez H, Muneeb M, Irfan M, Haq I. A Comparative Analysis of DAG-
Based Blockchain Architectures.  12th International Conference on Open 
Source Systems and Technologies (ICOSST)2018. p. 27-34. 
[15] Bitcoin consumes 'more electricity than Argentina' [press release]. 2021. 
[16] Arun RS, M; Rishma,Shabina. Comparing BlockChain with other 
Cryptographic  Technologies (DAG, Hashgraph, Holochain). International 
Journal of Computer Engineering in Research Trends. 2020;7(4). 
[17] Akhtar Z. From Blockchain to Hashgraph: Distributed Ledger 
Technologies in the Wild. International Conference on Electrical, Electronics 
and Computer Engineering (UPCON)2019. p. 1-6. 
[18] Raschendorfer A, Mörzinger B, Steinberger E, Pelzmann P, Oswald R, 
Stadler M, et al. On IOTA as a potential enabler for an M2M economy in 
manufacturing. Procedia CIRP. 2019;79:379-84. 
[19] De Best R. Number of Blockchain wallet users worldwide from 
November 2011 to November 22, 2021. In: Blockchain.com, editor. 
Statista2021. 
[20] Hosseini Bamakan SM, Motavali A, Babaei A. A survey of blockchain 
consensus algorithms performance evaluation criteria. Expert Syst Appl. 
2020;154:113385. 
[21] Jyothilakshmi KB, Robins V, Mahesh AS, editors. A Comparative 
Analysis Between Hyperledger Fabric and Ethereum in Medical Sector: A 
Systematic Review2022; Singapore: Springer Singapore. 
[22] Hewett NVG, Margi; Pawczuk, Linda. Inclusive Deployment of  
Blockchain for Supply Chains: Part 6 – A Framework for  Blockchain 
Interoperability. World Economic Forum: World Economic Forum; Deloitte; 
2020. 
[23] Born R. Distributed Ledger Technology for Climate Action Assessment. 
Climate-KIC: Climate- KIC; 2018. 
[24] Ethereum Energy Consumption Index [Internet]. Digiconomist. 2022. 
Available from: https://digiconomist.net/ethereum-energy-consumption. 
[25] Popov SY, editor The Tangle2015. 
[26] Mayer J, Niemietz P, Trauth D, Bergs T. A concept for low-emission 
production using Distributed Ledger Technology. Procedia CIRP. 
2021;98:619-24. 
[27] Dasgupta K, Babu M. A Review on Crypto-Currency Transactions Using 
IOTA (Technology).  Social Network Forensics, Cyber Security, and 
Machine Learning. SpringerBriefs in Applied Sciences and Technology2019. 
p. 67-81. 
[28] Schueffel P. Alternative Distributed Ledger Technologies Blockchain vs. 
Tangle vs. Hashgraph - A High-Level Overview and Comparison. SSRN 
Electronic Journal. 2017. 
[29] FRANKENFIELD J. Hashgraph Consensus Mechanism 
Investopedia2021 [Available from: 
https://www.investopedia.com/terms/h/hashgraph-consensus-mechanism.asp. 
[30] Hedera. Hedera Energy Usage Hedera2021 [Available from: 
https://hedera.com/. 
[31] Romero Frias E, Martínez FL, Núñez-Cacho P, Molina-Moreno V. 
Fundamentals of Blockchain and New Generations of Distributed Ledger 
Technologies. Circular Economy Case Uses in Spain. 2021. p. 25-46. 
[32] Sori A. Green IOTA, Measuring IOTA PoW ’s Energy Consumption and 
Comparing with other Payment Systems. Medium; 2019. 
[33] Jaguar Land Rover partners with IOTA DLT for access control solution 
[press release]. Ledger Insights2020. 
[34] IOTA. Yarger M, editor. IOTA2021. Available from: 
https://blog.iota.org/together-iota-and-dell-technologies-demonstrate-project-
alvarium/. 
[35] IOTA. Building Digital Trust Together- IOTA Partnerships IOTA2021 
[Available from: https://www.iota.org/solutions/partnerships. 
[36] Carrington D. World leaders announce plan to make green tech cheaper 
than alternatives. The Guardian: The Guardian; 2021. 
[37] Cooling S. IOTA chosen by EU to empower European Blockchain 
Services Infrastructure Yahoo2021 [Available from: 
https://uk.style.yahoo.com/iota-chosen-eu-empower-european-
122309094.html. 

 


