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Abstract. Mechatronics is an interdisciplinary field of engineering sciences char-
acterized by the integration and interconnection between mechanical engineer-
ing, electrical engineering, and computer science. Mechatronic products are
mostly structurally complex, but they are an optimal solution for many fields of
industry such as medicine, agriculture, agribusiness, among others. The main ob-
jective of this article is to identify research trends on NPD (New Product Devel-
opment) mechatronics projects today. For this, a bibliographic review is made,
citing important works in the area since 2001, addressing the main objective of
each research, in order to group them into approaches and identify current re-
search trends. In the end, it is concluded that the trend is to reduce the total cost
of a mechatronic product, as well as to begin to adapt concepts of the new tech-
nologies of Industry 4.0 (14.0) to the NPD mechatronic projects. The goal is to
facilitate the collaboration, in a more formal way than social communication and,
consequently, simplifies knowledge reuse.

Keywords: Mechatronic product, NPD projects, research trend, timeline.

1 INTRODUCTION

All mechatronic products share mechanics, electronics, and software content in their
design structure. In this way, it is important to point out that mechatronic products differ
from one another in their design structures, due to the functional requirements defined
for each product [1]-[4]. According to [5], most mechatronic products can be repre-
sented by mechatronics indicators, which encompasses the elements: flexibility, intel-
ligence and complexity. As stated by Park and Okudan Kremer [6], it is especially im-
portant to study the complexity variable of a mechatronic product to mitigate its effects.
The complexity of a mechatronic product is treated in [7], which describes the effects
of this variable on the development cycle time, production costs and product quality.

The development and design of mechatronic systems is challenging because of their
interdisciplinary nature [8]. In the development process , several engineering domains
with strong interdependences are involved and have to be considered holistically [8],
[9]. Used product development methodologies are based on an individual processing of



the domains, and integrate them late in the detailed design phase of the development
process [8]. In early design phases numerical methods can facilitate defining an optimal
product design based on given requirements [8].

As time passes by, mechatronic products become even more integrated into networks
and communicate and use data to fulfill their functionalities [10]. One of the technolo-
gies that have allowed this integration in the network is Internet of Things (IoT). IoT is
a network of physical objects embedded with hardware, software, frequently with sen-
sors, and network connectivity, enabling data collection and exchange [11].

To identify the trend or direction of NPD mechatronic projects at present, a biblio-
graphic review is made in this document, which allows identifying the main objectives
of each article, thus grouping works with similar approaches. Each approach is assigned
a numerical value referring to the number of citations per year. With the numerical
value, the slope between the years 2001 and 2020 of each approach is calculated, and
the slope is taken as an indicator of the current research trend.

This article provides a classification of some publications found in the literature on
mechatronic projects, with the purpose of identifying the research trends on that topic.

2 REVIEW OF NPD MECHATRONICS PROJECTS

According to [12], the term “Industry 4.0” was used for the first time during the Han-
nover Fair, symbolizing the beginning of the fourth industrial revolution. Thus, 2011
was chosen as a turning point in this work, beginning the systematic revision 10 years
before [2001-2010]. 2011 is considered a very important year for the analysis of the
effects of the arrival of 14.0 technologies used in NPD mechatronics projects.

The scientific bases explored in this work were: ScienceDirect, Scopus and IEEE.
Through the systematic review, 78 articles were selected. The keywords for the selec-
tion of are: new product development, Mechatronic and 14.0. Finally, the articles that
have the purpose of mitigating costs or complexity effects, increase operating perfor-
mance and quality or reducing times in the development of mechatronic products were
chosen. This chapter shows a description of the articles addressed in this review.

