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This chapter provides the student with an overview of the mechatronic design process 
and a general description of the technologies employed in the mechatronic approach. 
This chapter begins by introducing the key elements, techniques, and design processes 
used for the mechatronics system design. Following a definition of mechatronics and 
a discussion of several important design issues, the mechatronic key elements of 
information systems, electrical systems, mechanical systems, computer systems, 
sensors, actuators, and real-time interfacing are introduced. Characteristics pertinent 
to mechatronics are developed from these first principles. Although experience in any 
of the supporting technologies is helpful, it is not necessary. The chapter closes with a 
description of the mechatronics design process and a discussion of some emerging 
trends in simulation, modeling, and smart manufacturing. 

 
 

1.1 What is Mechatronics  

Mechatronics is a methodology used for the optimal design of electromechanical products. 

A methodology is a collection of practices, procedures, and rules used by those 
who work in a particular branch of knowledge or discipline. Familiar 
technological disciplines include thermodynamics, electrical engineering, 
computer science, and mechanical engineering, to name several. Instead 



 
 

 
of one, the mechatronic system is multidisciplinary, embodying four fundamental disciplines: elec- 
trical, mechanical, computer science, and information technology. 

The F-35, a U.S. Department of defense joint strike fighter plane developed by Lockheed 
Martin Corporation, is an example of mechatronic technology in action. The design metric empha- 
sizes reliability, maintainability, performance, and cost. Multidisciplinary functions, including the 
on-board prognostics for zero downtime and cockpit technology, are being designed into the aircraft 
starting at the preliminary design stage. 

Multidisciplinary systems are not new. They have been successfully designed and used for 
many years. One of the most common is the electromechanical system, which often uses a com- 
puter algorithm to modify the behavior of a mechanical system. Electronics are used to transduce 
information between the computer science and mechanical disciplines. 

The difference between a mechatronic system and a multidisciplinary system is not the con- 
stituents, but rather the order in which they are designed. Historically, multidisciplinary system 
design employed  a  sequential  design-by-discipline  approach.  For  example,  the  design  of an 
electromechanical system is often accomplished in three steps, beginning with the mechani- cal 
design. When the mechanical design is complete, the power and microelectronics are designed, 
followed by the control algorithm design and implementation. The major drawback of the design-
by-discipline approach is that, by fixing the design at various points in the sequence, new 
constraints are created and passed on to the next discipline. Many control system engineers are 
familiar with the  quip: 

Design and build the mechanical system, then bring in the painters to paint it and the control system engineers to 
install the controls. 

Control designs often are not efficient because of these additional constraints. For example, 
cost reduction is a major factor in most systems. Trade offs made during the mechanical and elec- 
trical design stages often involve sensors and actuators. Lowering the sensor–actuator count, using 
less accurate sensors, or using less powerful actuators, are some of the standard methods for achiev- 
ing cost savings. 

The mechatronic design methodology is based on a concurrent (instead of sequential) approach to discipline 
design, resulting in products with more synergy. 

The branch of engineering called systems engineering uses a concurrent approach for pre- 
liminary design. In a way, mechatronics is an extension of the system engineering approach, but it is 
supplemented with information systems to guide the design and is applied at all stages of design—
not just the preliminary design step—making it more comprehensive. There is a syn- ergy in the 
integration of mechanical, electrical, and computer systems with information sys- tems for the 
design and manufacture of products and processes. The synergy is generated by the right 
combination of parameters; the final product can be better than just the sum of its parts. 
Mechatronic products exhibit performance characteristics that were previously difficult to achieve 
without the synergistic combination. The key elements of the mechatronics approach are presented 
in Figure 1-1. 

Even though the literature often adopts this concise representation, a clearer but more complex 
representation is shown in Figure 1-2. 

Mechatronics is the result of applying information systems to physical systems. The physical 
system (the rightmost dotted block of Figure 1-2) consists of mechanical, electrical, and computer 
systems as well as actuators, sensors, and real-time interfacing. In some of the literature, this block 
is called an electromechanical system. 
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FIGURE 1-1 MECHATRONICS  CONSTITUENTS 
 

 

 
 
 

FIGURE 1-2 MECHATRONICS KEY ELEMENTS 
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A mechatronic system is not an electromechanical system but is more than a control system. 

Mechatronics is really nothing but good design practice. The basic idea is to apply new con- 
trols to extract new levels of performance from a mechanical device. Sensors and actuators are 
used to transduce energy from high power (usually the mechanical side) to low power (the elec- 
trical and computer side). The block labeled “Mechanical systems” frequently consists of more 
than just mechanical components and may include fluid, pneumatic, thermal, acoustic, chemi- cal, 
and other disciplines as well. New developments in sensing technologies have emerged in 
response to the ever-increasing demand for solutions of specific monitoring applications. 
Microsensors are developed to sense the presence of physical, chemical, or biological quantities 
(such as temperature, pressure, sound, nuclear radiations, and chemical compositions). They are 
implemented in solid-state form so that several sensors can be integrated and their functions 
combined. 

Control is a general term and can occur in living beings as well as machines. The term 
“Automatic control” describes the situation in which a machine is controlled by another machine. 
Irrespective of the application (such as industrial control, manufacturing, testing, or military), new 
developments in sensing technology are constantly emerging. 
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1.2 Integrated Design Issues in Mechatronics  
The inherent concurrency or simultaneous engineering of the mechatronics approach relies heavily 
on the use of system modeling and simulation throughout the design and prototyping stages. 
Because the model will be used and altered by engineers from multiple disciplines, it is especially 
important that it be programmed in a visually intuitive environment. Such environments include 
block diagrams, flow charts, state transition diagrams, and bond graphs. In contrast to the more con- 
ventional programming languages such as Fortran, Visual Basic, C++, and Pascal, the visual mod- 
eling environment requires little training due to its inherent intuitiveness. Today, the most widely 
used visual programming environment is the block diagram. This environment is extremely versa- 
tile, low in cost, and often includes a code generator option, which translates the block diagram into 
a C (or similar) high-level language suitable for target system implementation. Block diagram- 

based modeling and simulation packages are offered by many vendors, including MATRIXxTM, 

Easy5TM, SimulinkTM, Agilent VEETM, DASYLabTM, VisSimTM, and LabVIEWTM. 
Mechatronics is a design philosophy: an integrating approach to engineering design. The pri- 

mary factor in mechatronics is the involvement of these areas throughout the design process. 
Through a mechanism of simulating interdisciplinary ideas and techniques, mechatronics provides 
ideal conditions to raise the synergy, thereby providing a catalytic effect for the new solutions to tech- 
nically complex situations. An important characteristic of mechatronic devices and systems is their 
built-in intelligence that results through a combination of precision in mechanical and electrical engi- 
neering, and real-time programming integrated into the design process. Mechatronics makes the 
combination of actuators, sensors, control systems, and computers in the design process possible. 

Starting with basic design and progressing through the manufacturing phase, mechatronic 
design optimizes the parameters at each phase to produce a quality product in a short-cycle time. 
Mechatronics uses the control systems to provide a coherent framework of component interactions 
for system analysis. The integration within a mechatronic system is performed through the combi- 
nation of hardware (components) and software (information processing). 

• Hardware integration results from designing the mechatronic system as an overall system and 
bringing together the sensors, actuators, and microcomputers into the mechanical system. 

• Software integration is primarily based on advanced control functions. 

Figure 1-3 illustrates how the hardware and software integration take place. It also shows how an 
additional contribution of the process knowledge and information processing is involved besides the 
feedback process. 

 

FIGURE 1-3 GENERAL  SCHEME  OF  HARDWARE  AND  SOFTWARE  INTEGRATION 
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• Design for manufacturing and assembly undertaken in the early design stage. 

• Process on how the product development is well defined. 

• Better cost estimates. 

 

The first step in the focused development of mechatronic systems is to analyze the customer 
needs and the technical environment in which the system is integrated. Complex  systems  
designed to solve problems tend to be a combination of mecahanical, electric, fluid power, and  
thermodynamic parts, with hardware in the digital and analog form, coordinated by complex soft- 
ware. Mechatronic systems gather data from their technical environment using sensors. The next 
step is to use elaborate modeling and description methods to cover all subtasks of this system in   
an integrated manner. This includes an effective description of the necessary interfaces between 
subsystems at an early stage. The data is processed and interpreted, thus leading to actions car- 
ried out by actuators. The advantages of mechatronic systems are shorter developmental cycles, 
lower costs, and higher  quality. 

 
Mechatronic design supports the concepts of concurrent engineering. 

 
In the designing of a mechatronic product, it is necessary that the knowledge and necessary 

information be coordinated amongst different expert groups. Concurrent engineering is a design 
approach in which the design and manufacture of a product are merged in a special way. It is the 
idea that people can do a better job if they cooperate to achieve a common goal. It has been 
influenced partly by the recognition that many of the high costs in manufacturing are decided at 
the product design stage itself. The characteristics of concurrent engineering are 

 
• Better definition of the product without late changes. 

 
 
 
 
 

• Decrease in the barriers between design and manufacturing. 
 

However, the lack of a common interface language has made the information exchange in con- 
current engineering difficult. Successful implementation of concurrent engineering is possible by 
coordinating an adequate exchange of information and dealing with organizational barriers to cross- 
functional cooperation. 

Using concurrent engineering principles as a guide, the designed product is likely to meet the 
basic requirements: 

 
• High quality 

• Robustness 

• Low cost 

• Time to market 

• Customer satisfaction 
 

The benefits that accrue due to the integration of concurrent engineering management strategy 
are greater productivity, higher quality, and reliability due to the introduction of an intelligent, self- 
correcting sensory and feedback system. The integration of sensors and control systems in a 
complex system reduces capital expenses, maintains a high degree of flexibility, and results in 
higher machine utilization. 



 
 

 

 

1.3 The Mechatronics Design  Process  
The traditional electromechanical-system design approach attempted to inject more reliability and 
performance into the mechanical part of the system during the development stage. The control part 
of the system was then designed and added to provide additional performance or reliability and also 
to correct undetected errors in the design. Because the design steps occur sequentially, the tradi- 
tional approach is a sequential engineering approach. A Standish Group survey of software depend- 
ent projects found. 

