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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. 
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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

The fourth industrial revolution is gaining momentum, but still lacks full realization. Several studies suggest that many companies around the 
world have begun the digital transformation undertaking, but most are still far from full adoption and yet fail to see the full economic potential,
being stuck in what has been called "pilot purgatory”. Digitalization is largely recognized as an accelerator and enabler for full automation in 
manufacturing, but companies are still struggling to assess the return on investment and the impact on operational performance indicators. 
Therefore, companies, especially SMEs characterized by dynamic, high-value, high-mix, and low-volume contexts, are reluctant to invest further. 
By incorporating simulation, data analytics and behavioral models, digital twins may also be used to support automation solutions ramp-up, 
demonstrate their impact evaluation, usage scenarios, eliminating the need for physical prototypes, reducing development time, and improving 
quality. Few forward-thinking companies are pursuing the digital transformation path, while the majority are clipping the wings of a 
transformation that is essential for a sustainable manufacturing. This paper describes a theoretical approach to exploit the digital twin technology 
to gather insights towards a realistic economical assessment of full automation solutions, to back and encourage investments to realize the 
potential of the digital manufacturing transformation. The approach is being tested under the European Union's Horizon 2020 research and 
innovation program under grant agreement No. 958363, which provides an opportunity to assess how the various components of the method are 
constructed, how complex they are, and what level of effort is required, using a practical example.
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1. Introduction

In addition to the technological challenges that slow down 
the integration of Industry 4.0 technologies [1] characterizing
today's industrial automation landscape, the problem of 
justifying the required investments in such efforts is just 
another face of the same coin. It can be even more challenging 
when dealing with a high mix/low volume context, or generally 
in a niche sector that produces high precision and highly 
customized products. In literature [2] [3] [4] [5] [6] there is 
agreement on the fact that companies can achieve a positive 
return on investment using manufacturing automation. 
However, the same literature also highlights both the 

importance and the difficulties of having the adequate 
investments flowing in this direction. In fact, it is not easy to 
quantify the process that leads to this value creation and to make 
a reliable assessment of the benefits (e.g., reduced labor hours 
and lead times, improved quality, or increased sales) that should 
be set against the associated costs (e.g., development, 
implementation, and maintenance of the automation solutions).
Therefore, the aim of this paper is to propose an alternative 
theoretical approach based on Digital Twin to provide an 
operational method to evaluate the added value enabled by 
manufacturing automation. The return on investment is just one 
of the possible cash discount techniques used to measure the 
ratio of cost to benefit. The question, however, is not what type 
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importance and the difficulties of having the adequate 
investments flowing in this direction. In fact, it is not easy to 
quantify the process that leads to this value creation and to make 
a reliable assessment of the benefits (e.g., reduced labor hours 
and lead times, improved quality, or increased sales) that should 
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Therefore, the aim of this paper is to propose an alternative 
theoretical approach based on Digital Twin to provide an 
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of technique is used, which is quite well covered in the literature 
[3] but rather the reliability of the inputs to these calculations.
Alternative approaches have been proposed on the use of 
historical data from similar industries, up to and including the 
creation of process system models to extract the relevant 
parameters. Following the framework pattern established in 
previous research [7] [8] on linking the analysis around 
automation investment (in this case focusing on process 
performances that will be changed by the proposed automation) 
to the broader Key Performance Indicators (KPIs) of the 
company, this paper aims to provide a perspective on the 
process digital twin as an effective tool to reliably evaluate the 
improvement of manufacturing performance in dynamic, high-
value, high-mix, and low-volume contexts, through the 
introduction of an automation solution based on Cyber-Physical 
Production System (CPPS). The CPPS can represent different 
solutios, e.g. a feedback control loop that replaces manual 
adjustments to reduce production warm-up time and ensure 
stable process performances, a feed-forward mechanism to 
avoid defect propagation in an assembly line, or a new tool for 
dispatching optimized work plans in production. In fact, with a 
virtual version of the real process, manufacturers can run 
simulations, perform what-if analysis, get real-time information 
about the behavior of the process, and then draw insights from 
the data to further improve the process design and eventually 
the product design too. In this way, before deciding (like 
investing in automation and IoT infrastructure), it is possible
seeing what the outcome looks like in a virtual world, and then 
decide in the real world. In addition, when talking about the 
business and economic tradeoff and making decisions about 
automation solutions, manufacturers do not have to create 
digital twins for the entire product/process. It is possible to limit 
the effort and introduce only a cascading digital twin: a digital 
twin just for the specific part or critical process affected by the 
proposed changes.

