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Introduction

1.1 Introduction

Mechatronics is an engineering discipline that brings multiple co‘f*entional disciplines including
mechanical, electrical, electronic, and information engineering t er to optimize the solutions to
various engineering problems. Originally, the concept of Me@tronies was coined by a Japanese
Engineer Tetsuro Mori from the words of mechanical Qgineering and electronics in 1969.
Nowadays, the coverage of modern mechatronics has e far beyond from the integration of
conventional engineering disciplines to the extensiog\o many new disciplines such as artificial
intelligence (Al), telecommunications, and cyberse u\% as long as emerging disciplines can be
integrated to enhance the capabilities of mecha\téqc systems.

In comparison with conventional systems, echatronic system consists of a set of multiple
mechatronic components that exhibit multi@linary behaviors. Therefore, the design of a mech-
atronic system must be performed concur y, so that design constraints in multiple disciplines
can be modeled, analyzed, and satisfied sigqultaneously. From this perspective, mechatronics is also
viewed as a philosophy where a syst&e‘:sign associated with multiple disciplines is performed
concurrently to seek integrated soly{iais to complex engineering problems. Mechatronics becomes
a growing discipline that has beeyr, pnd it will be evolve continuously with emerging technological
advancements in Materials, Sc@e, Processes, Engineering, Integration technologies, and Informa-
tion Technologies (ITs). MosQf the classic books on mechatronics have lagged to reflect recent
advancements, especially zgf s. In the following sections, the trends of the developments in engi-
neering designs, integration technologies, and ITs are discussed with a focus on their impact on
Mechatronics.

1.2 Growing Complexity of Engineering Designs

Engineering design is to formulate customer’s requirements (CRs) into a design problem with spe-
cified constraints and objectives and develop a design solution (DS) that can satisfy CRs optimally.
A complete engineering design usually includes design for manufacturing (DfM) and design for
assembly (DfA) where the constraints of manufacturing or assembling processes are taken into con-
siderations at the phases of manufacturing and assembling, respectively. By DfM and DfA, a virtual
model can be used to analyze system behaviors, predict system outcomes, and verify if all design
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2| 1 Introduction

constraints can be satisfied. These reduce the needs of iterations when design defects are identified
and fixed at late phases of system development.

Since the information and knowledge about a product or system are accumulated gradually when
its design process proceeds, the constraints involved in later design stages cannot be verified until
relevant information becomes available. This becomes an obvious reason why an engineering
design process is naturally iterative. In other words, the constraints that are ignored in early design
phases must be verified later. In such a way, a design space with tentative solutions should be con-
tinuously refined to satisfy more and more constraints until all of them are fully satisfied.

It is desirable that less number of iterations is needed to transform a virtual model into a phys-
ical model. This implies that design iterations all occur in the virtual world with no additional cost
on physical prototyping. The finalized virtual model is converted into its physical model correctly
at the first time. It is referred as First-Time Right (FTR) practice (Bi and Wang 2020). The meth-
odologies for engineering designs are being advanced continuously to cope with the growing
complexity of products or systems in their lifecycles from design ¢o manufacturing, assembly,
application, and to disposal. Figure 1.1 shows the trend of increa{ipg complexity of engineering
designs from the perspective of manufacturing (Alkan et al. 2(@ The growth of the complexity
of a manufacturing system can be observed in the aspects of preducts, enabling technologies, and
business environments. %

Figure 1.2 shows the dimensions of complexity in en@eering designs that are dependent on
those of products, technologies, and degrees of dyna@s and uncertainties. The complexity of
each aspect could be further decomposed When@ solutions to corresponding functional

NI

Functionalities :

Figure 1.1 Dimensions of growing complexity of engineering designs
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Figure 1.2 The dimensions of complexity in engineering design: p@cts, technologies, and degrees of
dynamics and uncertainties

requirements are not available. Accordingly, the co %gaty of products depends on many factors
including the number of parts and assemblies, thedegrees of connectivity, nonlinearity, and
dynamics, the number of accessible technologj @and the levels of technological difficulties
and assistive technologies. $

121 Products §</

The complexity of a product has been ured by numerous factors such as types and numbers of
constitutive parts and components, and numbers of the processes to manufacture parts and
assemble parts into components, vgfid¥its and volumes of products, and system performance criteria

such as quality, lead-time, cost, Qjespan and after-sales services of products (Orfi et al. 2011).
Researchers agree that the sca@and the complexity of modern products have been increasing
greatly. Figure 1.3 shows s examples of main variables that affect the complexity of products
(i.e., lawn mowers, gran nos, cars, and airplanes); some factors such as numbers, types, and
complexity of constitutive components contribute to the complexity of products directly. It seems
clear that a product with a high-level complexity involves a high number and types of simple or
complex parts and components.

The growing complexity of modern products can be evidenced by the evolution of various product
families. Adamsson (2005, 2007) used the examples of wiring harnesses to show an increase in the
complexity of automotive products. An automobile in 1949 had ~60 contact points with ~40 wires.
An automobile in 1990 had around 3800 contact points and used approximately 1900 wires with
a total length of ~3km. An automobile in 1999 used 110 electric motors and 60 electronic
control units (ECUs). Three data bus systems were used to support information integration and
data exchanges. BeyondPLM (2018) discussed the trend of the ever-increasing complexity of
modern products; it was associated with the number of configuration items (NICs). A typical
mechanical system, mechatronic system, and large-scale integrated system have typically less than
10?, 10°-10°, and over 10® NICs, respectively.