• 31.1% cancellation rate for software development projects. 

• 222% time overrun for completed projects. 

• 16.2% of all software projects were completed on time and within budget. 

• Maintenance costs exceeded 200% of initial development costs for delivered software. 

The Boston-based technology think tank, Aberdeen Group, provided key information on the 
importance of incorporating the right design process for a mechatronic system design. Aberdeen 
researchers used five key product development performance criteria to distinguish “best-in-class” 
companies, as related to mechatronic design. The key criteria were revenue, product cost, product 
launch dates, quality, and development costs. Best-in-class companies proved to be twice as likely 
as “laggards ” (worst-in-class companies) to achieve revenue targets, twice as likely to hit product 
cost targets, three times as likely to hit product launch dates, twice as likely to attain quality objec- 
tives, and twice as likely to control their development costs. Aberdeen’s research also revealed that 
best-in-class companies were. 

• 2.8 times more likely than laggards to carefully communicate design changes across 
disciplines. 

• 3.2 times more likely than laggards to allocate design requirements to specific systems, 
subsystems, and components. 

• 7.2 times more likely than laggards to digitally validate system behavior with the 
simulation of integrated mechanical, electrical, and software components. 

A major factor in this sequential approach is the inherently complex nature of designing a 
multidisciplinary system. Essentially, mechatronics is an improvement upon existing lengthy and 
expensive design processes. Engineers of various disciplines work on a project simultaneously and 
cooperatively. This eliminates problems caused by design incompatibilities and reduces design time 
because of fewer returns. Design time is also reduced through extensive use of powerful computer 
simulations, reducing dependency upon prototypes. This contrasts the more traditional design 
process of keeping engineering disciplines separate, having limited ability to adapt to mid-design 
changes, and being dependent upon multiple physical prototypes. 

The mechatronic design methodology is not only concerned with producing high-quality 
products but with maintaining them as well—an area referred to as life cycle design. Several 
important life cycle factors are indicated. 

• Delivery: Time, cost, and medium. 

• Reliability: Failure rate, materials, and tolerances. 

• Maintainability: Modular design. 



 
 

 

• Serviceability: On board diagnostics, prognostics, and modular design. 

• Upgradeability: Future compatibility with current designs. 

• Disposability: Recycling and disposal of hazardous materials. 

We will not dwell on life cycle factors except to point out that the conventional design for life 
cycle approach begins with a product after it has been designed and manufactured. In the 
mechatronic design approach, life cycle factors are included during the product design stages, 
resulting in products which are designed from conception to retirement. The mechatronic design 
process is presented in Figure 1-4. 

 
 

 

FIGURE 1-4 MECHATRONIC DESIGN PROCESS 
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The mechatronic design process consists of three phases: modeling and simulation, 
prototyping, and deployment. All modeling, whether based on first principles (basic equations) or 
the more detailed physics, should be modular in structure. A first principle model is a simple 
model which captures some of the fundamental behavior of a subsystem. A detailed model is an 
extension of the first principle model providing more function and accuracy than the first level 
model. Connecting the modules (or blocks) together may create complex models. Each block 
represents a subsystem, which corresponds to some physically or functionally realizable 
operations, and can be encapsulated into a block with input/output limited to input signals, 
parameters, and output signals. Of course, this limitation may not always be possible or desirable; 
however, its use will produce modular subsystem blocks which easily can be maintained, exercised 
independently, substituted for one another (first principle blocks substituted for detailed blocks 
and vice versa), and reused in other applications. 
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Because of their modularity, mechatronic systems are well suited for applications that require 

reconfiguration. Such products can be reconfigured either during the design stage by substituting 
various subsystem modules or during the life span of the product. Since many of the steps in the 
mechatronic design process rely on computer-based tasks (such as information fusion, 
management, and design testing), an efficient computer-aided prototyping environment is 
essential. 

 
Important Features 

• Modeling: Block diagram or visual interface for creating intuitively understandable 
behavioral models of physical or abstract phenomenon. The ability to encapsulate 
complexity and maintain several levels of subsystem complexity is useful. 

• Simulation: Numerical methods for solving models containing differential, discrete, hybrid, 
partial, and implicit nonlinear (as well as linear) equations. Must have a lock for real-time 
operation and be capable of executing faster than real time. 

• Project Management: Database for maintaining project information and subsystem models 
for eventual reuse. 

• Design: Numerical methods for constrained optimization of performance functions based 
on model parameters and signals. Monte Carlo type of computation is also desirable. 

• Analysis: Numerical methods for frequency-domain, time-domain, and complex-domain 
design. 

• Real-Time Interface: A plug-in card is used to replace part of the model with actual hard- 
ware by interfacing to it with actuators and sensors. This is called hardware in the loop 
simulation or rapid prototyping and must be executed in real time. 

• Code Generator: Produces efficient high-level source code from the block diagram or 
visual modeling interface. The control code will be compiled and used on the embedded 
processor. The language is usually C. 

• Embedded Processor Interface: The embedded processor resides in the final product. This 
feature provides communication between the process and the computer-aided prototyping 
environment. This is called a full system prototype. 

Because no single model can ever flawlessly reproduce reality, there always will be error 
between the behavior of a product model and the actual product. These errors, referred to as 
unmodeled errors, are the reason that so many model-based designs fail when deployed to the 
product. The mechatronic design approach also uses a model-based approach, relying heavily on 
modeling and simulation. However, unmodeled errors are accounted for in the prototyping step. 
Their effects are absorbed into the design, which significantly raises the probability of successful 
product deployment. 

 
Hardware-in-the-Loop Simulation In the prototyping step, many of the non-computer subsystems 
of the model are replaced with actual hardware. Sensors and actuators provide the interface signals 
necessary to connect the hardware subsystems back to the model. The resulting model is part 
mathematical and part real. Because the real part of the model inherently evolves in real time and 
the mathematical part evolves in simulated time, it is essential that the two parts be synchronized. 
This process of fusing and synchronizing model, sensor, and actuator information is called real-time 
interfacing or hardware-in-the-loop simulation, and is an essential ingredient in the modeling and 
simulation environment. 
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TABLE 1-1 DIFFERENT CONFIGURATIONS FOR HARDWARE-IN-THE-LOOP  SIMULATION 
 

Real Hardware 
Components 

Mathematically Modeled 
Components 

 
Description 

• Sensors 
• Actuators 
• Process 

• Control algorithm Modify control system design subject to unmodelled 
sensor, actuator, and machinery errors. 

• Sensors 
• Actuators 
• Control (including the 

embedded computer) 

• Process Evaluate validity of process model. 

• Protocol (for 
distributed applications) 

• Control algorithm 
• Sensors 
• Actuators 
• Process 

Evaluate the effects of data transmission on design. 

• Signal processing 
hardware 

• Control algorithm 
• Sensors 
• Actuators 
• Process 

Evaluate the effects of actual signal processing hardware. 

 

So far, we have only discussed one configuration for hardware-in-the-loop simulation. This and 
other possibilities are summarized in Table 1-1. Table 1-1 assumes the following six  functions. 

• Process: Product hardware excluding sensors, actuators, and the embedded computer. 

• Protocol (optional): For bus-based distributed control applications. 

The comprehensive development of mechatronic systems starts with modeling and simulation, 
model building for static and dynamic models, transformation into simulation models, programming- 
and computer-based control, and final implementation. In this atmosphere, hardware-in-the-loop 
simulation plays a major part. Using visual simulation tools in a real-time environment, major 
portions of the mechatronic product could be simulated along with the hardware-in-the-loop 
simulation. The hardware-in-the-loop model (Figure 1-5) shows the different components of a 
mechatronic system. It is possible to simulate the electronics where the actuators, mechanics and 
sensors are the 

 

 
 

FIGURE 1-5 HARDWARE-IN-THE-LOOP  MODEL  
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• Control: The control algorithm(s) in executable software form. 

• Computer: The embedded computer(s) used in the product. 

• Sensors 

• Actuators 



 
 

 

 
real hardware. On the other hand, if appropriate models of the mechanical systems, actuators, and 
sensors are available, the electronics could be the only hardware. There are different ways in which 
hardware-in-the-loop could be simulated, such as electronics simulation, simulation of actuators 
and sensors, or simulation of mechanical systems alone. 

 
 

1.4 Mechatronics  Key Elements  
1.4.1 Information Systems 
Information systems include all aspects of information transmission—from signal processing to 
control systems to analysis techniques. An information system is a combination of four disciplines: 
communication systems, signal processing, control systems, and numerical methods. In mechatron- 
ics applications, we are most concerned with modeling, simulation, automatic control, and numer- 
ical methods for optimization. 

 
Modeling and Simulation  Modeling is the process of representing the behavior of a real system  
by a collection of mathematical equations and logic. The term real system is synonymous with phys- 
ical system—that is, a system whose behavior is based on matter and energy. Models can be broadly 
categorized as either static or dynamic. In a static model, there is no energy transfer. Systems, which 
are static produce no motion, heat transfer, fluid flow, traveling waves, or any other changes. On the 
other hand, a dynamic model has energy transfer which results in power flow. Power, or rate of 
change of energy, causes motion, heat transfer, and other phenomena that change in time. 
Phenomena are observed as signals, and since time is often the independent variable, most signals 
are indexed with respect to time. 

Models are cause-and-effect structures—they accept external information and process it with 
their logic and equations to produce one or more outputs. Exogenous, or externally produced, 
information supplied to the model either can be fixed in value or changing. An external fixed-
value unit of information is called a parameter, while an external changing unit of information is 
called an input signal. Traditionally, all model output information is assumed to be changing and 
is therefore referred to as output signals. 

Because models are collections of mathematical and logic expressions, they can be represented 
in text-based programming languages. Unfortunately, once in the programming language, one must 
be familiar with the specific language in order to understand the model. Because most practicing 
engineers are not familiar with most programming languages, text-based modeling proved to be a 
poor candidate for mechatronics. The ideal candidate would be picture or visual based instead of 
text-based and intuitive. 