The authors in [13] presented a method for mechatronic development process for
future "smart" autonomous vehicle systems in order to satisfy special needs within the
experimental verification and validation of such systems. The work in [5] presents a
table to measure the complexity of a mechatronic product, explaining the concepts are
used to evaluate it. [14] proposed a low cost software prototype that was developed to
enable numerical control programming based on microcomputers. [15] proposes low
cost fuzzy control solutions for controlling servo systems in mechatronic systems. [16]
represents a product by implementing the DSM (Design Structure Matrix) matrix to
manage the dependencies and relationships of the product components, and the DMM
(Domain Mapping Matrix) matrix to compare two different mechatronic projects. [17]
presents an approach to analyse and measure the correlation between the structural as-
sembly of mechatronic products and the composition of their development and produc-
tion costs. In [18] a design of a new low-cost humanoid robot named as CALUMA
(CAssino Low-cost hUMAnoid robot) was illustrated. [19] presents an integrated and
open-architecture motion control (OMC) development environment.

In [20] a prototype model of a resonant valve was developed. The main objective
was to reduce costs because pneumatic actuators have several advantages such as light



weight, safety, low cost and high compliance. An approach for using hierarchical mod-
els in the design of mechatronic systems was presented in [1]. The works [17] and [45]
showed the single phases of Development in Mechatronics according to the V-Model
in VDI 2206.

[22] used the MDM (Multiple Domain Matrix) and DSM matrices to obtain the
structural model of a complex product: an intelligent gas meter. The main objective of
the implementation of these matrices is to reduce the level of complexity to increase
the stability of the systems, in response to alterations, also achieving the management
of changes in the product with the lowest consumption of time and costs. A generic
procedure model was presented in [23] for the integrative development of mechatronic
products and production systems plus a convenient specification technique. A compu-
tational intelligence method was presented in [24], based on a Locally Linear Neu-
rofuzzy (LLNF) method for estimation and prediction of the time and cost of the NPD
projects based on the Earned Value Management (EVM). [25] shows the twelve phases
for the development of a new mechatronic product.

[26] presented a design approach that focus on ensuring that mechatronic products
are well-designed, since the scope is oriented towards design validation. A practical
case was presented in [27], where the change propagation management in the design
and development of a smart gas meter was investigated. [28] presented an approach
based on product requirements. Assuming that products with similar indicators require
similar development efforts, databases are set-up to allow for development cost predic-
tion. The model was validated for a civil aircraft.

A multidisciplinary interface model for design of mechatronic systems was pre-
sented in [4], in order to enable the multidisciplinary integration among design team
members from different disciplines. The authors of [29] developed a cost overrun pre-
dictive model using five known drivers of complex systems development cost (mecha-
tronic products). A software system was developed in [30] for open architecture CNC
systems, and the module is able to translate 1ISO 14649 part 21 and ISO 6983 data in-
terface model code as per internal structure of machine.

[31] presents a modelling and parameter identification methodology of a servo-
pneumatic linear drive unit with complex internal design that takes into account the
influence of dead volume in terms of system dynamics. A study on various develop-
ments in the positioning control of the pneumatic cylinders is presented in [32]. The
pneumatic actuators provide many advantages, such as cleanliness, low-cost, high
power to weight ratio, easy maintenance, safety, anti-explosive, long working life.

[33] proposed a new open CNC system based on the low power embedded platform,
named open and high-performance CNC (OHP-CNC). In [34] an open architecture soft-
CNC system based on RTX (real-time extension) and an IPC (Industrial personal com-
puter) is developed. In [35] a low-cost mechatronics system is presented as a proof-of-
concept that can be used by students and professionals in physical therapy training, and
by engineers to design and produce orthopaedic and orthotic devices for upper and
lower limbs. The work in [36] contains a description of the work done in developing a
simple low-cost system for tracking upper human limb motion system with satisfactory
accuracy and repeatability. The research in [37] describes the context of the extension
of mechatronic systems to cyber-physical ones, firstly by highlighting their similarities
and differences, and then by underlining the current needs for Cyber-Physical Systems
(CPSs) in the manufacturing sector. A scalable service-oriented architecture and virtu-
alization technique are presented in [38], and describes communication methods of a
cyber-physical manufacturing cloud.



The development of an open-loop controller implemented in the Arduino platform
was presented in [39], seeking to reuse an existing CNC machine for performing simple
manufacturing operations. A method to improve the accuracy of mechatronic systems
used for measurements of complex geometry was presented in [40].

