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Survey and Introduction to the Focused Section
on Mechatronics for Sustainable and Resilient

Civil Infrastructure

Abstract—The application of mechatronics in civil engineering
has increased the sustainability and resilience of large-scale civil
infrastructure, whose safe operation is among the utmost impor-
tant issues concerning human society and our daily lives. Mean-
while, challenges faced in large-scale infrastructure applications
bring about interesting and new topics for research in mechatron-
ics. This paper firstly reports a brief survey of the recent research
progresses on the construction automation in civil engineering, in-
telligent sensing, structural monitoring and health management,
and feedback control of structural vibration. Next, a brief high-
light to eight papers in this “Focused Section on Mechatronics for
Sustainable and Resilient Civil Infrastructure” is provided. Finally,
some latest topics, challenges, and the future trends of mechatron-
ics application in civil infrastructure are discussed.

Index Terms—Actuator, civil infrastructure, construction equip-
ment, control, field robot, sensing, vibration.

I. INTRODUCTION

SUSTAINABILITY and resilience of large-scale civil in-
frastructure are of utmost importance concerning human

society and our daily lives [1]. Meanwhile, the demands for
large-scale civil infrastructure have also created a large num-
bers of applications for mechatronics. For example, in the past
few decades, intelligent machinery (with field bus controller net-
work, GPS positioning and measuring, load-sensing energy type
of electrohydraulic control, sensors, field robotics, and smart
structures in field and service) has played an important role in
construction automation [2]–[5], vibration control [6]–[8], and
active maintenance [9], [10] of large-scale civil structures, such
as bridge, airport, high-speed railway, etc. As another example,
the safety inspection of large civil structures has also adopted
a variety of advanced inspection techniques such as bioinspired
robot inspection, image-based structural inspection, sensor net-
work, and multisensor data fusion. Furthermore, the application
of mechatronics in civil engineering has propelled the develop-
ment of mechatronics and control technologies, and has formed
a cross-disciplinary field of smart structural technology. Sensing
and feedback control is applied to civil structures for reducing
excessive vibrations during strong dynamic excitation such as
earthquakes, typhoons, and other natural disasters.

Mechatronics applications for sustainable and resilient civil
infrastructure can be divided into two aspects: 1) construction
machinery and construction automation of civil structures and
2) intelligent civil structures with mechatronics components or
systems, such as embedded sensors, smart materials, actuators,
dampers, inspecting robots, etc. The coalition of mechatronics
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and civil engineering can make the civil structures adaptive to
the requirements of sustainable and resilient development. The
cross discipline to be formed by coalescing mechatronics and
civil engineering is named civil mechatronics herein.

Although the machinery and equipment used in construction
of civil structures were invented in the early 19th century, a
successful construction application was not realized until the
end of the 19th century when diesel and electric motor started
replacing human, animal, and steam engine to provide driving
power [1]. Around the 1940s to 1950s, hydraulic transmission
began to replace mechanical transmission, which greatly in-
creased the maneuverability, operability, reliability, safety, and
lightweight performance of the construction machinery. The
modern construction machinery by employing mechatronics in-
tegrated technology was developed in the 1970s, which fur-
ther improved operating performance. The requirements of civil
structure construction in hydroelectric power station, high-speed
railway, and urban metro have greatly enhanced the technolog-
ical progress of the construction machinery. Now, construction
machinery has expanded into a significant industrial sector.

The service life of large-scale civil structure, such as bridge,
airport, high-rise building, nuclear power station, large hydro-
electric dam, and oil-transmitting pipeline, is usually longer than
50–100 years. The condition monitoring and safety management
for these civil structures are crucial for their safe operation. As
early as the 1980s, researchers began structural monitoring tasks
with hundreds of sensors installed on a bridge [11]. Intelligent
civil structures involve sensing, control, diagnosis, smart mate-
rials, actuator, self-repairing, and other key techniques.

The remainder of this survey paper is arranged as fol-
lows. Recent progress in civil mechatronics is overviewed in
Section II. In Section III, the highlights of papers in this Focused
Section are introduced. Finally, the future trends and challenges
are proposed in Section IV.

II. RECENT PROGRESS ON CIVIL MECHATRONICS

A. Sensors and Sensor Networks for Civil Infrastructure

The past few decades have witnessed substantial growth in
the application of sensors and sensor networks for civil infras-
tructure. Latest sensing technologies are regularly used to mea-
sure the states of structures, such as strain, displacement, ac-
celeration, and temperature. The measurements provide crucial
information for structural condition monitoring and health man-
agement.