The remaining of the paper is organized as follows: Section 
2 introduces the proposed methodology, referring for example 
to a feedback closed-loop control, with respect to the 
assumptions and the building blocks, Section 3 describes the 
experimental industrial settings for the method validation and 
implementation, and finally Section 4 draws the conclusion and 
future research.

2. Methodology

The objective of the proposed methodology is to provide the
required steps to evaluate the Return of Investments (ROI) of 
an automation solution by means of a Digital Twin integrated 
in a full closed-loop control.

The outline of the method should follow three steps, which 
are going to be detailed in the following sections:

Step 1: Multi-function characterization of the as-is situation 
at process- and economic- level. In this step, the different 
company functions should characterize by means of building 
blocks the technical and economic variables of the reference 
system. In particular, the process level should be characterized 
by a process Digital Twin, while the economic level should be 

characterized by an economic function with respect to the 
process output.

Step 2: Definition of the to-be situation by integration of 
functional control blocks (Cyber-Physical System). In this step, 
the Digital Twin is enriched with control strategies based on 
the planned new automation solutions.

Step 3: Synthesis and evaluation of the solution. In this step, 
the ROI is evaluated as a function of the process output, the 
economic function, and the to-be situation.

In this context, the challenges faced by companies include 
the integration of information and data coming from different 
sources at all company level. Hence, some assumptions for the 
application of this methodology in a real environment should 
be considered. In the following approach it is assumed that 

1. it must exist a functional link between the process 
performances affected by the new system to be introduced 
in the current manufacturing process and the business 
performances;

2. the term Digital Twin [9] will cover the following 
classification categories: a) a Digital Shadow (automated 
one-way data flow from the physical system to its digital 
counterpart), b) Digital Twin (fully integrated bidirectional 
communication between the two).

We will also explore in the final paragraphs the potential as 
regards to the concept of Hybrid Data-Driven and Physics-
Based Modelling and adapting Digital Twin [10], in case of 
very complex processes.

2.1. Conceptual model

Step 1

Nomenclature

P               Manufacturing process
X(xi)         Vector X of the input parameters xi to P (sensors 
                  measurements)
Y(yi)        Vector Y of the output parameters yi from P
                  (sensors measurements)
C(ci)        Vector C of the control parameters ci of P
Kpi(kpii)   Vector Kpi of the key performance indicators kpii

                  for Process P
S(si)         Vector S of input specification parameters si (Y
                  shall be equal to S)
E(ei)          Vector E of deviation errors between process 
                   outputs yi and input specifications si

DT              Digital Twin of process P, 
mY(myi)   Vector mY of modelled output myi of DT
Em (emi)   Vector Em of deviation errors emi between the 
                   modelled output myi and the process output yi

F(kpii)        the function that links the process 
                   performances kpii and the business performances 
                   KPI(i)
KPI(i)         Vector KPI of business performances
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a. (Creation and) Validation of the Digital Twin DT of process 
P: the model will be fed with the same input (input 
parameters xi) and control parameters (ci) as in the real 
process; all such operations can happen in real-time or off-
line, transferring all synchronized data from the real process 
to the DT, according to the specific data gathering 
architecture; this step will allow the testing and validation 
of the Digital Twin;

Fig. 1. Process Digital Twin validation framework.

b. Model the company Vector of business performances KPI
as a function F of the process performances Kpi , so to have 
a clear link between process performances and the business 
results.

Fig. 2. Functional link between process and business performances

Step 2

Nomenclature

mCPPS           Model of the CPPS to be introduced
mC(mci)         Vector mC of the modeled control parameters
                       mci, as output from mCPPS
mKpi(mkpii)  Vector mKpi of the key performance indicators 
                         mkpii for DT
mE(mei)        Vector of deviation errors between model
                         outputs myi and input specifications si
mKPI             Vector of the modelled business performance
                       (due to the modifications introduced by 
                        mCPPS)

a. Create the model for the system to be introduced (mCPPS)
and estimate the variation induced in the process 
performances (mKpi) and business performances (KPI)
through DT, assuming the same functional link F applies.

b. Validate the mCPPS: the output of the mCPPS (which are 
the modeled control parameters mci for the process under 
analysis P) can provide guidance to the operator who 
manually set the control parameters ci. The operator can also 
ignore the results of the mCPPS where recognizes that the 
suggested interventions mci do not zero the error ei between 

the output (sensors measurements of the output parameters 
yi) and the input specifications si.

Fig. 3. Framework for estimation of the impacts of the CPPS on the 
process

Fig. 4. Framework for validation of the mCPPS

c. testing of the modeled CPPS can be realized through a 
prototype system implementation via low cost HW tools 
(like Raspberry computers) and where possible through 
small-scale factory facilities typically used for educational 
and Research and Development activities [11] [12] [13].