The authors of [41] proposed an approach to create clients in the CNC system to
allow solving the task of multi-interface control of the CNC machine. In [42] a new
mechatronic index is proposed for evaluating mechatronic alternatives in the concep-
tual design phase. An approach for design and development of a CNC machining pro-
cess knowledge base using cloud technology is presented in [43]. [44] attempts to en-
hance accuracy of a pneumatic actuator without reduction significantly its speed by
interconnecting two pneumatic cylinders to form a linear manipulator series. The au-
thors of [45] proposed a method based on Knowledge Based Engineering (KBE). The
method has the following features: (a) to support the designers in the different steps of
the design cycle; (b) to reuse the design results and adapt them to requirement changes.
The contribution lies in adapting KBE application roles to mechatronic design.

The authors of [46] reduced manufacturing cost of lower limb prosthesis. The au-
thors of [47] proposed a model to determine how early to participate on creating some
strategies about treating of e-scrap. The work in [48] presented an approach for devel-
oping low cost CNC systems by controlling CAN drives. In [49] an approach is pro-
posed with the use of canned cycles, which allow unifying the process of dialog pro-
gramming for machines with CNC systems from different manufacturers. The authors
of [50] proposed a CPPS conjoint design process based on mechatronic systems and
CPS. The authors of [51] show how artificial neural networks (ANN) can be used to
improve mounting accuracy in automated assembly systems. [52] describes the struc-
tural and modular architectures for the design of smart mechatronic and cyber-mix
mechatronics systems used in laboratories and in industry.

[53] proposes a configuration design method for mechatronic systems in the context
of industrial manufacturing. The work in [54] proposes a methodology for identifica-
tion and design (ID) of smart operations in manufacturing. The research in [55] de-
scribed a procedure for the evaluation of variability in the complex chain between the
point where measurements are taken and algorithms executed in the evolving 14.0 sce-
nario. A solution to farm irrigation using 0T and machine learning techniques is pre-
sented in [56]. The work in [57] investigated the relationship between mechatronic
product complexity and team seniority as planning parameters for the new product de-
velopment project, exploring the effect on project performance. The work in [10] pre-
sents a systematic product development methodology for developing customizable 10T
devices, which involves more processes than a mass-produced mechatronic product. In
[58], a pick and place robot was integrated with Global System for Mobiles (GSM)
technology, Radio Frequency ldentification (RFID) equipment, and sensor technology
to enhance robot functionality.

A product-related dependency index is proposed in [59] that can be used during the
conceptual design of mechatronic systems. [85] and [86] presented the design and con-
struction of two smart mechatronics prototypes: (a) smart mechatronic base isolation
system that uses an Earthquake Early Warning (EEW) system for activation; and (b) a
mechatronic smart skin (MSS). [62] presents a design methodology that provides an
integrated, concurrent, and system-based viewpoint to mechatronic design, which dif-
fers from the non-optimal sequential design methodologies.

A methodology to harmonize the design cycle of mechatronic systems is described
in [63]. [64] proposes a new type of CNC system called invisible numerical control
(INC) system, to simplify CNC architecture and improve CNC architecture re-



configurability and function reusability. A CNC engraving machine using Arduino One
was presented in [65]. The purpose of this mini-CNC is to engrave on acrylic materials
with high accuracy and low cost. The design and implementation of a mechatronic sys-
tem is presented in [66], where by some treatments can be performed automatically.
The mechatronic system and its auxiliary equipment were mounted on a three-wheeled
mobile platform.

In order to make optimized control design for mechatronic system, a simplified
model was presented in [67], which used a model order reduction technique, enabling
preserving the dominant physical parameters and reveal the performance limiting fac-
tors. An intelligent CNC controller with a hierarchical structure was presented in [68],
whose upper layer contains the machining process planning system using cloud tech-
nology. The authors of [69] suggested an universal approach to the integration of the
third-party and in-house solutions into a CNC system, including their interaction in the
system.