Many recent developments in mechatronics found applica-
tions in structural health monitoring (SHM) systems. An SHM
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system measures structural performance and operating condi-
tions via various types of sensing devices, as well as evaluates
safety conditions using damage diagnosis or prognosis methods.
Among latest sensing technologies, “smart” sensors with em-
bedded computing and wireless communication have attracted
wide interest. The ability to integrate sensors with wireless com-
munication and embedded computing has motivated a flurry of
research in developing wireless sensors for SHM [12], [13]. Not
only laboratory demonstrations, but also large-scale field appli-
cations of wireless SHM research have grown at an impressive
rate [14]–[16], [28]. In many studies, wireless sensing nodes
are associated with high-precision accelerometers for vibration
measurements. Although recent development in wireless sens-
ing devices has helped to reduce hardware expenses, the cost of a
wireless node with a high-precision accelerometer is still at least
several hundred dollars, which makes dense instrumentation of
static sensors still prohibitively expensive for large structures.

Compared with static sensors, mechatronics-based mobile
sensors offer flexible architectures with adaptive and high spa-
tial resolutions that can provide abundant detailed information
about a large civil structure. It is anticipated that by incorporat-
ing mobility with sensors, mobile sensors will play an essential
role in next revolution of sensor networks [17]. Some early re-
searchers developed suction-based climbing robots for inspec-
tion in hazardous environments [18]–[20]; these robots weight
tens of kilograms and have a relatively large size. In another
example, a smaller beam-crawler was developed for wirelessly
powering and interrogating battery-less peak-strain sensors; the
crawler can move along the flange of an I-beam by wheels [21].
Exploiting magnetic on–off robotic attachment devices, a mag-
netic walker was later developed for maneuvering on a ferro-
magnetic structural surface [22]. Other researchers developed a
remotely controlled model helicopter acting as a mobile gate-
way, which charges and communicates with static wireless sen-
sors fixed on a structure [23]. A combination of different sensors
carried by robots can provide more complete information about
the structure. In this regard, a modular paired structured light
system, which consists of lasers and a camera, was proposed to
measure the 6-DOF motion of a structure [24], [25].

Most recently, mobile sensor networks with dynamic recon-
figuration have been explored for SHM. For example, a magnet-
wheeled mobile sensing node originally conceptualized in [10]
and [26], with a total mass of 1 kg and length of 22 cm, was
developed by incorporating a flexible compliant beam between
the front and rear wheel-pairs. A previously developed wireless
sensing unit [13] is incorporated with additional functionality
of commanding small servo motors that actuates the magnet
wheels. Embedded software for the wireless sensing unit and
the server software are both enhanced to provide remotely con-
trolled mobility. As demonstrated in [27], the accelerometer
can be attached onto or detached from the structural surface
by bending or straightening the compliant beam of the flexure-
based MSN, which also offers flexibility for transiting over
concave or convex corners of a steel portal frame. Advanced
mechanical analysis was conducted to the compliant mecha-
nism that exploits beam buckling; the results match very well
with experimental measurements [15].

B. Structural Control

Some main progresses in civil structural control include
vibration-isolation and vibration control to protect the struc-
ture against natural hazards via damper or actuator. Because
the actuators in active control need continuous power supply
during operation, their reliability in hazardous events has been
a concern for practical applications. As a result, damper-based
semiactive control requiring smaller power supply has attracted
more interesting practical applications.

Spencer and Nagarajaiah [29] reviewed state of the art in
structure control, and summarized the pros and cons of existing
control methods, control systems, and actuation mechanisms
used in the structure control. Using permanent magnet array,
Yao and Wen developed magnet springs to reduce structural re-
sponse during earthquakes [6]. Song and Washington studied
mechatronic design and control of singly and doubly curved
composite actuator systems [7]. Vibration control is often ap-
plied to flexible structures using damper or elastic components;
the integration of VLSI circuits and mechatronics in flexible
structure was studied in [30]. Guo et al. [31] and Oha et al. [32]
developed the inspection system for pipe line and bridge, respec-
tively. Addressing Stuttgart smart shell with hydraulic actuator,
Weickgenannt et al. studied the active vibration control of a
double-curved shell [33] and kinematic modeling of 3-SPR-
parallel hydraulic manipulator [34].