Product complexity is related to numerous factors in manufacturing and production such as
design, development, manufacturing, assembly, and supply chain management. As shown in
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Figure 1.3 Examples of product complexity versus numbers of parts

Figure 1.4a, product complexity was modeled in the dimensions of designs, manufacturing pro-
cesses, functionalities, and varieties. A manufacturer can be profitable only when the complexity
of products and associated processes can be managed by mechatronic design at the design phase
and by mass customization at the manufacturing phase appropriatf.w. As shown in Figure 1.4b),
the more products a company makes, the higher revenue the com can gain. On the other hand,
making more product variants implies the increase in the com ty of the corresponding produc-
tion system, thus affecting the productivity, lead time, and cosgreduction. Production cost increases
monolithically with the number of products and variant Qnowing customers’ needs becomes a
strategic resource to enterprises now. However, there is. %‘nited business window for enterprises
to make products to meet customers’ needs in a profiQble way. To expand a profitable business
window, efforts can be made to increase the produc, @ revenue by making more products through
mass customization and reduce the developm ‘éost by increasing system efficiency such as
through mechatronic design. §

With the need for more versatile and adxﬁﬂ products, the number and types of parts and the
complexity levels of parts are expected to Be~increased continuously. The complexity of products

due to other factors, such as volume a riety in enterprise and personalization, has been thor-
oughly discussed by other scholars (B¢ £t al. 2021a). The survey of over 246 engineers by Rowe
(2019) concluded that the comp

of products was continuously increasing, and design
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Figure 1.4 Main dimensions of product complexity and profitable business window
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methodologies need to evolve to manage the complexity effectively. Ninety-two percent of the engi-
neers reported that in the last five years, the products had increased the complexity in various
aspects such as intricate mechanical designs, embedded electronics, and newly introduced materi-
als and processes. It was found that the main causes of increased products’ complexities were attrib-
uted by intricate mechanical design (57%), more electronics (47%), adoption of different materials
(43%), reduced reductions (40%), system integration (30%), compacted sizes (30%), embedded soft-
ware (26%), pressure for Al and smart things (17%), and more microprocessors (16%).

1.2.2 Manufacturing Technologies

Manufacturing technologies are the collections of methods, skills, techniques, and processes used
to make goods or provide services to meet users’ needs. Three primary factors of a manufacturing
technology are materials, manufacturing processes, and systems (Groover 2020). More and more
new alternatives for materials, processes, and systems become pragtically available, and this leads
to high-level complexity in evaluating, selecting, and using advarced manufacturing technologies.

Advanced products or systems usually have high requiren@ of materials such as extremely
high strengths, low weight, long durability, and better selMiealing and resilience. Numerous
research efforts have been made to explore high-perfopg¥nce materials such as new cements
and composites, nanomaterials, optical materials, bionngials, lightweight materials, and biode-
gradable materials (Hutagalung 2012; Grant 2013). [q@bng advanced materials helps enhance the
performance of products greatly. For example, an dge percentage of composite materials in air-
planes increased from 10% to 15% in 1980 to over®% in 2015 (GeneralPlastics 2021). New methods
have been developed to design, compose, and mize composite materials for given applications.
Traditionally, materials’ characterizations r ainly on experiments, which are time consuming
and expensive. The rapidly developed Co@ting Science offers the capabilities for virtual designs
of new materials through Machine Leat@mg (ML), Big Data Analytics (BDA), fuzzy logic, and Soft
Computing (Babanli et al. 2019). T, éﬁnologies for advanced materials are classified into basic
sciences, generic technologies, an rietary technologies; the innovations in advanced materials
are critical since new materials (U:ontribute to manufacturing applications greatly, (2) bring the
opportunities to span new enddling technologies, (3) address key socio-economic challenges,
(4) add high values to man uring businesses, and (5) be compatible to innovative infrastructure
(Featherston and O’Sulli 014).

ITs play irreplaceable roles in (1) automating manufacturing processes and (2) supporting
decision-making activities at all domains and levels of manufacturing businesses. With the advances
in the computer hardware and software and information infrastructures, ITs have greatly proliferated
from standalone mechanization to computer-aided drawing, computer-aided design (CAD),
computer-aided engineering (CAE), computer-aided manufacturing (CAM), supply chain management
(SCM), enterprise resource planning (ERP), computer-integrated manufacturing (CIM), argument
reality (AR), digital twins (DT-Is), cloud computing (CC), Big Data analytics (BDA), and recently
to digital triad-11 (DT-II) and Internet of Digital Triad Things (IoDTT) (Bi et al. 2021a, 2021b).

The continuous evolution of automation and ITs has made it possible to advance manufacturing
paradigms from mass production to lean production, flexible manufacturing, CIM, mass customiza-
tion, and recently sustainable manufacturing. This provides the possibility for enterprises to select
and implement certain manufacturing paradigms for their specific applications (Bi et al. 2014a, b).
Moreover, Internet of Things (IoT) offers an effective mechanism for enterprises to utilize virtual
manufacturing resources dynamically, and this adds a new dimension to the complexity of man-
ufacturing systems.
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1.2.3 Business Environments

Manufacturing environments used to be steady, in the sense that enterprises can define the bound-
aries of their manufacturing systems clearly, and any changes in operating their manufacturing
systems are predictable. Manufacturing operations are planned, scheduled, and executed within
manufacturing systems with few disturbances from environments.