The authors of [70] proposed an architecture of a configurable CNC system in order
to allow configuring and reconfiguring the CNC system in different ways, from “clas-
sical” to “cloud”, as well as providing maximum computing power. This does not re-
quire any changes in the hardware and software of the CNC system. [71] presents the
design and development of a VR (Virtual Reality) bicycle system under a VDI 2206
approach. Successful integration was achieved of a physical system, a VR system, and
a control behavior system to compose a virtual bicycle simulator.

The challenge of implementing 10T (industrial 10T) and CPS in small and medium
enterprises (SMEs) was addressed in [72], focusing on the integration of information
technology, which supports data storage, collection and analysis, with the operation
technology supporting the creation of physical value.

Recommendations for future research topics to overcome the obstacle of introduc-
ing smart automation in SMEs are provided in [73]. A case study of human-robot col-
laborative assembly applied to the production of a pneumatic cylinder in a learning
factory laboratory was shown in [74]. An explorative set of hypotheses of requirements
for the implementation of 14.0 concepts in logistics processes for SMEs was presented
in [75]. The research in [76] discussed features of intelligent products, machines, and
facilities in manufacturing and logistics systems, as objects that are able to provide data
for their own virtual image. “Digital twins” can be established of products and process
flows, in order to be used for planning and control of the plant. The digital connection
between the products and the actual plant enables smart automation of the processing
steps. This requires permanent and real-time traceability of objects and their states.

The authors of [77] analysed the importance and potential of effective and efficient
logistics operations, and outline enabling technologies for automation in logistics sys-
tems. A structured approach was provided in [78] to carry out self-assessment for 14.0
implementation. A systematic literature review was carried out in [79], as well as a
focus group study to identify organizational issues that might hinder 14.0 implementa-
tion. The authors of [80] built a low-cost semi-automatic robot prototype that carries
out a couple of farming processes. Finally, the work in [7] presented a model for cycle
time estimation in NPD mechatronics projects.



3 APPROACHES IDENTIFICATION

In this section, the papers were grouped into subsets by similarities in their objectives
and research results. After analyzing each subset, the name and general description
were defined according to the contents of the grouped articles. Tab. 1 contains research
papers focused on developing mechatronic projects. It can be observed how the ap-
proaches of this research topic have changed over time. Eight approaches are identified
in this research. Seventy-eight documents were studied in total. Tab. 1 shows the
grouped reviewed papers, according to the focus of each publication.

TABLE 1. REVIEW OF APPROACHES FOR DEVELOPING MECHATRONIC PROJECTS

Approaches  Description Publications
Al Reducing costs in mechatronic product development or  [14], [15], [38]-
manufacturing by means of low-cost technology imple-  [41], [44], [46]-
mentation. [49], [56], [20],
[64]-[66], [71],
[80], [30]-[36]
A2 Cost and time prediction in mechatronic product devel-  [7], [24], [28], [29],
opment projects. [57]
A3 Optimization and visualization of the mechatronic sys-  [5], [10], [45], [51],
tem design (management complexity design) to mitigate  [55], [59], [62],
development and manufacturing costs and increase func-  [67], [69], [81]-
tional performance (Accuracy). [83], [15], [84],
Managing change propagation (mechatronic product de-  [16]-[18], [22],
sign) with the least cost. [271, [32], [42]
A4 Approach to design conjointly a mechatronic product [23], [50].
and its production
A5 Mechatronic Systems Project (Mechatronics Product [1], [3], [53], [59],
Development models to decrease product development [62], [63], [69], [4],
costs and time). [81, 91, [19], [21],
[23], [25], [45]
A6 Mechatronic product validation methods. [26] [13]
A7 Mechatronic Systems Project with Industry 4.0 technol-  [10], [37], [66],
ogies. [70], [74], [85],
[43], [50], [52],
[54], [55], [58],
[60], [61]
A8 Implementation of Industry 4.0 concepts in mechatron-  [12], [72], [86]—

ics processes for SMEs (Small and Medium Enter-
prises).

(88], [73]-[79],
(85]

In order to maintain an optimal relation between cycle time, cost and quality in the

development of mechatronic products, the approach with the largest amount of publi-
cations (A1l approach) focused on proposing low-cost technological solutions for cost
reduction but maintaining a good functional performance.