All block diagram languages consist of two fundamental objects: signal wires and blocks. A 
signal wire transmits a signal or a value from its point of origination (usually a block) to its point 
of termination (usually another block). An arrowhead on the signal wire defines the direction in 
which the signal flows. Once the flow direction has been defined for a given signal wire, signals 
may only flow in the forward direction—not backwards. A block is a processing element which 
operates on input signals and parameters (or constants) to produce output signals. Because block 
functions can be nonlinear as well as linear, the collection of special function blocks is practically 
unlimited and almost never the same between vendors. However, there is a three-block basis that all 
block diagram languages possess: summing junction, gain, and integrator blocks. These blocks and 
their associated functions are presented in Figure 1-6. 
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FIGURE 1-6 BASIC BLOCKS 
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Simulation is the process of solving the model and is performed on a computer. Although sim- 
ulations can be performed on analog computers, it is far more common to perform them on digital 
computers. The process of simulation can be divided into three sections: initialization, iteration, and 
termination. If the starting point is a block diagram-based model description, then in the initializa- 
tion section, the equations for each of the blocks must be sorted according to the pattern in which 
the blocks have been connected. 

The iteration section solves any differential equations present in the model using numerical 
integration and/or differentiation. An ordinary differential equation is (in general) a nonlinear 
equation which contains one or more derivative terms as a function of a single independent vari- 
able. For most simulations, this independent variable is time. The order of an ordinary differential 
equation equals the highest derivative term present. Most methods employed for the numerical 
solution of ordinary differential equations are based on the use of approximating polynomials, 
which fit a truncated Taylor series expansion of the ordinary differential equation. Three steps are 
required: 

 

Step 1. Write a Taylor series expansion of the functional form of the ordinary differential equation 
solution about its initial condition(s). Since the independent variable considered is time, all 
derivative terms in the series will be taken with respect to time. 

Step 2. Truncate the Taylor series at one of the derivative terms, and the resulting truncated series 
becomes the approximating polynomial. 

Step 3. Compute all constant terms and each derivative term based on the initial condition values 
to complete the approximating polynomial. 

 

The display section of a simulation is used to present and post the output process. Output may be 
saved to a file, displayed as a digital reading, or graphically displayed as a chart, strip chart, meter 
readout, or even as an animation. 

 
Optimization Optimization solves the problem of distributing limited resources throughout a sys- 
tem so that prespecified aspects of its behavior are satisfied. In mechatronics, optimization is pri- 
marily used to establish the optimal system configuration. However, it may be applied to other 
issues as well, such as 

• Identification of optimal trajectories 

• Control system design 

• Identification of model parameters 
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In engineering applications, certain conventions in terminology are used. Resources are 

referred to as design variables, aspects of system behavior as objectives, and system governing 
relationships (equations and logic) as constraints. 

To illustrate the formulation of an optimization problem, consider the following example. A sys- 
tem consists of a piece of box-shaped luggage, where the volume characteristics are to be maximized 
by appropriate selection of the height, width, and depth resources. The problem is formulated as 

 

Design variables: L (length), W (width), H (height) 

Objective: Maximize V (volume) = V (L, W, H) 

Constraints: System relationship: V = LHW 
 

The objective is written in functional form to show its dependence on the design variables. This 
problem is easily solved mentally, since the resources are unlimited; the volume becomes infinite. 
More challenging and realistic situations occur when limits are placed on the resources. Consider 
placing a limit on the total distance resource (width plus height plus depth) of 80 inches. The 
problem formulation is presented as 

Objective: Maximize V (volume) = V (L, W, H) 

Constraints:    System relationship: V = LHW 

Resources: L + W + H <= 80 

 

Objective: Maximize V (volume) = V (L, W, H) 

Constraints:    System relationship: V = LHW 

Resources: L + W + H <= 80 

Side: 0 <=  L <= 40 

0 <= W <= 30 

0 <= H <= 20 

The system relationship and resource constraints are often called just constraints. These are 
sometimes further divided into equality and inequality constraints. The system constraints are 
usually equality constraints and the resource constraints may be a combination of both. Constraints   
on the design variables themselves are called side constraints. Furthermore, the objective is called 
an objective function, and it is common in engineering applications to always minimize the 
objective function. This is because it is often associated with an error signal, which should ideally 
become zero. Maximizing an objective function is achieved by minimizing the negative of the 
objective function. 

The objective function is the function that is minimized by the search algorithm of the 
optimization procedure by appropriate choice of the design variables. There is no prescribed 
general form that an objective function must obey, but the performance of the search algorithm 
(especially gradient-based algorithms) will be strongly tied to the characteristics of the objective    
function. These characteristics include: (1) the overall “smoothness” of the function, (2) the 

From basic geometry, we remember that cubic shapes have maximum volume; therefore, the 
total distance resource must be distributed equally among the height, width, and depth. Next, con- 
sider the addition of constraints on each of the three design variables. We will restrict the box length 
to be less than 40 inches, the width to be less than 30 inches, and the height to be less than 20 inches. 
The problem formulation becomes 
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magnitude similarity of the values of the objective function gradient, and (3) the overall 
numerical “slope” of the objective  function. 

 

and becomes J*  = J(P*). 
Due to inevitable nonlinearities, most objective functions will have many local minimum 

values, and the one found, J* = J(P*), may not be the desired overall minimum (global minimum). 
One way of finding the global minimum is to make many optimization runs—each using a 
different initial parameter vector. Assuming enough runs were made, the global minimum 
becomes the minimum run collection. It is also possible to create an objective function that has no 
minimum, in which case the optimization process may produce nonsensical results. Care should be 
exercised when constructing an objective function to insure it has at least one minimum. 

 

1.4.2 Mechanical Systems 

 
Mechanical systems are concerned with the behavior of matter under the action of forces. Such 
systems are categorized as rigid, deformable, or fluid in nature. A rigid-body system assumes all 
bodies and connections in the system to be perfectly rigid. In actual systems, this is not true, and 
some deformation always results as various loads are applied. Normally, the deformations are 
small and do not appreciably affect the motion of the rigid-body system; however, when one is 
concerned with material failures, the deformable-body system becomes important. Failure analysis 
and mechanics of materials are major fields based on deformable-body systems. The field of fluid 
mechanics con- sists of compressible and incompressible fluids. 

Newtonian mechanics provides the basis for most mechanical systems and consists of three 
independent and absolute concepts: space, time, and mass. A fourth concept, force, is also present 
but is not independent of the other three. One of the fundamental principles of Newtonian mechan- 
ics is that the force acting on a body is related to the mass of the body and the velocity variation 
over time. For systems involving the motion of particles with very high velocities, one must resort 
to relativistic, instead of Newtonian, mechanics (theory of relativity). In such systems, the three 
concepts are no longer independent (the mass of the particle is a function of its  velocity). 



 
 

 

 
Most mechatronic applications involve rigid-body systems, and the study of such systems relies 

on the following six fundamental laws. 

• Newton’s First Law: If the resultant force acting on a particle is zero, then the particle  
will remain at rest if it is originally at rest or will move with constant speed in a straight 
line if it is originally in  motion. 

• Newton’s Second Law: If the force acting on a particle is not zero, the
#
n the particle will 

have an acceleration proportional to the magnitude of the force, F  =  m   a. 

• Newton’s Third Law: The forces of action and reaction between bodies in contact have the 
same magnitude, line of action, and opposite sense. 

• Newton’s Law of Gravitation: Two particles of mass M and m a
#
re attracted with equal and 

opposite forces F and —F according to the formula F = G #  M  m
, where r is the distance 

r 2 

between the two particles and G is the constant of gravitation. 

• Parallelogram Law for the Addition of Forces: Two forces acting on a particle may be 
replaced by a single resultant force obtained by drawing the diagonal of the parallelogram 
with sides equal to each of the two forces. 

• Principle of Transmissibility: The point of application of an external force acting on a body 
(structure) may be transmitted anywhere along the force’s line of action without affecting 
the other external forces (reactions and loads) acting on that body. This means that there is 
no net change in the static effect upon any body if the body is in  equilibrium. 

There are three different systems of units commonly found in engineering applications: the meter- 
kilogram-second (mks) or System International (SI) system, the centimeter-gram-second (cgs) or 
Gaussian system, and the foot-pound-second (fps) or British engineering system. In the SI and Gaussian 
systems, the kilogram and gram are mass units. In the British system, the pound is a force unit. 

 
1.4.3 Electrical Systems 
 
Electrical systems are concerned with the behavior of three fundamental quantities: charge, current, 
and voltage (or potential). When a current exists, electrical energy usually is being transmitted from 
one point to another. Electrical systems consist of two categories: power systems and communica- 
tion systems. Communication systems are designed to transmit information as low-energy electri- 
cal signals between points. Functions such as information storage, processing, and transmission are 
common parts of a communication system. Electrical systems are an integral part of a mechatron- 
ics application. The following electrical components are frequently found in such applications. 

• Motors and generators 

• Sensors and actuators (transducers) 

• Solid state devices including computers 

• Circuits (signal conditioning and impedance matching, including amplifiers) 

• Contact devices (relays, circuit breakers, switches, slip rings, mercury contacts, and fuses) 

Electrical applications in mechatronic systems require an understanding of direct current (DC) 
and alternating current (AC) circuit analysis, including impedance, power, and electromagnetic as 
well as semiconductor devices (such as diodes and transistors). Some of the fundamental topics in 
these areas are introduced in the following sections. 

 



 

 

 

DC and AC Circuit Analysis  An electric circuit is a closed network of paths through which cur-   
rent flows. Any path of a circuit consists of circuit elements connected by electrical conductors 
called wires. Wires are assumed to be ideal or perfect conductors, which implies two conditions. 

1. The potential at any point on the wire is the same. 

2. Wires store no charge, so the current entering the wire equals the current leaving it. 

An open circuit exists between two points in a circuit that are not connected by a branch, and  
a short circuit exists if the connection is a wire. 

A node is a point at which two or more circuit elements are connected, and a path between two 
nodes is called a branch. 

Circuit analysis is the process of calculating all voltages and currents in a circuit given the cir- 
cuit diagram and a description of each element. The process is based on two fundamental laws 
named after Gustav Robert Kirchhoff (1824–1887). These laws, the current and the voltage law, are 
summarized here. 

Kirchhoff ’s current law: The sum of all currents entering a node is zero. 

Kirchhoff ’s voltage law: The sum of all voltage drops around a closed loop is zero. 