However, today’s manufacturing businesses become more and more closely related to manufac-
turing environments. Business environments have been gradually complicated and become
dynamic greatly due to a number of factors: (1) global manufacturing capacities have exceeded
the overall capacities required to meet users’ needs of products; this has led to high diversifications
and fluctuations of product demands and fierce competitions among manufacturers across nations
and regions. (2) Environmental issues such as global warming, population, scarcity of natural
resources, and deterioration of global living conditions become ever worsening. More and more
regulations and laws have been developed for the industries to alleviate environmental challenges.
Manufacturing enterprises are highly pressured to minimize the enviXonmental impact by expand-
ing manufacturing businesses over product lifecycles from raw m, als, to design, manufacturing,
assembly, and use of products, and finally to disposal and recyo@ (Bi2011). (3) The development
trends of human society have also increased the complexit manufacturing businesses in the
sense that full automation is impractical for most manufag{dring enterprises. These trends include
the aging of population, lacking of experienced wor$ , and growing inequality of the rich
and poor. N

C
NI

1.2.4 Engineering Design &

Mechatronic design is typically multidiscip@ry and deals with multiple disciplines to meet eco-
nomic, environmental, and social needs amsson 2007; Strong 2021). Modern products and sys-
tems are mostly complex and sophistjs{gd in terms of their intelligence levels and information-
relevant contents. It becomes nece to adopt some global and integrated approaches to deal
with the design activities from a(yery early stage and throughout the whole design lifecycle
(Defoort et al. 2012). Designs of%omplex system are often open ended and ill defined, and the
design content goes far beyo&e scope of traditional individual disciplines. The trend of system
complexity has evolved fr ultidisciplinary to interdisciplinary and to transdisciplinary. Engi-
neers are required to work both within and outside the boundaries of their own disciplines. They
should be trained to understand, synthesize, analyze, and apply knowledge and skills from disci-
plines other than their own (Beemt et al. 2020). Telenko et al. (2016) discussed the need to solve
multidisciplinary problems throughout the curriculum, and they proposed the pedagogical under-
pinnings to integrate design experiences and multidisciplinary learning into engineering curricula.
With the rapid development of ITs, mechatronic design turned out to be a vital approach to solve
various multiple disciplinary engineering problems (Alciatore 2019).

As illustrated in Figure 1.5, the complexity of an engineering design depends on the functional
requirements (FRs) associated with products, manufacturing processes, and business environments.
The more complex the products, manufacturing processes, or business environments are, the more
complex the corresponding engineering design is. Moreover, the integration of products, manufac-
turing processes, supply chains, and planning and controlling as a comprehensive manufacturing
system brings new constraints for correspondences, compliances, and dependencies among system
elements. The complexity of engineering design can be increased exponentially due to the compre-
hensive effects of the increasing complexities of products, manufacturing processes, and business
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Figure 1.5 Growing complexity of mechatronic e@ring designs

environments discussed in Sections 1.2@.2.2, and 1.2.3. Effective design methodologies are
needed to deal with the ever-increasing%omplexity of modern engineering designs.

%
1.3 Integrated Enginee@ ifg Design

In mechatronic design, the plexity of a mechatronic system can be measured by the numbers
and types of FRs related oducts, manufacturing processes, and business environments. More-
over, these multidisciplinary FRs are strongly coupled, and the DSs to these FRs have to be devel-
oped concurrently in such a way that (1) the design space for all potential solutions is not reduced
due to a sequential design procedure and (2) all of the design constraints in these disciplines can be
satisfied simultaneously (Bi 2002). As shown in Figure 1.6, raw materials are transformed into final
products through a series of manufacturing processes; and the theories, design knowledge, and
tools in different disciplines are utilized to implement manufacturing transformations. However,
design constraints and outcomes in one discipline can strongly be coupled with those in other dis-
ciplines, since all of them are coupled to physical objects or processes in the material flow.
Three fundamental ways to deal with changes and complexity are (1) using an integral compo-
nent with its flexibility of adapting certain changes, (2) using a modularized structure where dif-
ferent numbers and types of modules can be selected and assembled into various system
configurations for different functions, and (3) using modularized structure with adjustable compo-
nents as part of modules. Since a modularized structure has been proven in its great effective in
using topological parameters to deal with changes, an integrated engineering design methodology
should be capable of decomposing system-level FRs into loosely coupled sub-FRs, so that integrated
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solutions can be developed for individual sub-FRs, respectively. Figure 1.7 describes the scenario of
using an integrated engineering approach to designing a complex product or system. Five main
tasks of integrated engineering design are (1) decomposing system-level FRs into sub-FRs until cor-
responding DS is identified to each of sub-FRs, (2) performing virt esign to identify DSs for all
sub-FRs, (3) developing physical functional modules for requi irtual DSs, (4) selecting and
assembling modules into a system configuration to meet the@quired FRs, and (5) developing
the control system to integrate and coordinate the control Wecentralized modules in physical
implementation. It is worth to note that conventional @tiple-disciplinary designs emphasize

on task 3 in Figure 1.7.
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Figure 1.7 Scenario of using an integrated design method for complex product or system
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1.4 Mechatronics for Multi- or Interdisciplinary Designs

With the saturation of globalized manufacturing capacities, companies are facing some fierce com-
petition in advancing their products and systems. A mechatronic design helps reduce the complex-
ity of objects significantly (AIMSek 2024). DE247 (2024) gave a few examples of using the
mechatronic methodologies to deal with product complexity: (1) adopting the mechatronic design
method reduced a half number of parts from Boeing 767 to Boeing 787 and the design was actually
performed in a distributed and decentralized environment with 5400 suppliers in 38 states in the
United States and 19 counties. (2) A conventional fuel nozzle with 18 parts was simplified and fab-
ricated as a single component by additive manufacturing at the General Motors (GM). (3) An
iPhone camera consisted of over 200 parts, and it was developed collectively by a team of over
800 members.

van der Roest (2017) discussed the evolution of enabling technologies in dealing with the increas-
ing complexity of products. As shown in Figure 1.8, conventiona _kmechatromc design is at one
phase of technological development, where electric and electr components are embedded in
mechanical components as an integrated system. With the co ous increase of product complex-
ity, the scope of mechatronic design has to be expanded greatlyo integrate dynamic resources such
as smart things, cyber-physical systems (CPSs), and dynaQ1 services in distributed and decentra-
lized environments.