C. Hydraulic Transmission and Control in Construction
Machinery

Large construction worksites are complex production systems
that consist of numerous human workers, mobile construction
machines, and trucks collaborating to carry out tasks. Hydraulic
transmission and control plays an important role in manip-
ulation of construction machinery and equipment. Effective
fleet management requires intelligent construction machinery
which can provide interoperability and seamless connectivity
over wireless peer-to-peer networking [35]. Intelligent ma-
chine is an example of cyber–physical systems, and it is
designed to have a close integration of networked computa-
tional units that collaborate to control physical elements, re-
quiring new computing and networking abstractions that enable
real-time orchestration [4].

Guaranteeing human worker safety is one of the main chal-
lenges in increasing the automation level in construction work-
sites. This requires reliable mechatronic design solutions for
human detection and avoidance technology from both semi-
and fully autonomous machines. Planning and vision systems
working together with intelligent machines can be used for the
manipulation of crane, transporter, and excavator. Using virtual
reality and simulation to develop a simulator or monitor can
assist operator with manipulating the machine, decreasing fuel
consumption and preventing accidents. Eaton and Book [36]
successfully developed an excavator simulator.

In order to be applied to large-scale and complicated engi-
neering construction, construction worksites require very large
forces and effective workspace from construction machinery.
Hydraulic construction machines composed of wheeled or
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tracked mobile base platform equipped with hydraulic work-
ing devices and implements provide an optimal solution for
this problem. The required mobility and high-force attachment
devices are provided by hydraulic actuators with high power-to-
weight ratio, rapid response, compactness, and reliable perfor-
mance.

The mobile working machine manufacturers utilize hydraulic
actuators widely due to reasons mentioned previously. However,
the major drawbacks in utilizing fluid power transmission sys-
tems are large energy losses and complexity in their control.
The mechatronic controller design for hydraulic manipulators
is very challenging due to nonlinear characteristics of hydraulic
control. In addition, hydraulic control systems suffer from in-
herent low damping which calls for advanced motion control to
increase the work smooth performance. With respect to com-
plexity of control, recently theoretically sound stability guar-
anteed multi-DOF hydraulic manipulator controllers operating
in free space have been reported in [37]–[40]. In research con-
ducted in [39], [41]–[43], encouraging power consumption re-
ductions has been reported in high performance energy-efficient
free space motion control of multiple degrees of hydraulic ma-
nipulators. Control of the physical interaction between a robotic
manipulator and the environment is crucial for the execution
of a number of practical tasks where the robot end-effector
has to manipulate an object or perform some operation on a
surface. In the robotic interaction, control design for hydraulic
excavator was presented in [44]–[46]. However, state of art still
lacks research results on advanced high-performance mobile
hydraulic manipulator interaction control with rigorous stability
guarantees.

One of the bottlenecks in the introduction of more advanced
closed-loop controlled robotic functionalities to construction
machinery operating under harsh environmental conditions is
a lack of easy-to-install, low-cost, and reliable motion sen-
sors [47]–[49]. High-accuracy and resolution joint position mea-
surement is relatively straightforward with commercial contact-
type angular sensors, such as magnetic or optical rotatory en-
coders that can easily provide accuracy of more than 1 arcsec.
However, in addition to a high price, the drawback of this tech-
nology is twofold [49]. First, these sensors require a mechan-
ical coupler to the manipulator rotating axles that is subject
to assembly accuracy and failures in harsh outdoor environ-
ments. Secondly, obtaining low-noise low-delay estimates of the
joint angular velocities and angular accelerations is a less trivial
task [50], [51]. However, by using cost-efficient “strap-down”
inertial sensors such as rate gyros and linear accelerometers
based on microelectromechanical systems technology, recon-
structing the “true” rotatory joint positions, angular velocities,
and angular accelerations directly without unwanted phase de-
lay or distortion is possible by geometrically modeling the linear
and angular motion effects involved, see, e.g., [52]–[55].