Step 3
Based on the results from experiments in step 2, reliable 

estimates on benefits from a full introduction of the CPPS can 
be made, including the benefits of the flexibility added to the 
process (e.g. capacity increase, reduction of systematic, manual 
quality controls) what if scenarios can be run based on the cost 
to industrialize the CPPS solution and create the proper data 
infrastructure vs the benefits derived from the improved 
business performances KPI, using traditional discounted cash 
flow techniques, to assess the risks and provide ground for the 
decision on investment.

Fig. 5. Framework for analysis of the solution CPPS

Depending on the digital maturity of the company, the effort 
can be very limited like an internal project entirely run using 
internal/existing equipment, SW and human resources, or may 
need the intervention of external resources for the creation of 
the Digital Twin, identification and supply of 
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sensors/instrumentations for testing and validation, support 
during experiments and for the final assessment phase.

2.2. Integration of the methodology in a decision-support tool

The proposed methodology is used to solve investment 
problems for companies where automation solutions are still 
considered expensive and for which the ROI is not clear a 
priori. Once the proposed framework is implemented in the 
company, it can be used for decision support.

In particular, the following problem can be finally
addressed, since all variables and parameters have been 
defined:

𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑥𝑥𝑥𝑥𝜔𝜔𝜔𝜔∈Ω 𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅𝑅 =  𝑓𝑓𝑓𝑓(𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝐾𝑅𝑅𝑅𝑅)
s.to 

kp i≥ kpi* (1)
kpi = g(𝜔𝜔𝜔𝜔) (2)

where 
𝜔𝜔𝜔𝜔 ∈  Ω represents the set of available automation solutions 

which can be integrated in the considered process
kpi* represents the target process performance which should 

be guaranteed by the new automation solution.

3. Experimental industrial settings

The presented methodology will be experimented in the 
industrial demonstrators of the ongoing project DAT4.Zero, 
from which a more complex scenario can be represented. In the 
following schema, P1 represents a generic material processing 
(machining, moulding, extrusion, casting, …) and P2 a generic 
assembly process of finished goods. M1 will be for example a 
Hybrid Data-Driven and Physics-Based Modelling and M2 a 
product-variation modelling along the assembly chain, aimed 
at discovering and isolate part variation modes [14] and 
mechanisms and identify relevant propagation paths; in this 
case F represent the functional link between the performances 
of processes P1 and P2 (matrix Kpi[N,2] of N-rows and 2 
columns represented by the N-components vectors (Kpi) of 
each process P1 and P2), to obtain the company performance 
indicators (vector KPI). All the process steps previously 
described will be replicated; in a case of a continuous flow from 
P1 to P2, an additional validation step for the whole chain, as 
described in Fig.6, is required.

The proposed experimental settings are then going to be 
used for the evaluation of automation opportunities within the 
project. The advantages of this methodology include the easy 
scalability of modelling to support investment decisions in 
complex environments.

3.1. Extension and expected benefits of the proposed 
methodology

The Digital Twin is empowered by data captured across the 
life-cycle of the real asset. Through data, the Digital Twin 
collects information about the asset operations, reports about 
status and simulates future state, to support decisions. Yet, the 
manufacturing system evolves over its life-cycle through 

several modifications (due to changes of its components or in 
its processes).

Fig. 6. Extension of the framework to two processes

Thus, in order to mirror the real manufacturing system, the 
models, underlying the DT capability to mimic the assets, must 
be adapted to the changes in the asset, across its life-cycle [15]. 
A mis-aligned DT, whose model does not replicate the actual 
system, can’t be used to evaluate the return of investment, even 
when fed with actual data from the real system. The 
implementation of Adaptive Digital Twins, defined as digital 
twins where a context change triggers an automatic 
modification of data sources and underlying models (clearly, 
within a given range of flexibility) towards an optimal 
reflection of the physical asset [10], is clearly a step forward in 
implementing the evaluation of the Return on Investment of 
manufacturing automation as earlier described, because it 
lowers needed skill sets and implementation costs of an 
updated DT, making the proposed methodology further 
applicable. However, this technique is still very new and should 
be mentioned here as it is a natural next step of the proposed 
methodology after it has been validated in a real industrial 
environment.

4. Discussion and conclusions

This paper presents a Digital Twin approach that can be used 
to reliably estimate the economic impact and return on 
investment of automation solutions deployed in manufacturing, 
for companies where automation solutions are still considered 
expensive and for which the ROI is not clear a priori. The 
potential of such a methodology is also assessed in terms of the 
concept of Adaptive Digital twins which could facilitate the 
adoption of this solution by reducing the need to update the DT 
itself. Further results and considerations are expected from the 
application of such a methodology in the industrial settings
covered by the DAT4.Zero project.
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