Products were traditionally dominated by mechan@designs for motion and power transforms;
however, more and more electronic and software ponents are integrated on mechanical struc-
tures as mechatronic products and systems. Tal%%the example of automobile industry, the num-
ber of electronic components has increased st y Over 80% of new functions were implemented
by mechatronic components, and around ége-thlrd of the total cost of products was spent on
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electronics. To make a product smart, electronic and software components play an increasingly
important role in sensing internal and external changes, processing data, and controlling the pro-
ducts to respond to the changes adequately. In addition, more and more traditional mechanical
components were gradually replaced by electronic or mechatronic systems. For example, a conven-
tional gear transmission in an automobile has been replaced by electronic and software compo-
nents. In the globalized business environment, enterprises are facing the challenges to increase
product diversities with improved efficiency and productivity and the level of customers’ satisfac-
tion (Unido 2020).

The progress and the miniaturization we have seen in electronics during the last decades have
allowed engineers to come up with new products and new engineering disciplines. Another factor
that gives a booming to mechatronics applications is the continuously decreasing prices of elec-
tronic parts and the challenges to design very small systems. Taking an example, microprocessors
with high performance are becoming very cheap, which encourages their use in computer-
controlled systems (Boukas and Al-Sunni 2011). Figure 1.9 shows that enabling ITs has been
evolved to support the design and control of complex manufactu@g systems with the industry
revolution from Industry 1.0 to 4.0. O

1) Industry 1.0 was featured by the mechanization of manu Qp’erations. A machine was purposely
constructed to perform tasks on objects. It began with doption of water-powered engines in
the late 18th century. In over a century, Industry 1.@;1 increased six times of average income
per capita over the world. Two basic motions of Mechines were translational and rotational
motions that were implemented by basic masQ#ie elements such as linkages, gears, cams
and cranks, and pulleys and belts. Machine ents changed the speeds or types of motions,
so that machinery was not man—powere% erefore, mechanization was synonymous with
motorized machines (Wikipedia 2024). N

2) Industry 2.0 was featured by electrificasign and electronization of machines. Electrification and
electronization sparked the standar&on and industrialization in the late 19th century. Elec-
tricity was developed as the ne ay of generating energy from petroleum; eletronization
referred to a process or outco electronizing for machine controls. Using electric-powered
machines to make interchang@ible parts, Industry 2.0 made the mass production paradigm

Indstfy 3.0

i

@ Industry 4.0

Electrification and
electronization (steam-powered
engines, mass production, and
assembly lines, etc.)

@ Industry 2.0 i

;

Automation (computer
numerical controls
(CNC), robots, and

embedded systems, etc.)

L
Autonomy (cyber physical
systems (CPS), digital twins
(DT), Internet of things (IoT),
smart things, blockchain technology
(BCT), and networking, etc.)

T S ——

The 18th century The 19th century

The 20th century

Figure 1.9 From mechanization to autonomy in Industry Revolution (IR)
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possible, and this triggered the inventions of cars, airplanes, and telephones, which radically
changed people’s lives and working styles.

3) Industry 3.0 was featured by the automation of products or systems in the early 20th century.
Products and systems were automated by the use of electronics and ITs. Embedded technologies,
microprocessors, and computers were replacing humans’ roles in controlling machines and sys-
tems; this increased productivity and lowered manufacturing costs. In Industry 3.0, logic pro-
cesses and ITs were widely used to automate manufacturing processes with less and less
human intervention (Venneslan 2009).

4) Industry 4.0 was featured by the autonomy of smart systems. Since 2018 with the incorporation
of newly developed technologies such as CPS, DT-I, IoT, and Blockchain Technologies (BCTs),
modern products are expected to become autonomous in the sense that they are capable of
(1) sensing the changes and uncertainty in the environment, (2) processing and utilizing
sensed data, and (3) reacting at the changes and uncertainties to optimize system objectives
autonomously. _&

Industry 4.0 deals with the increasing levels of complexity, d&mics, uncertainty, distribution,
and decentralization. Industry 4.0 is driven by four main fact@: (1) the increases of data Volume,
Variety, and Velocity (3 V); and the capabilities of computi Wwer and networking; (2) the increas-
ing demands of analysis, capabilities, and business intghisence; (3) the needs of the synergies of
humans and machines; and (4) the emergence of i ative interactions of digital and physical
worlds such as additive manufacturing, digital m acturing, and robotics. Therefore, Industry
4.0 is characterized by many features linking digi ion, optimization, customization, autonomy,
adaptation, and human-machine interaction oqgo et al. 2020). Bishop (2002) and Yan et al.
(2020) gave a detailed discussion on the im of emerging technologies on the development of
mechatronic systems in Figure 1.10. A\

1.5 Maechatronic Design-&xamples

Modern products and systemQ-re mostly mechatronic. Therefore, an engineering design in the real
world mostly requires talz'g into consideration of mechanical, electrical, electronic, and control
requirements simultaneoudy in developing a complete solution to meet the FRs of products. In this
section, a few of capstone design projects by the author’s students are introduced to show the neces-
sity of using a mechatronic design approach in practice.