Today, more and more operator assisting functionalities
which utilize mechatronics designs are introduced. As men-
tioned, excavator is a highly versatile platform to attach various
hydraulic working attachments. Many manufactures are pro-
viding operator-assisting functionalities for helping production
rate and precision of typical excavator works. The most ad-

vanced technology uses instrumented excavator boom, stick,
and bucket together with GPS positioning systems to assist op-
erator to level the ground to match the desired 3-D construction
site surface map. Other examples of operator assisting function-
alities for hydraulic manipulators include acceleration feedback
control [54], resolved motion rate controls of a mobile concrete
pump [55], and suspended load antisway control systems [56]. A
field-bus-based controller network and a distributed electrohy-
draulic proportional system were successfully applied in elevat-
ing transporter with multiaxle drive and multisuspension [57],
and software steering trapezium and coordinated control strat-
egy were proposed by Li et al [57].

D. Field Robot and Construction Machinery in Civil
Construction

Robotics in civil construction becomes more and more im-
portant due to the lack of labor and the need to reduce the
construction cost. The field robots in civil construction can be
classified as teleoperated systems, intelligent systems, inspec-
tion robots, etc. [58].

1) Teleoperated Systems in Construction: Teleoperated sys-
tems such as teleoperated excavators and remote-controlled
robots have received much attention in recent years due to their
efficiency and safety in the civil construction and industrial
field [59], [60]. The teleoperated machines are operated by hu-
man using wired or wireless connection. The teleoperated sys-
tems have been used for hazardous and dangerous tasks such as
outdoor construction, agricultural tasks, ship maintenance, etc.

The teleoperated excavators have been studied widely but the
task efficiency might be decreased because of lack of sensors or
monitoring data for control. To solve this problem, many meth-
ods have been proposed. IMUs (inertial measurement units)
attached to the human arm can help teleoperate excavators more
conveniently [59]. The excavator is able to find and avoid obsta-
cles to prevent accident during digging by sensing the obstacles
through force/torque sensors. For the construction work in land-
slide, a remote-controlled robot for drilling is developed [60].

2) Intelligent Systems in Construction: Intelligent construc-
tion robots can be categorized into two types: fully autonomous
construction robots and semiautonomous construction robots.
A fully autonomous construction robot should complete given
tasks without a human supervisor. In contrast, a semiau-
tonomous construction robot needs intervention of a human op-
erator for the task operation. For both cases, a robot is expected
to sense the environment and make an optimal task plan [61]
or request intervention. Unlike teleoperated construction ma-
chines, intelligent construction robots can be easily operated by
unskilled workers.

Assembling steel beams or installing curtain walls is a very
dangerous work for human, but by using a robotic system, fewer
workers are required and also can guarantee more safety [61],
[62].

For earthworks, studies on intelligent excavators and au-
tonomous wheel loaders are in progress [63]. Autonomous steel
beam construction systems [64], [65] have been developed for
constructing high-rise buildings. An aerial building construc-
tion, a robot with quadrotor [66] is also being developed.
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3) Inspection Robot Systems in Construction: Because most
of civil structures are exposed to rain, wind, air, sun, and tem-
perature changes, there is a possibility of cracks and unexpected
displacement. An inspection robot system can be used to moni-
tor the crack or displacement of structures. As the robot system
has become compact, providing higher performance with a less
power, the robot is able to explore narrow or steep terrain. A
typical example is a quadrotor robot system. This system, com-
posed of a quadrotor and a custom-made manipulator, has been
designed for remote inspection of structures [67], [68]. Another
example is a wall climbing robot. The wall climbing robotic
platforms use magnetic wheels [69], [27] or adhesive materi-
als [70], [71] or claws [72] or suctions [73] to inspect structures.
Last example is a robot moving along a pipe or a cable. The
wheel-based robot system uses camera or electromagnetic field
for inspecting pipes or cables [74]–[76].

4) Other Robots for Construction: The exoskeleton robot
system is a human-robot cooperation system that enhances the
power of a wearer in various environments. Recently, the ex-
oskeleton robot systems have been developed in various fields
such as industry, military, rescue, and medical. In the construc-
tion field, the robot has been developed to assist workers to
carry heavy loads [77]. The exoskeleton robot is controlled by
analyzing EMG signals so that the user can lift various loads
with the same power [78]. The exoskeleton robot can reduce the
fatigue of workers, so that increasing the work efficiency and
reducing the dangerous situation in the workplace.

In the underwater construction sites, many kinds of robots
are researched since the construction areas are hard to reach and
hard to work for a long time. An underwater excavator is one
of the most representative robots [79]. In the underwater, the
localization and sensing of environment are most challenging
issues since the infrastructures and available sensors are strictly
limited.