In principle, any circuit can be analyzed by straightforward analytical application of these two laws. 
However, for large circuits, the algebra becomes tedious, and one often resorts to computer meth- 
ods for solution. 

A common method for describing the behavior of an electrical system element is through its 
impedance, Z, or V–I characteristic. For our purposes, the impedance of an element is the ratio of 
the voltage drop across the element divided by the current drawn through the element. The 
impedance of a resistor is just its resistance, ZR  = R. For a capacitor of capacitance C, it  becomes 

 

DC
ZC
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where D is the operator introduced in Figure 1-6. 
For an inductor of inductance L, it is 
 

DLZL   

 

The notion of impedance is an important concept which readily can be extended to other system 
disciplines (i.e., mechanical, fluid, and thermal). 

Various techniques based on Kirchhoff’s laws have been established, and combinations of these 
techniques are often employed to analyze a circuit. Techniques can be categorized depending on the 
circuit’s dependency on time. For time-independent circuits (DC circuits), the following techniques 
are frequently used. 

• Parallel and series branch reductions 

• Node and loop analysis 

• Voltage and current divider reductions 

• Equivalent circuits (Thevenin and Norton equivalents) 

Additional techniques for time-dependent circuits, which include periodic (AC) as well as 
non-periodic or transient, are Phasors Natural and forced response Power Energy, which is 
the capacity to do work, may exist in various forms including potential, kinetic, electrical, 
heat, chemical, nuclear, and radiant. Radiant energy exists only in the absence of matter. 
The remaining energy forms both exist and can be converted amongst them only in the 
presence of matter. Power is the rate of energy transfer, and in the SI unit system, the unit 
of energy is the joule and the unit of power is the watt (1 watt = 1 joule per  second). 
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In electrical systems, power is the product of current and voltage. As current flows 
through an electrical circuit, so does power, but unlike current, which must remain within 
the circuit, power can be converted to other forms, such as heat, which can leave or enter 
the circuit. One often needs to compute the amount of power entering or leaving some part 
of a circuit to determine how much useful power is being delivered. A good example of 
this process is the diesel-electric locomotive used in railroad applications. The diesel 
engine is used to power a generator, which in turn powers an electric motor used to move 
the train. The diesel engine is not directly used for motion because of its narrow torque 
band. By converting its power to electrical (through the generator) and then back to 
mechanical (through the electric motor), the torque-speed curve can be favorably reshaped 
to pro- duce a broader torque spectrum more suited to this application. The power 
conversion does not come without loss, it is primarily through heat. During level and 
upgrade operation, the locomotive consumes power with a slight loss due to heat. During 
downgrade operation, the locomotive produces power, which can be either discarded or 
reused for braking—commonly called regenerative braking. The diesel-electric locomotive 
discards the power by passing the regenerated current through large resistors located under 
cooling fans along the top of the locomotive. These fans are used to assist the heat transfer 
process from the resistors to the atmosphere, keeping the resistors cool (and functional).  

Sensors are required to monitor the performance of machines and processes. Using a 
collection of sensors, one can monitor one or more variables in a process. Sensing systems 
also can be used to evaluate operations, machine health, inspect the work in progress, and 
identify part and tools. The monitoring devices are generally located near the 
manufacturing process measuring the surface quality, temperature, vibrations, and flow 
rate of cutting fluid. Sensors are needed to provide real- time information that can assist 
controllers in identifying potential bottlenecks, breakdowns, and other problems with 
individual machines and within a total manufacturing environment. 

Accuracy and repeatability are critical capabilities; without which sensors cannot provide 
the reliability needed to perform in advanced manufacturing environments. When used 
with intelligent processing equipment, sensors must be able to discern weak signals while 
remaining insensitive to other interfering impulses. Sensors must be able to ascertain 
conditions instantaneously and accurately, as well as able to provide usable data to system 
controllers. 

Some of the more common measurement variables in mechatronic systems are 
temperature, speed, position, force, torque, and acceleration. When measuring these 
variables, several characteristics become important: the dynamics of the sensor, stability, 
resolution, precision, robustness, size, and signal processing. The need for less expensive 
and more precise sensors, as well as the need for the integration of the sensor and the 
signal processing on a common carrier or on one chip, has become important. 

Progress in semiconductor manufacturing technology has made it possible to integrate 
various sensory functions. Intelligent sensors are available that not only sense information 
but process it as 



 
 

 

 

well. These sensors facilitate operations normally performed by the control algorithm, which 
include automatic noise filtering, linearization sensitivity, and self-calibration. Microsensors could 
be used to measure the flow, pressure, or concentration of various chemical species in 
environmental and mechanical applications. 

The resonant microbeams already are being used to sense linear and rotational acceleration. 
The sensor is mounted on a data glove to detect the characteristic accelerations of human gestures. 
Many microsensors, including biosensors and chemical sensors can be mass produced. The abil- 
ity to combine these mechanical structures and electronic circuitry on the same piece of silicon is 
also important. 

Actuators are another important component of a mechatronic system. Actuation involves a 
physical action on the process, such as the ejection of a work piece from a conveyor system initi- 
ated by a sensor. Actuators are usually electrical, mechanical, fluid power or pneumatic based. They 
transform electrical inputs into mechanical outputs such as force, angle, and position. Actuators can 
be classified into three general groups. 

1. Electromagnetic actuators, (e.g., AC and DC electrical motors, stepper motors, electromagnets) 

2. Fluid power actuators, (e.g., hydraulics, pneumatics) 

3. Unconventional actuators (e.g., piezoelectric, magnetostrictive, memory metal) 

There are also special actuators for high-precision applications which require fast responses. They 
are often applied to controls which compensate for friction, nonlinearities, and limiting parameters. 

Nanofabrication or micromachining refers to the creation of smaller structures—down to the 
control and arrangement of individual atoms. Such techniques are still being developed but offer 

fascinating potential. Microfabrication and nanofabrication involve the fabrication and manipula- 
tion of materials and objects at microscopic (microfabrication) and atomic (nanofabrication) levels 

often on a scale of less than one micron. Microfabrication processes include lithography, etching, 
deposition,  epitaxial  growth,   diffusion,  implantation,  testing,  inspection,  and      packaging. 

Nanofabrication includes some of these but also involves atomic-scale tailoring and patterning of 
materials to utilize their natural properties to achieve desired results. 

 
1.4.4 Real-Time Interfacing 
 
Simulation of a mathematical model is unrelated to real time—the time read from a wall clock. We 
often would like the model to run (or simulate) faster, but there is no harm if it does not. Consider a 
model which consists of several subsystems categorized as control algorithms, sensors, actuators, and 
the process (mechanical, thermal, fluid, etc.). The process of simulation requires that all cause-and- 
effect equations in the model be ordered (or sorted) with inputs on the left and outputs on the right 
prior to simulation. During simulation, the sorted equations are solved, time is advanced, the equations 
are again solved, and the process continues. One passage through the equations is called a loop. 

The real-time interface process really falls into the electrical and information system categories 
but is treated independently as was computer system hardware because of its specialized functions. 
In mechatronics, the main purpose of the real-time interface system is to provide data acquisition 
and control functions for the computer. The purpose of the acquisition function is to reconstruct a 
sensor waveform as a digital sequence and make it available to the computer software for process- 
ing. The control function produces an analog approximation as a series of small steps. The inherent 
step discontinuities produce new undesirable frequencies not present in the original signal and are 
often attenuated using an analog smoothing filter. Thus, for mechatronic applications, real-time 
interfacing includes analog to digital (A/D) and digital to analog (D/A) conversion, analog signal 
conditioning circuits, and sampling theory. 
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1.5 Applications  in Mechatronics  

1.5.1 Condition Monitoring 

 
The success of manufacturing process automation hinges primarily on the effectiveness of process 
monitoring and control systems. An automated factory is required to have sensors at different lev- 
els in the production system. Sensors help the production processes by compensating for unex- 
pected disturbances, any tolerance changes in the work pieces, or other changes due to product/ 
process problems. Intelligent manufacturing systems use automated diagnostic systems that handle 
machinery maintenance and process control operations. 

Condition monitoring is defined as the determination of the machine status or the condition of 
a device and its change with time in order to decide its condition at any given time. The condition 
of the machines can be determined by physical parameters (like tool wear, machine vibration, noise, 
temperature, oil contamination, and debris). A change in these parameters provides an indication of 
the changing machine condition. 

If the machine conditions are properly analyzed, they can become a valuable tool in establish- 
ing a maintenance schedule and in the prevention of machinery failures and breakdowns. The diag- 
nostic parameters can be measured and monitored continuously at predetermined intervals. In some 
cases, measurement of secondary parameters such as pressure drop, flow, and power can lead to 
information on primary parameters such as vibration, noise, and corrosion. The data coming from 
different levels of the factory provide support for automated manufacturing. Sensors integrated with 
adaptive processes control capability at the plant level, manufacturing management level, control 
level, or sensory level and handle the requirements as shown in Figure 1-7. 

 

FIGURE 1-7 SENSOR DISTRIBUTION AT DIFFERENT LEVELS OF PRODUCTION 

 
 
 
 
 
 
 
 
 
 
 
 

 

 

At the sensory level, frequently required tasks in production processes are distance measure- 
ment, contour tracking, pattern recognition, identification of process parameters, and machine diag- 
nostics. The selection of the sensing principle and parameters monitored are shown in Table  1-2. 

In the case of manufacturing machinery, sensors can monitor machining operations, condi- 
tions of cutting tools, availability of raw material, and work in progress. Sensors can assist in 

Individual sensor level 

(Distance, contour, shape, pattern etc) 



 
 

 

 

TABLE 1-2 EXAMPLES OF SENSING PARAMETERS IN AUTOMATED  MANUFACTURING 
 

Measurement Sensing Parameter Principle 
Distance measurement • Edge detection; 

• Monitoring the distance between tool 
and work piece as in laser cutting machines; 

• Collision avoidance in robotics 

• Potentiometric,  inductive,  capacitive principle 
• Non-contact sensors, such as optical or ultrasonic 

sensors 
• Laser interferometer 
• Laser digitizer 

Contour  measurement • Detection of edges and surfaces 
• Robot guided tools in welding operation 

• Inductive,  capacitive 
• Non-contact sensors, such as optical, fiber optic, 

or ultrasonic sensors 
Pattern recognition • Shape information 

• Object  classification 
• Optical 
• Tactile 
• Ultrasonic 

Machine diagnostics • Cutting tool condition 
• Tool wear, breakage 
• Machine vibration 
• Power consumption 

• Force, torque 
• Current, frequency 
• Amplitude,  acceleration 
• Surface roughness, roundness 

 

the recognition of parts, tools, and pallets. They also can be used on the production floor during 
pre-process situations or at the time when the manufacturing process is in    progress. 