1.5.1 Development of Football Robot Team

The design aimed to build a football-playing robot team that would compete in the intercollegiate
mechatronic game (Bi et al. 2017). As shown in Figure 1.11, different robots were designed to serve
as the roles of a quarterback, receiver, center, or runner. These robots must satisfy geometric, weight,
and power requirements specified in the regulations and rules of robotic football competitions.
Some critical FRs of these robots included that (1) a center robot passed over a football to a quar-
terback in less than 20 seconds with a success rate higher than 75%; (2) a center, quarterback, or
receiver robot was capable of accomplishing a complete pass with a success rate higher than 65%;
(3) a receiver robot was capable of traveling 50 ft in 5 seconds, and a central robot was capable of
traveling 50 ft in 8 seconds. Moreover, each robot should be able to identify teammates, acquire,
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As a system, all of the system elements must be integrated to achieve system-level functions with
the desired performance. Figure 1.12 shows that a mechatronic design method is used to (1) decom-
pose system-level FRs into module-level FRs, (2) develop physical solutions to each sub-FRs, and
(3) develop the integration solution by which all functional modules are networked, interacted,
coordinated, and collaborated to fulfill system-level FRs.

1.5.2 Reusing Robots to Unload Heat Sinks Automatically

The design aimed to adopt a lightweight robot to automate the unloading process of heat sinks at
the exit of the heat treatment line (Bi et al. 2015). The expected system requirements include
(1) unloading heat sinks without causing damages such as drops, scratches, or dents; (2) placing
a part in a box at exits with the positional accuracy of 0.1 in.; (3) achieving a cycle time of operation
less than 40 seconds to catch up with the moving speed of the conveyer up to 12.3 in./min; (4) show-
ing the counts of heat sinks in box, alert a supervisor to replace a box, and allow human interven-
tion in operation; and (5) meeting the safety requirements in running the physical system.
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Figure 1.13 Automating heat sink urgmng process by a used robot (Bi et al. 2015)

Figure 1.13 shows main categes of system elements, and Figure 1.14 shows that system-level FRs
were decomposed into tho& the element level as well as their interactions by following mech-
atronic design principles.

1.5.3 Rebuilding Rail Test Machine

The client company had a test machine to measure the strengths of welds on rails. The hydraulic
power system was able to press a specimen with a pressure of up to 300 bar. However, such a capac-
ity must be upgraded since the strengths of upgraded materials can resist up to a pressure of 400 bar.
The project aimed to (1) upgrade the hydraulic system with an enhanced loading capacity; (2) rein-
force the frame and supports of the test machine for tests with an increased load; (3) develop a user-
friendly solution to control a testing process, measure, and visualize a load and corresponding
deflection of the specimen over time (Bi et al. 2014a). Figure 1.15 shows five main system elements,
that is, mechanical frame, energy absorption, hydraulic power supply, measurement and instru-
mentation, and testing controls and visualization. Figure 1.16 shows that the system-level FRs were
decomposed into four sub-FRs including mechanical support and energy absorption, power supply,
sensing system, and testing controlling.
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1.5.4 Testing of Electric Hardness
g &

harnesses was guaranteed by function sts on randomly selected products. However, manual
testing involved intensive labor andé@ned heavily on subjective judgments. The project aimed
to develop a semi-automated worl@?ﬁon to (1) reduce the manual effort in setting up cable har-
nesses and mapping input and omy t ports and (2) eliminate the possibility of undetected defects.
The main requirements for t stlng workstation were to (1) detect both open and crossed con-
nections, (2) assist testers @ut special training, (3) have a cycle time of less than 20 seconds for
same type of cable hardne‘?q4) have a changeover time for different types of cable hardness of less
than 5 minutes, and (5) be capable of testing over 20 different types of cable hardness and expand-
able for more types with customized adaptors (Bi et al. 2018). Figure 1.17 shows that a modularized
architecture is used, the system-level FRs are decomposed into five module-level sub-FRs that are
fulfilled by corresponding physical solutions. The five main modules were mechanical interface,
electronic interface, power supply, testing control, and interface to the operator.

The client company made customized cab;l_géarnesses for home appliances. The quality of its cable

1.5.5 Valve Needle Assembly Station

As shown in Figure 1.18a, valves were critical components to implement the control of a pneumatic
actuator. A valve was assembled from a needle, an O-ring, and a screw retainer in two steps as
shown in Figure 1.18b, that is, (1) a pressing process to place the R-ring in the slot of the needle
and (2) a threading process to thread the screw at the end of the needle. Both these processes were
performed manually, and an operator easily felt vision or muscle fatigue due to the small sizes of
parts at a scale of millimeters.
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Power supply $\ Testing control

Figure 1.17 Main modules of a semi-automa@ble hardness testing workstation (Source: Bi et al. (2018)/
MDPI/CC BY 4.0)
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Figure 1.18 Assembly of flow control valve
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Figure 1.19 Mechatronic design of semi-auton&\ valve assembly workstation

The client requested to develop an, '%tive workstation where parts were placed manually at
given locations and the pressing a reading processes were automated. The semi-automated
system was required to produceéué valve in less than five seconds, one setup for a batch of at
least 1000 valves, and no ma intervention except for (a) feeding parts and (b) emergency
stops. Figure 1.19 shows th chatronic design of the semi-automated valve assembly works.
The system-level FRs werdgd€composed into five sub-FRs, which were fulfilled by five systems,
respectively. These five subsystems were (1) an actuating system for all required movements in
two assembling tasks, (2) a setup system to position and orientate parts in fixtures, (3) an elec-
tric system for the interactions of mechanical and actuating systems, (4) a programming
system for system control, and (5) a pneumatic power system to regulate power supply for sys-
tem operation.