5) Robot Navigation (Positioning, Reconstruction/
Mapping): In the construction field, there have been many
studies to apply robot navigation technologies such as po-
sitioning and 3-D reconstruction. Due to the complexity of
construction projects and dynamic environment of outdoor
construction site, monitoring the construction site and its
reconstruction have always been important issues. Therefore,
many researchers have tried to develop the system to monitor
the construction sites and reconstruct them in order to acquire
the information for safety management, construction process
management, and even for training and education of workers.

For large outdoor construction jobsites, GPS or wireless com-
munication network can be used for tracking and positioning
equipment operations, activities of workers, and any other con-
struction resources [80], [81]. The collected data can be analyzed
and evaluated for the construction work and finally construction
manager can use the data for planning and management of con-
struction site operation. Meanwhile, RF-based technologies and
laser range finder are used for indoor positioning of workers and
materials to be tracked [82], [83]. Based on real-time kinematic
GPS, wireless data radio, and extend Kalman filtering algorithm,
a positioning and collaborative control system for twin-crane to
convey heavy girder was developed [3].

3-D reconstruction technologies are also widely studied in a
construction field, and several methods based on the image data
were applied to generate the 3-D spatial model [84].

E. Health Monitoring of a Civil Structure

Structural health monitoring or SHM is a broad term defined
as is the process of comparing the current state of a structure’s
condition relative to a baseline or expected state to detect the
existence, location, and degree of likely damage after a damag-
ing input, such as an earthquake. A health monitoring system
includes the placement of the sensor and sensor network, data
fusion and fault symptom feature extracting, and health/fault
assessment method.

Most efforts to date in this field have focused on structures
in seismic zones and assessing damage after a major event,
and in particular on computational methods to assess damage
(e.g., [85]–[91]). Many current vibration-based SHM methods,
particularly for large civil structures, are based on modal pa-
rameter damage detection in both the time series and frequency
domain [85]–[91]. Current modal methods are more applicable
to steel-frame and bridge structures where vibration response
is more linear [87]–[91] and several assume one has data from
the undamaged state [90], which is increasingly possible with
advanced sensor technologies.

In addition, SHM technologies need to be able to identify lo-
calized damage, be robust in the presence of noise, and evaluate
structural health rapidly or in real time [85], [86]. All of these
characteristics are ones that can increasingly be met by emerg-
ing, improved sensor technologies that are more distributed, low
cost, and easily used in volume, and/or can integrate computa-
tion directly with measurement.

Most existing methods that could potentially provide real-
time SHM are modal- or frequency-based methods. These meth-
ods typically only use accelerometers as sensors and rely on the
change in natural frequencies to detect damage [86], [90], [92].
However, a change in a frequency does not necessarily represent
damage, particularly with highly nonlinear responses [93]. Sig-
nificant changes in story stiffness are often required as well,
which would normally cause clearly visible damage [93].
Equally, Chase et al. and Chassiakos et al. [92]–[94] identified
changes in structural stiffness in real-time using a least-mean
squared (LMS)-based adaptive filtering approach in real-time.
However, this method requires measurement of velocity and
displacement, which has often been considered impractical in
many realistic cases due to excessive sensor requirements.

Recently, there have been significant advances in GPS dis-
placement monitoring technology for large structures [93]–[97].
Displacements can be measured with 1–3 mm accuracy for rates
of up to 3–4 Hz, which include the modal frequencies of the rigid
structure [94], and for 1 Hz, measurement errors have been stated
as less than 12% [89]. The use of GPS opens up new opportu-
nities in real-time structural health monitoring [93]. Equally,
there are increasing advances in a wide range of displacement
sensing technologies (e.g., [98]– [101]) that will enable further
improvements in our ability to accurately identify and locate
damage.
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However, monitoring structural damage is just at the begin-
ning. Buildings increasingly have the ability to monitor all their
functions, such as climate and energy usage. Integrated together
these present other forms of monitoring to improve lifecycle
and services in these buildings, as well as making them more
economic and cost effective. Even that is not the end of the age
of the (fixed) sensors. Networking lets us integrate buildings and
regions into wider area of monitoring and leads eventually, with
other systems, toward what some are now calling “smart cities”
where data from buildings, power grids, traffic ,land much more
are integrated into an entire interconnected, some might dare
say optimized, organism.