Figure 1-8 shows the basic elements of condition monitoring for machine tools during a 
production process. The monitoring system can provide data on the torque produced during 
machining operation and other data for tool management. The condition monitoring systems can 
be of two types. 

1. Monitoring systems that display the machine conditions to enable the operator to make 
decisions. 

2. Automated monitoring of conditions with adaptive control features. 

As shown in Figure 1-9 on the next page, machine condition evaluation is applied for checking the 
status of cutting tools, work piece assembly, detection of collision, and monitoring of cutting   tool 

 

 

FIGURE 1-8 CONDITION MONITORING SYSTEM FOR TYPICAL PRODUCTION  SYSTEMS 
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FIGURE 1-9 MONITORING SYSTEMS IN MACHINE TOOLS 
 

 

 

wear, whereas the feature identification methodology is applied to detect the type of parts, shape of 
the work piece, alignment of cutting tools, types, and nature of pallets. 

 
Monitoring of Vibration, Temperature, and Wear   Vibration, or noise signature, of a machine    
is very much related to the health of a machine. Precise measurement of vibration levels on bear- 
ing housings and measurement of relative translation between shaft and bearings can provide use- 
ful information regarding faults such as unbalance, misalignment, lack of lubrication, and wear     
in machines. In turbo-machinery, resonance and vibration analysis is an established method of 
diagnosing deteriorating conditions. The frequency spectrum of vibration in a ball bearing can 
provide a comparison between a defective and a good ball bearing. The level of vibrations and  
presence of additional peaks are an indication of defects. Figures 1-10 and 1-11 show typical 
mechatronic systems. 

Temperature is also a useful indicator of the condition of a machine. During continuous pro- 
duction, machine faults could cause a deviation in the temperature. Thermocouples, RTD’s, optical 
pyrometers, and fiber-optic gauges are sensors for temperature measurement. Thermography is a 
technique where a thermal image of a component is obtained. In this process, an infrared camera is 
used to monitor the temperature patterns in turbines, bearings, piping, furnace linings, and pressure 
vessels. A thermal image is obtained on a screen that indicates any abnormal condition (like dam- 
aged insulation or localized temperature build-up in a bearing). 

One factor which influences the cost of the manufacturing process is its tool wear. The 
increasing dullness of the cutting-tool edge during the cutting process increases the cutting force. 
In addition, wear in machine tools can provide information of the machine’s existing condition. 
Monitoring the wear and using adaptive optimization methods can improve the manufacturing 
process. In automotive applications, broken piston rings or wear of the sliding members in contact 
with the cylinder can be detected. Direct measurement of wear in machine tools is done by 
incorporating an electrical sensor on the tool tip and observing the change in resistivity. Acoustic 
probes, imaging devices using position-sensing devices, and fiber-optic wear probes are used for 
off-line measurement. 

Machine Monitoring System 

Machine condition Feature identification 

Missing/broken tool 
Work piece assembly 
Collision detection 
Wear monitoring 

Type of parts 
Presence/absence of parts 
Types of machines 
Tool alignment, pallets 

Sensors 

Acceleration sensors 
Pressure sensors 
Feed force sensors 
Current-power sensors 
Torque sensors 

Touch probes 
Surface probes 
CMM 
Non-contact probes 
Proximity sensors 



 
 

 

FIGURE 1-10 SHADOW CYBERGLOVE 
 

 

 
 

From Mechanical Engineering Magazine, June 2008, Brian Mac Cleery and Nipun Mathur, “Right the First Time.” Photo 
by Nexans. 

 

Photo courtesy of Jeremy Sutto-Hibbert/Alamy. 

FIGURE 1-11 NEXAN ROBOT 



 
 

 

 

1.5.2 Monitoring  On-Line 
 
The importance of lean production systems has created an opportunity for intelligent autonomous 
inspection, manufacturing, and decision-making systems that perform tasks with- out human 
intervention. Currently, quality is ensured in the product engineering cycle at two distinct levels. 

 

• At the product design stage: To ensure that quality is designed into the product. Using the 
robust design method. 

• At the final inspection stage: Using statistical process control methods. 
 

Another level of quality assurance, on-line quality monitoring, complements robust design 
and statistical control methods. Continuous quality inspection of critical items in aerospace 
industry and silicon devices in microelectronic fabrication are done by on-line systems. 100% 
inspection ensures a  quality standard for all products with no  sampling error.  By  linking     
the process data and quality data, automatic fault correction is achieved. Quality monitoring 
provides the industrial plants with an ability to take quick corrective actions at the problem 
source. 

Condition monitoring and fault diagnosis in modern manufacturing is also of great practical 
significance. These improve quality and productivity, and prevent damage to machinery. In a clas- 
sical implementation of condition monitoring, sensors are deployed to monitor the condition of a 
system to detect abnormality. For example, the characteristics of frequency spectra originating from 
vibration in machine bearings can be used as a indicator of progressive bearing wear. Together with 
expert knowledge about the system, the observation of certain spectral components can be used to 
detect the onset of specific failure mechanisms. On-line monitoring devices have been available for 
many years, but they are still not widespread in industry. The main problem so far is the limited 
functionality and reliability of the devices, in particular when they face rapidly changing produc- 
tion conditions. 

Significant progress in optimizing the manufacturing process has been achieved in recent 
years. Several relevant approaches include stereo matching, 3-D reconstruction, and use of neural 
networks. The Europe-based program on Intelligent Devices for the On-Line and Real-Time 
Monitoring, Diagnosis, and Control of Machining Processes (IDMAR) has made effort to connect 
scientists, machine tool builders, experts in signal processing, developers of monitoring devices 
and sensors, as well as end-users from the metal-cutting industry. This network helps the sector of 
European industry to achieve or retain global competitiveness by cutting costs, increasing product 
and process quality, and providing flexibility at the same  time. 

 
Evidence-Based Diagnostics   In fields like healthcare, Internet-based systems are available to   
help doctors identify possible causes for patient symptoms. One such statistical diagnostic assistant, 
called “Isabel,” was developed by a father who sought to change the diagnostic system that affected 
the way his daughter (Isabel) was treated. This system is basically an intuitive system that takes 
advantage of all previous diagnoses and provides the statistically most likely disease (fault) and 
treatment (repair). 

The application of a condition-based maintenance information system also is available in army 
and military applications. The system has the ability to integrate information from on-board sensors 
and diagnostic equipment to develop fleet-wide logistic and situational awareness, implementing a 
condition-based maintenance service that will enhance the operation and effectiveness of tactical 
and combat vehicles. 
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1.5.3 Model-Based Manufacturing 
 

 

Model-based monitoring systems generally use a set of modeling equations and an estimation algo- 
rithm (such as a state observer) to estimate the signal important to the machine performance. In 
model-based monitoring, the purpose of the model is to represent the behavior of the structure— 
also sensed externally and recorded. Local sensors provide an output signal related to the measure- 
ment. The difference between the model output and the actual process output signals provides a 
concise mechanism for incorporating diagnostics, which is an attractive alternative to empirical 
rule-based decision systems. Figure 1-12 presents a generic diagram of an intelligent model-based 
manufacturing system. 

 
FIGURE 1-12 MODEL-BASED MONITORING SYSTEM 
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The diagram in Figure 1-12 also shows how the controller applies commands to the process 
such that various sensed values (related to the machine and/or the process performance) are main- 
tained (or regulated) at desired values. Remote sensors may sense some of the diagnostic signals in 
difficult-to-access locations. In some cases, estimation algorithms are used based on the system 
structure and the signal of interest. Modeling procedures (some based on the previous knowledge) 
are used to produce simple, accurate models to improve estimation accuracy. 

 
Mechatronics Systems with Open Architecture Process and  machine-tool  condition  monitor- 
ing are the keys to an increasing degree of automation and, consequently, to an increasing produc- 
tivity in manufacturing. One prerequisite for this functionality is the open interface in the NC-
kernel. Today, controls with open NC-kernel interfaces are available on the market; however, these 
interfaces are vendor-specific solutions that do not allow the reuse of monitoring software in 
different controls. The development of modular, open architecture machine controllers, as shown on 
the next page in Figure 1-13, have provided improvements to the existing systems to overcome 
these limitations with vendor-neutral open real-time interfacing for the integration of monitoring 
functionality into the controller. This trend is also responsible for accelerating the use of intelligent 
sensors in manufacturing. 

Sensor equipped intelligent control systems can be used to evaluate, to control the 
manufacturing process, and to provide a link to basic design. The multivariate environment of a 
manufacturing process generally does not produce a good analytical model of the process. 
However, additional information generally gets generated as a result of the introduction of 
manufacturing automation in a typical plant floor, and that data becomes available for modeling. 
Carefully collecting the data and using the knowledge base in a visual simulation environment 
makes it possible to integrate design, 
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FIGURE 1-13 MECHATRONIC SYSTEM WITH OPEN ARCHITECTURE PLATFORM 
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control, and inspection, as well as planning activities. Figure 1-14 shows a framework for 
integrating heterogeneous systems, which involves the position and velocity control of a machine 
tool, local inspection of a process, global inspection of the overall process, and finally,  
classification. 

 
 

FIGURE 1-14 FRAMEWORK FOR INTEGRATING HETEROGENEOUS SYSTEMS 
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1.5.4 Supervisory Control Structure 

 
In addition to influencing the way the products are designed, the developments in mechatronics 
have created opportunities in autonomous inspection and intelligent manufacturing. Figure 1-14 
illustrates a hierarchical control structure where the controller elects position and velocity at the 
machine level, force and wear at the process level, and quality control issues (like dimension and 
roughness) at the product level. 

This hierarchical control structure consists of servo, process, and supervisory controls. 