1.5.6 Ejecting Engine Fans from Performance Tester

The specifications of engine fans were measured by having performance tests for products ran-
domly selected from a production line. The client company had a workstation to test engine fans.
However, it ran into a number of technical issues that led to uncertain downtimes in a product line.
In the existing system, a fan was lifted by a pair of parallel rails and was conveyed and ejected out on
top of thin round belts to a mating conveyor, then further transported outside the product line by
inertia force. Parts were easily damaged in the lifting process and the duration of the transition from
one location to another, and fixtures were quickly worn or damaged due to improper changeovers.
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Figure 1.20 Six subsystems of the new engiﬂ&fan ejection system

The project aimed to develop a ne; <éﬁaction system to meet the requirements of (1) automating
fan-ejection process without any d&ge to fans, (2) being applicable to a variety of engine fans of

up to 20 1b for both single- an 1-fan assemblies, (3) ejecting a fan in less than 3.5 cycle time,
(4) being integrated with exisj ompactLogix PLC, and (5) meeting system safety and reliability
standards. Figure 1.20 sho e mechatronic design of a new fan ejection system. The system-level

FRs were decomposed im((sm sub-FRs, which were fulfilled by six systems, respectively. These six
subsystems were (1) a new ejection mechanism to lift and transfer a tested fan from the testing
workstation to outside of product line in less than 3.5 seconds, (2) a changeover system, especially
dealing with two identified technical issues, (3) a power transmission system to provide power for all
moving components, (4) the sensing system that acquires the data of motion variables for closed —
loop system controls, (5) a control system that uses sensed data to operate fan testing workstation,
and (6) an integration system to connect all sub-systems seamlessly.

1.5.7 Demonstrator of Automated Spacer Removals in Truck Assembly Line

The client company produced 0.5-1 ton trucks at a rate of one truck per minute. The first step of a
truck assembly line was to place the truck chassis at its entrance, and one essential task was to
remove frame spacers from the chassis. Frame spacers were placed among the chassis so that indi-
vidual chassis were protected and transported in stacked structures. When a chassis was placed on
the assembly line, up to four frame spacers must be detected and removed from the chassis, and
these operations were performed manually.
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The company requested to explore the technical feasibility of automating the detection and
removal of frame spacers from the chassis at this workstation. The automation was required to
(1) locate spacers; (2) lift, remove, and transport spacers one by one to storage at the specified loca-
tion; and (3) alert the operator for a manual operation if a spacer was sticking or at an abnormal
position. If the system fails to remove a spacer, an alert must be sent to an operator for manual
spacer removal. The automated system would be evaluated on the success rate of removing the
spacers and its reaction to failure. With these specifications in mind, the mechatronic design
focused on a spacer removal mechanism and a control system in order to achieve a working
prototype.

Figure 1.21 shows the mechatronic design of the spacer removal demonstrator. The system-level
FRs were decomposed into five sub-FRs that were fulfilled by five sub-systems, respectively. These
subsystems were (1) a magnetic manipulator to pick spacers from truck frames and move them to
specified containers; (2) a gantry support system to move the manipulator in a three-dimensional
space; (3) the subsystem of power supplies for electric and pneumatic gctuators and control systems;
(4) the subsystem of all sensing solutions to identify spacers and huéﬂs, and detect the positions of
actuators for closed loop controls; (5) the control system that c@cted all system elements as an
integrated system and operated the system based on operators™¥puts and real-time data acquired
from the subsystem of sensing solutions.

Actuating and
controlling system

Gantry support
system

Electric and pneumatic power supplies

Figure 1.21 Subsystems of a spacer removal demonstrator
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1.6 Group Technologies (GTs) for Mechatronic Designs

The complexity of a product or system can be measured by a Shannon entropy that was initially
introduced to quantify the amount of energy in thermodynamics; it was then used to measure
the randomness and disorders of the system as (Isik 2010; Vrabi¢ and Butala 2012; Sénmez and
Koc 2015; Fredendall and Gabriel 2019),

() = S0 o (5 ) @)

x€x

where H(y) is the system entropy for the amount of information relating to randomness and uncer-
tainties of the interactions of system elements. y is the set of possible events, that is, interactions of
system elements. p(x) is the probability of the occurring event x€ y. log, is the function to normalize
probability into “0” or “1.”

Equation (1.1) shows that the entropy depends on two factors: (L)Xhe number of possible events y

and (2) the probability p(x) when event x € y occurs. Moreover, ntropy decreases when (1) the
number of possible events decreases and (2) the probability @ of an event x € y becomes more
certain.

Since the number of possible events depends on the Y;r of interactions among system ele-
ments, grouping system elements into components and Stb-systems will reduce system complexity
significantly (Bi et al. 2021b, 2021c). Taking an examp{» of a system with a total number (ng) of FRs
is (3 x4 x 8) = 96, if DSs would be defined by t e@)FRs, respectively.

When one DS can satisfy one FR, that is, the er of FRs that are satisfied by one DS (ng) is 1;
then, the total number (n;) of possible inter ns among system elements becomes,

ns\ ns A\
where (:TS;) is the number of groufd-In the system.

As shown in Figure 1.22, wh e number (1) of the satisfied FRs in each DS issetas 1, 3, 4, 6,
12, 24, 32, and 48, respectiv g. (1.2) determines the corresponding number of system interac-
tions as 4560, 496, 276, 1%((0 , 6, 3, and 1, respectively.