Thus, the next “next age” is always around the corner. In-
creasingly, the use of sensors to monitor, improve performance,
and aid decision making, whether human or automated, is seen
as an avenue to achieve significant social and economic bene-
fits. More succinctly, our ability to sense our environment has
always let us assess and monitor what is around us, and with sil-
icon and other advanced sensors and computation, this ability is
being dramatically enhanced via mechatronics-based methods
and technologies.

III. HIGHLIGHTS IN THIS FOCUSED SECTION

After a rigorous review process, we have accepted eight pa-
pers for publication while unfortunately, given the page limit, we
had to make the difficult decision to turn down many other high-
quality submissions. The focused section is organized to group
the eight papers into three topic areas, i.e., sensor and inspection
systems, structure control, and construction machinery.

A. Sensor and Inspection System

Under this topic, Laflamme et al. propose a soft elastomeric
capacitor sensor for strain measurement over large surfaces.
Converting strain into capacitance change, this sensor is char-
acterized by low cost and large strain measurement range. It is
demonstrated that deflection shapes of a simply supported beam
can be reliably reconstructed using the sensor measurements.

La et al. have developed a mobile bridge deck inspection
platform equipped with localization and navigation, sensor net-
work, wireless on-board control system, as well as the associated
extended algorithm for Kalman filter estimation and multisen-
sor data fusion. The wheeled robot contains GPS localization
and navigation system with real-time kinematic correction, as
well as provides remove access to surface images and various
nondestructive evaluation data. The kinematic modeling of the
inspection system and motion planning are discussed.

Hanger cable is among the major structural components in
suspension bridges. Cho et al. have studied the mechanism of a
novel cable-climbing robot designed for cable inspection. Image
data are wirelessly transmitted for inspecting broken wires in the
cable. Motion control of the cable-climbing robot is described.

In another paper, Park et al. propose a multimetric data fusion
method to estimate displacement based on strain and accelera-
tion data. This data fusion method does not need prior calibra-
tion, and has been successfully used for estimating the mid-span
displacement of a cable-stayed bridge.

B. Structural Control

Under this topic, Lin et al. have studied the parameter identi-
fication of nonlinear characteristics that describe electric current
controlled squeeze-mode MR damper and semiactive structural
control with this MR damper. A biviscosity model is proposed
to establish the nonlinear model of this MR damper. It is shown
that the parameter identification result of the biviscosity model
is more robust to frequency variation than Bouc–Wen model.
Based on this MR damper, a semiactive fuzzy controller is
designed.

Ha et al. propose a current-driven cylindrical MR damper with
accumulator, whose damping and stiffness characteristics can be
adjusted. The authors have studied the modeling of nonlinear
damping characteristics of this MR damper, as well as a second
sliding mode control law that is free of chattering.

Finally, Zhang et al. propose a novel feedback control method
to improve the accuracy of substructure system identification.
The identification error is formulated through cross-power spec-
tral densities (CPSD). To reduce substructure identification er-
ror, feedback control is proposed to increase the CPSD of the in-
terstory acceleration, and decrease the CPSD ratio between two
adjacent interstory accelerations in a narrow frequency range
centered at the story substructure frequency. Experimental vali-
dation has been carried out with a shear-frame model structure.

C. Construction Machinery

Under this topic, Wang et al. study modeling and control
method for electrohydraulic proportion control of the erec-
tion system in a shield tunneling machine. An experimental
system is developed for performance demonstration. This pa-
per addresses issues such as position feedback control design,
integral-separation PI control law with antiwindup, position
system, speed system, and the selection method of controller
parameters.

IV. FUTURE TRENDS OF CIVIL MECHATRONICS

Civil mechatronics is a rapidly developing research field. Ad-
vances in mechatronics technologies can assist in the imple-
mentation of innovative structural control and health monitor-
ing systems, as well as facilitate the construction machinery
and equipment to be reliable, safe, and highly efficient in con-
struction automation. Although many advances in this cross
discipline have been achieved, there are still many challeng-
ing theoretical and technological issues to be resolved. Some
possible future trends are listed as follows:

1) to further incorporate sensors with wireless communica-
tion and embedded computing and form smart sensor and
smart sensor network with more powerful function;

2) to develop multisensing-function sensor chip with low
power consumption, wireless communication, and ad-
vanced data processing algorithm;

3) to investigate advanced data fusion, feature extraction, and
condition assessment algorithms;