• The lowest level is servo control, where the motion of the cutting tool relative to the work- 
piece (such as its position and velocity) is controlled. This involves cycle times of 
approximately 1 millisecond. 

• At the process control level, process variables (such as cutting forces and tool wear) are 
controlled with typical cycle times of around 10 milliseconds. Control level strategies   are 



 
 

 

 

aimed at compensating for factors not explicitly considered in the design of the servo and 
process level controllers. 

• The highest level is the supervisory level, which directly measures product-related variables 
(such as part dimension and surface roughness). The supervisory level also performs 
functions such as chatter detection and tool monitoring. The supervisory level operates at 
cycle times of approximately 1 second. Finally, all of this information can be used to 
achieve on- line optimization of the machining process at the shop floor and plant control 
level. 

The trend in mechatronics is to optimize the overall manufacturing processes from product 
design to inspection by integrating all of the information into a common database. For example, 
knowledge of the parts geometry, as contained in the CAD system, can be used to determine the ref- 
erence values of process variables. Information from various process-related sensors can be inte- 
grated to improve the reliability and quality of sensor information. This shared information (such 
as the data of the geometry of a part and the materials used from CAD/CAM database) can be used 
in selecting the optimum machining processes, tool selections, and finishing operations. Finally, all 
of this information can be used to achieve on-line optimization of the machining process. 

Combined with automated monitoring of tool wear and quality inspection, the system helps to 
ensure efficient manufacturing processes and higher quality products. This will ultimately reduce 
total production cost and yield a better profit margin. 

 
1.5.5 Open Architecture Matters with Mechatronic Models: 

Speed  and Complexity 
 
Mechatronics plays a role irrespective of the possibility of single or multiple microcontrollers han- 
dling machine tools or an automobile assembly line of multiple robots. Simulating such complex 
systems allows designers to develop a system without finalizing the hardware. The simulation pro- 
cedure can be used as a “what if” scenario when the hardware doesn’t exist. There are two critical 
issues to consider: speed and complexity. Larger systems involve more detailed simulation and spe- 
cific system requirements. Trade offs between simulation speed and the level of accuracy is neces- 
sary depending on the system resources available. The simulation becomes faster with faster 
processors, and the use of multicore systems help simulation (MacCleery and Mathur). 

On the next page, Figure 1-15 shows an example of a platform which is used in production lines 
and in many other industrial applications. In this case, there are effectively two models: the 
simulated physical model and the application model. The physical model accounts for the physics-
based simulated environment. The application model interacts with this environment to simulate 
the real- word application. Simulink and MATLAB are used as model-based development tools; so 
the application is a model. 

The basic design represented in the physical world by computer-aided design and manufactur- 

ing tools (such as CATIA, Autodesk®, and SolidWorks) have advanced simulation tools, although 
they are oriented toward physical construction rather than process control integration (Figure 1-16 
on the next page). 

The simulation platform can examine stress under dynamic loading conditions. It also 
addresses nonlinear analysis (like deflection and impact) with flexible materials (such as foam, 
rubber, and plastic). In many cases, simulation and analysis of physical entities is useful in a 
design that doesn’t include a computer-based controller. The contribution by National Instruments 
facilitates a major integration which facilitates the design engineers to bring in mechanical 
elements (such as gears, cams, and actuators) while the programmers concentrate on the feedback 
and control algorithms that will handle the motors and actuators in the system. Linking various 
objects 



 
 

 

FIGURE 1-15 SIMULINK MODEL OF A PLATFORM 
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From William Wong, Electronic Design, October 23, 2008 © Electronic Design, a Penton Media Publication. 

From William Wong, Electronic Design, October 23, 2008 © Electronic Design, a Penton Media Publication. 

FIGURE 1-16 ASSEMBLY LINE DESIGN USING CAD MODELS 



 
 

 

 

together enables the models to interact. The provision of rendering permits visualization of the 
models in action. When creating large models, the modeling environment can demand significant 
amounts of computing power. The creation of large models can be a challenge to computing. At this 
stage, open architecture hosts can make a significant difference. 

Several CAD and model-based design systems employ interface software that takes advantage 
of multiple cores. Exploiting a large number of cores and clustered systems has been a challenge in 
advanced software architectures. The major challenge is communication between cores. The basic 
requirement of mechatronic simulation is the time-synchronization between various objects in a dis- 
tributed environment. Simulation in a multiple-core environment is again a challenge when the 
shared memory cannot handle the synchronization. Typically, there is an amount of limitation in the 
physical space. A robotic line-assembly simulation can perform well within its region, but it will 
have limited capability if it has to interact with other cells. Graphical model-based programming 
can assist in linking multiple cells. 

 

1.5.6 Interactive Modeling 
 
The key aspect of the graphical environments is that the visual representation of system 
partitioning and interaction lends itself to mechatronic applications. They also reduce system 
complexity from a developer’s standpoint, allowing concentration on the application details. For 

example, a simulation tool (such as SimscapeTM) is used as a declarative language that defines 
implicit relationships between components versus the explicit programming specifications for 

languages like C and C++ as well as graphical dataflow languages such as LabVIEWTM. 
Simscape targets co- simulation where programming and CAD intersect. This multidomain tool 
ties together the electronics, mechanical drive elements, and mechanics and hydraulics tools. For 
example, the Stewart platform simulation discussed earlier can incorporate electrical, hydraulic, 
mechanical, and signal flow support in addition to software control of the system. 

By reducing the amount of expertise required for developing mechatronic applications, 
developers can spend time and effort on other areas where they do have expertise. Likewise, 
having a model environment permits a better exchange of ideas and products. The difference these 
days is that the detail within the models being exchanged as objects within a mechatronic 
application have become more advanced. What used to be just dimensions is now something that 
can be used within a simulation complete with programmable feedback (and even application 
interfaces when a model includes application code). Also available is a design verifier, where 
assertion blocks are able to be included within a model so the system can determine whether an 
object’s use within a system is correct (Figure 1-17 on the next page). 

Interactive modeling is crucial to the design process, and it can occur in a mixed environment 
where real and virtual objects are combined. A real robotic arm may be coupled with a virtual 
assembly line, for example, if the current task is to determine if the hand on the robotic arm can re- 
orient an object. The robotic arm might be involved in the laser welding of end plates. The key is 
getting the virtual objects and their control counterparts to interact with the real objects with code 
that’s running on remote devices. The electromechanical control systems once designed for the fac- 
tory floor have become ubiquitous. For example, a designer may answer a problem concerning 
vibration by adding a stiffener. In an integrated mechatronic process, however, that small 
mechanical change may increase the mass of the part; it also may affect how fast the control 
system ramps up motor speed and how long the part holds in place before returning. 

Many top mechatronic performers also use software that routes, tracks, and shares work. Most 
common are workflow tools, which automatically route work packages, and notify the right people 
of deadlines and/or changes. Many companies make use of product data management tools to man- 
age multidisciplinary bills of materials. 



 
 

 

FIGURE 1-17 SIMULATION VERIFICATION OF A TORQUE LOAD 
 

 
Images are provided Courtesy of National Instruments and SolidWorks Corporation. 

 

 

1.5.7 Right First Time—Virtual Machine Prototyping 

 
The hardware-in-the-loop facilitates the replacement of conventional mechanical motion-control 
devices with digital devices. Mechanical systems are increasingly controlled by sophisticated elec- 
tric motor drives that get their digital intelligence from software running on an embedded proces- 
sor. Getting electromechanical designs right requires multidisciplinary teamwork and superb 
communication among team members. A decision like choosing the characteristics of a lead screw 
actuator has a ripple effect throughout the design and can impact the performance of other systems. 
To help facilitate a more integrated design process, we need to add motion-simulation capabilities 
to CAD environments to create a more unified mechatronics workflow. 

Integrating motion simulation with CAD simplifies design because the simulation uses infor- 
mation that already exists in the CAD model, such as assembly mates, couplings, and material mass 
properties. Adding a high-level function block language for programming the motion profiles pro- 
vides easier access to control those assemblies. 

This concept is known as virtual machine prototyping. It brings together motion-control soft- 
ware and simulation tools to create a virtual model of an electromechanical machine in operation. 
Virtual prototyping helps designers reduce risk by locating system-level problems, finding interde- 
pendencies, and evaluating performance trade offs (Figure 1-18). 

 

1.5.8 Evaluating Trade Off 
 
Simulations enable everyone to work on development before the first prototype is completed. 
Engineers can use force and torque data from simulations for stress and strain analysis to validate 
whether mechanical components are stiff enough to handle the load during operation. They also can 

 



 
 

 

 

FIGURE 1-18 EVALUATING TRADE OFFS IN A CAD ENVIRONMENT 
 

 

Images are provided Courtesy of National Instruments and SolidWorks Corporation. 

 

 

validate the entire operating cycle for the machine by driving the simulation with control-system 
logic and timing. They can calculate a realistic estimate for cycle time performance (which is 
typically the top performance indicator for a machine design) and compare force and torque data 
with the realistic limitations of transmission components and motors. This information can help 
identify flaws and drive design iterations from within the CAD environment. Simulations also 
simplify evaluating engineering trade offs between different conceptual designs. 

For example, would a SCARA robot be preferable to the four-axis Cartesian Gantry robot sys- 
tem? Simulations are faster and can be run again whenever you make design changes. Consider an 
analysis of the torque load for the bottom lead screw actuator. Using simulation software, you can 
find the mass of all the components mounted on the lead screw, determine the resulting center of 
mass by creating a reference coordinate system located at the center of the lead screw table, and cal- 
culate the mass properties with respect to that coordinate system. With this information, you can 
calculate the static torque on the lead screw due to gravity caused by the overhanging load. If you 
violate the limits specified by the manufacturer, the mechanical transmission parts may not last for 
their rated life cycles. 

Evaluating the dynamic torque induced by motion is important because it tends to be much 
larger than the static torque load. Realistic motion profiles will help us to simulate inverse vehicle 
dynamics. This can provide more accurate torque and velocity requirements based on the motion 
profiles and the mass, friction, and gear ratio properties of the transmission. 