It can be observed in Fig. 1 that there is a total of twenty-nine projects that propose
development methodologies for mechatronic products, which are divided into two
groups: A5: development of mechatronic products (15); and A7: development of
mechatronic products integrating concepts of Industry 4.0 (14).
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It can also be noticed that, as time progresses, the methodologies in the development
of mechatronic products begin to include concepts derived from Industry 4.0 such as
10Ts, CPS (Cyber-Physical Systems), Cloud Computing, I10Ts (Industrial Internet of
Things), Big Data, among others (Fig. 2). The methodologies for mechatronic product
development are represented by the A5 and A6 approaches.

Methodologies for the development of mechatronic projects
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Fig. 2. Methodologies for the development of mechatronic products.

Twenty-two papers addressed the issue of reducing costs of design management
(optimizing product structure/increasing functional performance) and change
propagation management (approach A3). Thirteen publications focused on how SMEs
can implement technologies such as CPS, 11OTs, collaborative robots, and other tools
involved in Industry 4.0 (smart manufacturing) (approach A8). Four papers focused on
proposing time and cost prediction models in the mechatronic product development
process (A2). Two approaches proposed methods for conjoint mechatronic product and
process development (A4), whereas two publications proposed a model for mechatronic
product validation (A6). Fig. 3 shows the cumulative frequency per year of the
publications grouped in each approach.
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According to Fig. 3, the approach with the largest increase from 2016 onwards is Al.
The values presented in Tab. 2 are obtained by calculating the slopes from 2016 to 2020
for each approach. The slope is calculated by Equation (1).

n,—n
=2 1 (1)
y
Where: s =slope
n; = amount of publications in 2016
n, = amount of publications in 2020
y = number of years (equal to 4 in this case)

If the slopes are taken as the trend indicator, the approaches from largest to lowest
current research tendency would: Al, A7, A8, A3, A5, A2 and A4 (tied), and A6. In this
way, it is concluded that the research trend for mechatronic NPD projects contemplated
the Al approach in the first place, followed by the A7 and A8 approaches.

TABLE 2. SLOPE OF THE APPROACHES APPLIED IN PUBLICATIONS FROM 2016 TO 2020

Approach 2016 2020 Slope

Al 3 25 55
A7 0 14 3.5
A8 0 13 3.25
A3 11 21 25
A5 7 15 2

A2 3 4 0.25
A4 1 2 0.25
A6 2 2 0




In this paper, the slope represented the trend research today for the NPD
mechatronics projects.

4 ANALISYS AND DISCUSSION

From the steepest approaches (A1, A3, A7 and A8) presented in table 2, it can be con-
cluded that the research trend for mechatronic NPD projects aims to create methodolo-
gies that allow: 1. Reduce development costs of mechatronics products for Industry 4.0,
and 2. Management of the complexity of the design of mechatronic products for Indus-
try 4.0. Despite the fact that the concept of industry 4.0 appeared in 2011, through the
analysis of fig. 2 and fig. 3, it can be observed that only until 2017 joint works began
to appear in the design of mechatronic products integrated to 14.0 technologies.

In the same way, it can be said that the conception of a mechatronic product as a mech-
anism associated with a control system and an actuation system or another, must be
updated to add connectivity components that allow a mechatronic system to be coupled
to 14.0 systems. Therefore, it has become a mechatronic product with more components
and of a more complex nature.

5 CONCLUSION

In this research, several publications on mechatronics projects were surveyed, from
which eight different approaches were identified on the new mechatronic products de-
velopment. By taking into account the number of publications per year of each ap-
proach, the slope of publications between the year 2016 and 2020 was calculated as an
indicator of the research trend. The largest slope was Al approach (reducing costs in
mechatronic products development or manufacturing by means of low-cost technology
implementation), which corresponds to the current research trend in the NPD projects
for mechatronic products development today.

The present work becomes the beginning of a future work that aims to build a
knowledge base for the development of mechatronic products in Industry 4.0
environments. This article presents an overview of mechatronic projects development
and the research horizons in this area, which becomes a contribution of literature for
researchers who are starting their scientific work on mechatronic projects.
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