12345678 9101112 1 2 3 4
N 1 1
2] 2
3 3
4| 4
5] (¢) ng=96, n, =24
6|
7]
8|
) 1 23
0l 1
111 2
12 3|n=3
(@) ng=96,n,=1 (b) n, =96, n, = 12 (d) n, =96, n, =32

Figure 1.22 Decrease of system complexity (1) with an increase of group size (ng)

0005888638.3D 21 6/1/2025 10:31:23 AM



22| 1 Introduction

\s

(12, 66)

Figure 1.23 Example of the impact of group size on system cm@mity when the number of basic system
elements is ns = (3 x4 x 8) =96 <b

NI

Figure 1.23 shows that system complexity (nl)é?educed monotonically with an increase of
granularity (ng) in a grouping.

Engineered products usually consist of co ents from different disciplines. Products can be
developed in different ways that can be cla\Mled into three categories as shown in Figure 1.24.
First, traditionally, a sequential design ess is used to take into consideration of design con-
straints and optimization discipline by&pline. A high cost occurs due to the need of iterations
for redesigning and retooling. Secoé/disciplinary—speciﬁc concurrent designs, such as DfA and
DfM, are used to take into consid@ ion of design constraints and optimizations in two or a few
disciplines. Third, mechatronic dG@gn is used to take into consideration of all constraints and sys-
tem-level objectives simultan ly. Traditional engineering disciplines, such as mechanical, elec-
trical, chemical, and civil eering, were developed in the 20th century; they have respective
bodies of theories, knowledge, methodologies, and design tools in mutually exclusive intellectual
and professional territories (Alciatore 2019).

1.7 Mechatronics and Mechatronic Functional Modules (MFMs)

The discussion in Section 1.6 shows that the effectiveness of mechatronic design in dealing with
system complexity depends on the identification of grouped DSs for corresponding FRs. The higher
the level of grouping applied, the more the number of system interactions can be reduced; the closer
the relevance of grouped DSs are, and the easier and the more meaningful grouped DSs can be inte-
grated as sub-systems.

Following the mechatronic designing procedure, a mechatronic system is integrated from a set of
mechatronic functional modules (MFMs). In this book, an MFM refers to a DS to satisfy one or a set
of system FRs. Depending on specified FRs, an MFM can be a collective and integrated solution of
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Figure 1.24 Differences among mechatronic, d@ne -specific, and sequential designs
AN

mechanical, electric, electronic, and @;ﬁl solutions. An MFM can also be an integration of a set of

low-level MFMs.

Mechatronics, also called mechgiydnics engineering, is an interdisciplinary branch of engineering
that focuses on the engineeringﬁf electronic, electrical, and mechanical engineering systems. In
regard to relevant disciplineqTlechatronics also closely relates to robotics, electronics, computers,
telecommunications, systghs, control, and product engineering. Note that mechatronics was orig-
inally intended to be nothihg more than a combination of mechanics and electronics; hence, the
name being a portmanteau of mechanics and electronics; however, as the complexity of technical
systems continued to evolve, the definition had been broadened to include more technical areas
(Wikipedia 2024) (Figure 1.25).

Figure 1.26 provides an external view of a product-oriented mechatronic system and its bound-
aries. Alongside the actual mechatronic system (the product), two additional important, interacting
agents can be seen: the user and the environment. The rationale behind a mechatronic product was
its user-based purpose. A mechatronic system never existed for its own sake; instead, it was designed
to interact with users and environment through man-machine interface. In the simplest case, this
consisted of a start button to enable a complex task that would be carried out by the mechatronic
system automatically.

Figure 1.27 illustrates a mechatronic system from the structural perspective. A mechatronic sys-
tem was used to replace or expand humans’ abilities in (1) sensing environments; (2) performing
tasks; (3) making decisions to respond to changes; and (4) performing comprehensive tasks with
data collection, processes, and utilization for decision-making and execution.
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Figure 1.25 Integrated mechatronic system
(Source: Craig and Stolfi (2002)/with permission of
Elsevier)
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Figure 1.26 Mechatronic system from users’ perspective

1.8 Mechatronic Design Methodologies

Mechatronic products and systems are not new. On the one hand, most of the engineered products
are integrated mechanical, electrical, and information systems; on the other hand, these integrated
products are not necessarily developed by engineers who have been trained for multidisciplinary
designs. However, learning mechatronics helps engineers greatly to perform an effective and
efficient process in defining, classifying, organizing, and integrating disciplinary solutions into a
system-level solution. From this perspective, mechatronics should be taught more on mechatronic
design methodologies rather than mechatronics itself; in addition, the scope of mechatronics has
been broadened gradually over the years.
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Mechatronics is a philosophy that reflects th ance of human civilization in interdisciplinary
science. Designers in any engineering disci can benefit greatly by setting their minds on the
synthesis of interdisciplinary knowledge to{a¥et emerging engineering challenges. In fact, the con-
cept of mechatronics itself came from tkg evolution of engineering design methodologies. These
design methodologies have been inta&ed to advance mechatronic products by adopting more
and more embedded components puting resources, and ITs. Moreover, rapidly developed
DT-I, CPSs, bio-electro-mechanic, stems, quantum computing, micro-electronic-mechanical sys-
tems (MEMS), and nanotechnolagies have brought new growth points of traditional mechatronics
(Yan et al. 2020). Q—

In the next chapter, me l@ronic systems will be analyzed to identify more important character-
istics such as modularity, ihtegrability, coupling disciplines, concurrent deigns, decentralized con-
trols, event-driven automations, adaptability, predictability, resilience, and continuous adaptation.
Therefore, a mechatronic design process must be needs-driven, and different design methodologies
such as model-based system engineering (MBSE), axiomatic design theory (ADT), unified modeling
language (UML), concurrent design optimization (CDO), and virtual verification and validation
(VVV) should be utilized to satisfy the FRs of mechatronic designs at a different phase. Finally,
the project-based mechatronic design (PBMD) will be introduced as a platform to integrate all avail-
able computer-aided tools as long as they add values to the mechatronic system to be designed.