At times, the designer may consider compliance issues when he designs the assemblies, but 
incorrect assumptions about operational forces and torques may lead to problems. In mechatronics 
systems, compliance issues take two main forms: rotational compliance and linear compliance. 
Rotational compliance is affected by the flexibility of mechanical transmission components, such 
as the connecting rods and couplings. Each rotating part acts like a spring with a particular stiffness, 

 



 
 

 
and the entire drive train acts like a series of springs connected in series. Linear compliance 
problems are caused by the flexibility of mechanical assemblies, such as the gripper arm in a pick-
and- place machine. The length of the moment arm, the weight of the payload, and the speed of 
the motion profiles all play a role. 

Another phenomenon is backlash, which is caused by the clearance between mating 
components (gear teeth) and appears during a change of direction. Compliance and backlash issues 
can make the proportional-integral-derivative feedback devices difficult or impossible to tune, 
causing the system to literally hum during operation. If the system is de-tuned by reducing the PID 
gains to try to avoid the problem, the cycle time performance is affected. 

 

 
FIGURE 1-19 PHOTOGRAPH OF INTELLIGENT MANUFACTURING  SYSTEM 

 

 

 

 
 

1.5.9 Embedded Sensors and Actuators 

 
The advances in MEMS and wireless, information, and other enabling technologies are leading to 
new sensor system functionality and allows access to more accurate sensing. Smart sensor-on-a- 
chip concepts include on-board calibration and temperature compensation, self-test capabilities, 
embedded software for data analysis, and a wireless communication interface to provide a useful 
output signal when it is appropriate to act on the sensed data. A smart sensor system has the 
capability to measure data for the presence of a biological or chemical agent and to process the 
data to evaluate that agent’s concentration. 

In conjunction with other on-chip software, a control algorithm consists of a model that is 
updated with sensed data from multiple sensors on that same chip. In addition, through wireless 
data infusion from neighboring smart sensors, the smart sensor can generate an appropriate output 
to trigger a variety of actions. Several networked smart sensors share information. Should one of 
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the network components fail, they have built-in mechanisms for system reconfiguration. Examples 
of this technology are piezoelectric films embedded in the work holder for precise motion control 
or eddy current probes mounted in the tool holder to monitor cutting-tool wear. A MEMS linear 
motor can be used to control thermal deformation errors with the level of precision of nanometers. 
With the increasing bandwidth of digital electronics and the greatly increasing application of 
Internet communication, the joint location of manufacturing shop floors and process 
monitoring/control systems is no longer a must. 

 

1.5.10 Rapid Prototyping of a Mechatronic Product 
 
Rapid prototyping and hardware-in-the-loop simulation are integral parts of today’s product 
development process. Hardware-in-the-loop simulation testing provides the designer with 
reassurance that any assumptions made on the plant model were correct. PC-based integration of 
systems benefits from various software packages that often use graphical programming to create 
virtual instrumentation. Hardware-in-the-loop simulation is also a cost-effective method to 
perform system tests in a virtual environment. It demonstrates a level of interaction with the 
modeling of a system that is not possible when code is directly ported to the final target platform. 

Mathematical models replace most of the components of the system environment when the 
components to be tested are inserted into the closed loop. If any assumptions were incorrect, the 
designer does have the opportunity to continue the optimization of the design before committing to 
the real- target hardware platform. There are two methods currently used to accomplish hardware-
in-the-loop simulation testing. One method utilizes the virtual-instrumentation-based user interface 
coupled with standard data acquisition and control interface. The actual plant environment is used 
in place of the plant simulation model, and actual sensors and actuators are connected between the 
plant and the interface. Figure 1-20 shows a typical configuration for this type of hardware-in-the-
loop simulation. 

 

 

FIGURE 1-20 TYPICAL PC-BASED HARDWARE-IN-THE-LOOP SIMULATION 
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Another method for accomplishing hardware-in-the-loop testing involves cross-compiling the 

control algorithm to target an embedded real-time processor platform. The embedded processor 
platform is a digital signal processor with I/O that is customized for embedded system products. 
The cross-compiled code is then downloaded to the embedded processor, sensors are connected to 
the inputs of the embedded processor board, and actuators are connected to the outputs of the 
embedded processor board. 



 
 

 

Mechatronically Designed Ambulatory Rehabilitation Walker The  rehabilitation  walker device 
(as shown in Figure 1-21) is an apparatus developed with the intent of aiding in the rehabilitation 
of hospital patients learning to walk again. This apparatus and control system are of industrial 
quality and would be reproducible in its entirety using off the shelf parts. The idea behind the 
rehabilitation walker is that it will relieve a certain percentage of body weight by car- rying the 
patient in a harness which is attached to a hoist. The hoist is actively controlled using feedback 
from strain-gauge sensors. As the patient walks around within the confines of the 

 

 
FIGURE 1-21 MECHATRONIC APPLICATION FOR REHABILITATION EQUIPMENT (COPYRIGHT US 
PATENT 7,462, 138B2, SHETTY, FAST AND CAMPANA) 

 

 

Shetty and Fast. 



 
 

 

room-sized gantry, the hoist will follow the patient around. The overhead gantry is motorized in 
the x and y directions (Figure 1-22). The closed-loop motor control reacts to feedback from 
multi-axis tilt sensors on the hoist line. If ever the patient were to fall, the hoist system would 
react and remove the full load of the patient’s weight. The base of the control system consists     
of a National Instruments Compact Reconfigurable Input Output Programmable Automation 
Controller (CRIO). The CRIO system is based on a Field Programmable Gate Arrays (FPGA) 
backplane and a real-time  controller. 

 

FIGURE 1-22 EXAMPLE OF MONITORING OF Y-AXIS IN THE REHABILITATION DEVICE 
 

 

Shetty and Bravo, University of Hartford. 
 

The backplane accepts modules which perform various I/O functions. The modules are cho- 
sen to interact with the rehabilitation walker sensors as well as handle the motor-drive output 
signals. The motors are driven by industrial amplifiers, while position is tracked via quadrature 
encoder feedback. 

 

1.5.11 Optomechatronics 
 
In recent years optical technology has been increasingly incorporated into mechatronic systems, 
resulting in a greater number of smart products. Optically integrated technology provides  
enhanced characteristics. On the next page Figure 1-23 shows the development of mechatronic 
technology in the upper line above the arrow and that of optical engineering in the lower line. With 
an array of choices available to measure critical dimensions, non-contact techniques from vision   
to high-tech lasers are increasingly offered to inspection as well as material processing. Three- 
dimensional, five-axis laser processing has become attractive due to by advances in control 
systems and programming. 
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FIGURE 1-23 HISTORY OF OPTOMECHATRONICS 
 

 

1.5.12 E-Manufacturing 

 
Web-enabled monitoring is the fastest way to bring your real-time data onto the Web to provide 
real-time data from a factory floor line directly onto the Web. A Web-enabled platform is an inte- 
grated, visual environment that supports real-time Information systems and allows flexible moni- 
toring and analyzing. Remote monitoring device interface and system technologies need to be 
developed based on a generic equipment model. The major purpose is to minimize the need for a 
struggle with distributed application development and deployment issues, and to allow industry 
engineers to focus on application functionality instead. The platform contains all the information 
related to monitoring 

• The number of machines, devices and installation. 

• The data server. 

• The application server. 

• The web server. 

• Web-browsers. 

All of the data collected from the devices and machines will be stored in databases, which can be 
integrated with different systems. 

IEEE Transactions on Industrial Electronics, 52.4, © 2005, IEEE. 



 
 

 

E-manufacturing is a methodology system that enables the manufacturing operations to 
successfully integrate with the functional objectives of an enterprise through the use of the 
Internet, with tether-free (i.e., wireless, web, etc.) and predictive technologies. E-manufacturing 
includes the ability to monitor the plant floor assets, predict the variation and performance loss to 
dynamically reschedule production and maintenance operations, and to synchronize related and 
consequent actions to achieve a complete integration between manufacturing systems and upper- 
level enterprise applications. Rockwell Automation Annual Report outlines a statement of 
competencies that are required of world class companies. These are design, operate, maintain and 
synchronize. E-manufacturing should include intelligent maintenance and performance assessment 
systems to provide reliability, dependability, and minimum downtime, allowing equipment to run 
smoothly at their highest  performance. 

 
 
 

FIGURE 1-24 (A ) OPTICALLY IGNITED MECHATRONIC WEAPON SYSTEM  (B)   WELDING  SYSTEM 
WITH MONITORING AND CONTROL 

 

 

 
 
 

FIGURE 1-25 (A) HUMAN GUIDED VEHICLE (B) AUTOMATICALLY GUIDED ROBOT 
(C) MOBILE ROBOT FOR CLEANING 
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1.5.13 Mechatronic Systems in Use 
 
Examples of mechatronic systems for industrial use are found in many areas. Mechatronic monitor- 
ing systems have been applied to products such as aircraft, machine tools, and automobiles. These 
systems are designed to measure plant parameters (such as compliance and inertia), plant states 
(such as current and velocity), and production states (such as force and wear). Figure 1-26 illus- 
trates a recent application of mechatronics in a six degree-of-freedom hydraulic extender used for 
loading and unloading aircraft. 

 
 

FIGURE 1-26 EXPERIMENTAL SIX-DEGREES-OF-FREEDOM HYDRAULIC EXTENDER FOR 
LOADING AND UNLOADING AIRCRAFT 

 

 

Courtesy Professor Kazeroonl, University of California, Berkeley 
 

 
Noteworthy Mechatronic Applications 

Automotive Industry: 

• Vehicle diagnostics and health monitoring. Various sensors are used to detect the environ- 
ment or road conditions; Sensors to monitor engine coolant, temperature and quality; 
Engine oil pressure, level, and quality; tire pressure; brake pressure. 

• Pressure, temperature sensing in various engine and power train locations Manifold control 
with pressure sensors; exhaust gas analysis and control; Crankshaft positioning; Fuel pump 
pressure and fuel injection control; Transmission force and pressure control. 

• Airbag safety deployment system. Micro-accelerometers and inertia sensors mounted on 
the chassis of the car measures car deceleration in x or y directions can assist in airbag 
deployment. 



 
 

 

 

• Antilock brake system, cruise control. Position sensors to facilitate antilock braking sys- 
tem; Displacement and position sensors in suspension systems. 

• Seat control for comfort and convenience. Displacement sensors and micro actuators for 
seat control; Sensors for air quality, temperature and humidity, Sensors for defogging of 
windshields. 

Health Care Industry: 

• Medical diagnostic systems, non-invasive probes such as ultrasonic probe. Disposable 
blood pressure transducer; Intrauterine pressure monitor during child delivery. 

• Pressure sensors in several diagnostic probes. Systems to control the intravenous fluids and 
drug flow; Catheter tip pressure sensor. 

• Endoscopic and orthopedic surgery. Angioplasty pressure sensor; Respirators; Lung capac- 
ity meters. 

• Other products such as Kidney dialysis equipment; MRI equipment. 
 

Aerospace Industry: 

• Landing gear systems; Cockpit instrumentation; Pressure sensors for oil, fuel, transmission; 
Air speed monitor; Altitude determination and control systems. 

• Fuel efficiency and safety systems; Propulsion control with pressure sensors; Chemical 
leak detectors; Thermal monitoring and control systems. 

• Inertial guidance systems; Accelerometers; Fiber-optic gyroscopes for guidance and 
monitoring. 

• Communication and radar systems; High bandwidth, low-resistance radio frequency 
switches; Optical instrumentation using laser communications. 

Consumer Industry: 

• Consumer products such as auto focus camera, video, and CD players; Consumer elec- 
tronic products; User-friendly washing machines with water level controls, dish washers, 
and other home appliances. 

• Video game entertainment systems; Virtual instrumentation in home entertainment. 

• Home support systems; Garage door opener; Sensors with heating, ventilation, and air- 
conditioning system; Home security systems. 

Industrial Systems and Products: 

• Monitoring and control of the manufacturing process; CNC machine tools; Advanced high 
speed machining and quality monitoring; Intelligent machining and on-line quality check; 
Digital torque wrenches, variable speed drilling and other hand tools. 

• Rapid prototyping; Manufacturing cost saving by rapid creation of models done by 
CAD/CAM integration and rapid prototyping equipment. 

• Autonomous production cells with image-based object recognition; Flexible manufacturing 
and other factory automation systems. 



 
 

 

 
• Specialized manufacturing process such as the use of welding robots; Procedure for auto- 

matically programming and controlling a robot from CAD data; Robotics in nuclear inspec- 
tion and space applications. 

• Automatic guided vehicles, space application; Use of automated navigation system for 
NASA projects; Use of automated systems in under water monitoring and control. 

Other Applications: 

• Telecommunications. 

• Biorobotics, which utilize the biofunctions for applications in environmental control. 

• Magnetically levitated vehicles. 

• Scanners and copying machines and other office products. 

Numerical computation, simulation, computer-aided design, and experimental validation are impor- 
tant technologies which must be considered when evaluating the feasibility of complex mechatronic 
systems. Other technologies include artificial intelligence, expert systems, fuzzy logic, neural net- 
works, and nano-technology. The usefulness of these technologies is expected to be at the higher 
levels of the control hierarchy in machining processes. 

 
 

Step-by-Step Mechatronic Design 

A simple mechatronic system consisting of a permanent magnet (PM), DC gear motor, and a Hall effect sen- 
sor is used for demonstrating how the contents of various chapters in this book are used in the design of a 
mechatronic system. The intent is to understand the approach that can be followed while designing a mecha- 
tronic system. However, it is also important to know that design approach will differ based on the problem. 
Figure 1-27 shows the components of a mechatronic system in general for the position control of the PM-DC 
gear motor. Table 1-3 gives an insight of how these components are covered in this book to fulfill the task of 
designing the simple mechatronic system. 

 

FIGURE 1-27 COMPONENTS OF MECHATRONIC SYSTEM OF A DC MOTOR POSITION 

ELECTRO-MECHANICAL SYSTEM 
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TABLE 1-3 CHAPTER-BREAKDOWN OF COMPONENT DISTRIBUTION  FOR 
THE DC MOTOR EXAMPLE 

 

Mechatronic System Components for DC Motor Example Chapter 
Theory and design details of Hall effect sensor 3 
Mathematical modeling of the PM DC gar mtor and the system as a whole 4 
Design of a PI controller for accurate positioning of the motor shaft based 
on the required performance characteristics 

 
6 

Hall effect sensor application 7 
Modulation of the PI output data both at hardware and software level 7 
Implementation of the dynamical system and real system 8 

 

 

1.6 Summary 

 
Successful mechatronics design can lead to products that are extremely attractive to the consumer 
in terms of quality and cost effectiveness. Conversely, products designed in the more traditional 
sequential manner do not possess optimum design capabilitiues and lack consumer appeal. A major 
factor in the development of an intelligent and flexible mechatronic system is the concurrent use of 
automated diagnostic systems using sensors to handle machinery-maintenance and process-control 
operations. Sensor-fused intelligent control systems can be used to evaluate and control the 
manufacturing process, and to provide a link to basic design. Increasing demands on the 
productivity of machine tools and their growing technological complexity call for improved 
methods in future product development processes. Mechatronics is also influenced by intelligent 
devices for the on- line and real-time monitoring, which includes diagnosis and control of 
processes. 

 
 

 

REFERENCES 
 

Aberdeen Group., “System design: New product devel- 
opment for mechatronics.” Boston, MA, January 
2008 and NASA Tech Briefs, May 2009. 
(www.aberdeen.com) 

Ali, A., Chen, Z., and Lee, J., “Web-enabled platform 
for distributed and dynamic decision making 
systems.” International Journal of Advanced 
Manufacturing Technology, August 2007. 

Brian Mac Cleery and Nipun Mathur. “Right the first 
time” Mechanical Engineering, June 2008. 

Bedini, R., Tani, Giovanni, et. al., “From traditional to 
virtual design of machine tools, a long way to 
go- Problem identification and validation.” 
Presented at the International Mechanical 
Engineers Conference (IMECE), November 2006. 

Pavel, R., Cummings, M., and Deshpande, A., “Smart 
Machining Platform Initiative.” Manufacturing 
Engineering, 2008. 

Cho Hyungsuck. “Optomechatronics—Fusion of Optical 
and Mechatronic Engineering”. Taylor and Francis 
& CRC Press, 2006. 

Fan, H. and Wu, S., “Case Studies on Modeling 
Manufacturing Processes Using Artificial Neural 
Networks,” Neural Networks in Manufacturing 
and Robotics, ASME, PED-Vol., 57, 1992. 

Furness, R., “Supervisory Control of the Drilling 
Process,” Ph.D. Dissertation,  Department 
of Mechanical Engineering and Applied 
Mechanics, University of Michigan,  
Ann Arbor, MI, 1992. 

Gopel, W., Hesse, J., and Zemel, J.N. “Sensors, A 
Comprehensive Survey, (Vol.1) VCH Publishers 
Inc, 1989. 

Jay Lee. “E-manufacturing—fundamental, tools, and 
transformation.” Robotics and Computer Integrated 
Manufacturing, 2003. 



 

 

Landers, R.G. and Ulsoy, A.G., “A supervisory 
machining control example.” Recent Advances 
in Mechatronics, ICRAM 1995, Turkey, 1995 . 

Nise, Norman S., Control Systems Engineering. 
Benjamin/Cummings Publishing Co., Redwood 
City, California, 1992. 

Ryoji Ohba., Intelligent Sensor Technology. John 
Wiley & Sons, 1992. 

Philpott, M.L., Mitchell, S.E., Tobolski, J.F., and 
Green, P.A., “In-process surface form and rough- 
ness measurement of machined sculptured sur- 
faces,” Manufacturing Science and Engineering, 
Vol. 1, ASME, PED-Vol. 68-1,1994. 

Rockwell Automation e-Manufacturing Industry 
Road Map. http://www.rockwellautomation.com 

Stein, J. L. and Huh, Kunsoo, “A design procedure 
for model based monitoring systems: cutting 
force estimation as a case study.” Control of 
Manufacturing Processes, ASME, DSC, Vol 
28/PED-Vol 52, 1991. 

Stein, J. L. and Tseng, Y. T., “Strategies for 
automating the modeling process.” ASME 
Symposium For Automated Modeling, ASME, 
New York, 1991. 

Shetty, D. and Neault, H., “Method and Apparatus 
for Surface Roughness Measurement Using 

Laser Diffraction Pattern.” United States Patent, 
Patent Number: 5,189,490, 1993. 

NI LabVIEW-SolidWorks Mechatronics Toolkit, 
http://www.ni.com/mechatronics. 

Shetty, D., Design For Product Success Society of 
Manufacturing Engineers, Dearborn, Michigan, 
2002. 

Sze, S.M., Semiconductor Sensors. John Wiley & 
Sons, Inc., 1994. 

Tarbox, G.H. and Gerhardt, L., “Evaluation of a 
hierarchical architecture for an automated 
inspection system.” Proceedings of 
Manufacturing International, ASME, Vol. V, 
pp. 121–126, 1990. 

Ulsoy, A.G. and Koren, Y., “Control of Machining 
Processes,” Journal of Dynamic Systems, 
Measurement, and Control. Vol. 115, pp. 
301–308, 1993. 

Van de Vegte, John., Feedback Control Systems, 
Second Edition, Prentice Hall, Englewood 
Cliffs, New Jersey, 1990. 

William Wong. “Muticore matters with mechatronic 
models,” Electronic Design, October 23, 2008. 

 
 
 

 

 

PROBLEMS 
1.1. What is mechatronics? How is it different from the traditional approach of designing? State the 

advantage of using the mechatonic design methodology? 

1.2. What is the function of a sensor and a actuator in a mechatonic system? List different types of actuators 
with at least two examples of each type. 

1.3. Understand the purpose of the following mechatronic system and recommend appropriate sensor and 
actuator to carry out the specified task. 

a. Temperature Control System 

Purpose: To maintain the temperature of a confined space at the specified temperature. 
(Hint: Decide how to sense the temperature. Decide how to increase or decrease temperature.) 

b. Anti-Lock Braking System 

Purpose: To prevent wheels from locking up by automatically modulating the brake pressure during 
an emergency stop. 
(Hint: Decide how to sense that the wheels are locked, i.e., the wheels are not rolling. Decide how 
to apply or release brakes.) 

 
 
 
 

 