1.9 Organization of the Book
In this book, PBMD is introduced as a methodological framework to integrate a number of mul-

tidisciplinary design methods to support needs-driven designs of Mechatronics, CPSs, IoT, Human
Cyber Physical Systems (HCPSs), and beyond. This book aims to provide an alternative book on
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mechatronics with the improvement on (1) the theoretical foundation of mechatronics; (2) the
methodological framework to enable needs-driven designs of complex products or systems; and
(3) the evolution of mechatronics to embrace emerging technologies including DT-I, CPSs, 10T,
and Metaverse in the digital era.

The book is organized comprehensively to achieve the following objectives: (1) generalize the
concept of a mechatronic system as an integrated solution by assembling and interacting a set
of static and dynamic, sole-disciplinary and multidisciplinary, and virtual or physical functional
modules that add values to systems in their own ways. Students are educated mainly on how to
interpret customers’ needs into system-level FRs, decompose high-level FRs into low-level sub-
FRs, and finally select the right functional modules to meet sub-FRs, respectively. Knowledge,
experience, and skills to design and implement functional modules are secondary. (2) Discuss
mainstream multidisciplinary design methods including MBSE, CDO, ADT, and VVV with an
emphasis on their roles in creating the innovations of mechatronic systems. (3) Emphasize the
innovations of a mechatronic product on selection, integration, coqrdination, collaboration, and
cooperation of MFMs to achieve system-level objectives rather @% innovations on individual
MFMs. (4) Develop a methodological framework for students ilize appropriate multidiscipli-
nary methods at different developmental phases of mechatroni@duets. (5) Broaden mechatron-
ics to cover the most relevant and influential technologieyXluding DT-I, DT-II, CPSs, human-
robot interactions (HRIs), HCPSs, IoT, CC, BCT, and M erses.

Figure 1.28 shows the organization of the book. Ch@ier 1 gives an overview of the historical
development of Mechatronics and discusses the ne@o teach mechatronic design methodologies
rather than mechatronics itself. Chapter 2 introd the common ways for innovations to char-
acterize mechatronic systems from the design p. \ective, commonly used multidisciplinary design
methodologies are discussed to explore their ®ygS in creating innovations in mechatronic systems,
and PBMD is presented as the methodolog@'l framework to integrate various multidisciplinary
design methodologies for needs-driven d%ns. Chapters 3-8 discuss the designs of MFMs in power
supplies, actuating, sensing, signal pr ing, cyber systems, and control systems. Chapters 9-15
introduce emerging technologies in ‘ecent development of mechatronics including DT-Is, CPSs,
IoT, Robotics, end-effector tools, I@;taverse, and HRIs.

ol

1.10 Summary «

Since its birth, mechatronics has continuously evolved to deal with multidisciplinary designs with
the ever-increasing complexity. Classic books focus on mechatronics itself and underestimate its
importance as a design philosophy. There is a need to provide some alternatives in teaching mech-
atronic courses with two primary purposes to (1) understand mechatronic design methodologies
and (2) incorporate newly developed technologies in mechatronics.

PBMD is proposed as a methodological framework to integrate various multidisciplinary meth-
odologies to create innovations in mechatronic systems at different levels and aspects. The pro-
posed book is expected to fill the gap of mechatronic educations with its features of (1) classifying
innovations and converting these into FRs of mechatronic systems; (2) presenting PBMD as a
methodological framework to integrate system modelling language (SysML), ADT, MBSE,
CDO, and VVV in mechatronic design; (3) generalizing single or multidisciplinary system com-
ponents as MFMs; (4) embracing emerging technologies DT-1, CPSs, Metaverse, HRIs, and HCPSs
in mechatronics.
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Problems

1.1  What are the basic functional requirements (FRs) of a mechatronic system? Give a few
real-life examples to support your answers.

1.2  What are some essential components of a mechatronic system? Give a few real-life examples
to support your answers.

1.3  What are your criteria to justify if a product or system is a mechatronic system? Use your
criteria to justify if an industrial robot is a mechatronic system.

1.4 What are your criteria to justify if a product or system is a mechatronic system? Use your
criteria to justify if any of the following products is a mechatronic system: (1) a mechanical
watch, (2) a smartwatch, (3) a mercury thermometer, (4) aq&ED light, (5) a smartphone,
(6) an app, (7) a microwave, and (8) a programmable logg,controller.

1.5 What are the differences between an “integral” systerg anid a “modular” system? Compare
advantages and disadvantages of integral and modIQt systems with examples.

1.6 What are the differences between a “seque@l” design and a “concurrent” design?
Compare the advantages and the disadvanta@ of sequential and concurrent designs with

examples. \%

1.7 What is a needs-driven design? Wh}g@/important in mechatronic design?
1.8 How to measure the complexity @ system?

1.9 How does the number of sys@aa elements affect system complexity?

1.10 How does the number a_@stem interactions affect system complexity?

1.11 How can mechatroﬁ@ designs deal with system complexity effectively?
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