4) to study the approximation realization method by semi-
active control components such as damper and variable
energy accumulator to realize active control;
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5) by incorporating bio-engineering and information tech-
nique, to develop novel mobile inspection robot for space
structures and large bridges, high speed railways, high
buildings, etc;

6) to study image processing algorithm and realization
approach to meet challenges in tough construction
environment;

7) to develop field robot-group control, multiwheel driving
construction machinery, and field controller for compli-
cated task such as aqueduct, track-bridge, and metro con-
struction and harsh construction environment;

8) to investigate virtual-reality simulation and control of tele-
operated construction machinery;

9) to study the integration method of construction manage-
ment and health monitoring system, mobile communica-
tion network, and intelligent construction machinery and
equipment;

10) to study advanced control theory, information techniques,
advanced kinetics and mechanism theory, and advanced
electro-hydraulic control system design theory for de-
veloping high-performance construction machinery and
group construction machinery.
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[43] J. Koivumäki and J. Mattila, “Stable and high performance energy-
efficient motion control of electric load sensing controlled hydraulic
manipulators,” presented at the Bath/ASME Symp. Fluid Power Motion
Control, Sarasota, FL, USA, Oct. 2013.

[44] S. E. Salcudean, K. Hashtrudi-Zaad , S. Tafazoli , S. P. Dimaio , and C.
Reboulet, “Bilateral matched impedance teleoperation with application

to excavator control,” IEEE Trans. Control Syst. Technol., vol. 19, no. 6,
pp. 29–37, Dec. 1999.

[45] S. Tafazoli, P. D. Lawrence, S. E. Salcudean, D. Chan, S. Bachmann,
and C. W. de Silva, “Parameter estimation and friction analysis for a
mini-excavator,” in Proc. IEEE Int. Conf. Robot. Autom., Minneapolis,
MN, USA, Apr. 1996, pp. 329–334.

[46] S. Tafazoli, S. E. Salcudean, K. Hashtrudi-Zaad, and P. D. Lawrence,
“Impedance control of a teleoperated excavator,” IEEE Trans. Control
Syst. Technol., vol. 10, no. 3, pp. 355–367, May 2002.

[47] P. Cheng and B. Oelmann, “Joint-angle measurement using accelerom-
eters and gyroscopes-a survey,” IEEE Trans. Instrum. Meas., vol. 59,
no. 2, pp. 404–414, Feb. 2010.

[48] J. Leavitt, A. Sideris, and J. Bobrow, “High bandwidth tilt measurement
using low-cost sensors,” IEEE/ASME Trans. Mechatronics, vol. 11, no. 3,
pp. 320–327, Jun. 2006.

[49] F. Ghassemi, S. Tafazoli, P. D. Lawrence, and K. Hashtrudi-Zaad, “De-
sign and calibration of an integration-free accelerometer-based joint-
angle sensor,” IEEE Trans. Instrum. Meas., vol. 57, no. 1, pp. 150–159,
Jan. 2008.

[50] S. J. Ovaska and S. Väliviita, “Angular acceleration measurement: A
review,” IEEE Trans. Instrum. Meas., vol. 47, no. 5, pp. 1211–1217,
Oct. 1998.

[51] A. J. L. Harrison and D. P. Stoten, “Generalized finite difference methods
for optimal estimation of derivatives in real-time control problems,” Proc.
Inst. Mech. Eng., Part I: J. Syst. Control Eng., vol. 209, no. 12, pp. 67–78,
May 1995.

[52] J. Vihonen, J. Honkakorpi, J. Mattila, and A. Visa, “Geometry-aided
MEMS motion state estimation for multi-body manipulators,” in Proc.
IEEE/ASME Int. Conf. Adv. Intell. Mechatronics, Jul. 2013, pp. 341–347.

[53] J. Vihonen, J. Honkakorpi, J. Mattila, and A. Visa, “Geometry-aided an-
gular acceleration sensing of rigid multi-body manipulator using MEMS
rate gyros and linear accelerometers,” presented at the IEEE/RSJ Int.
Conf. Intelligent Robots Systems, Tokyo, Japan, Nov. 2013.

[54] J. Honkakorpi, J. Vihonen, and J. Mattila, “MEMS-based state feed-
back control of multi-body hydraulic manipulator,” presented at the
IEEE/RSJ Int. Conf. Intelligent Robots Systems, Tokyo, Japan, Nov.
2013.

[55] J. Henikl, W. Kemmetmueller, and A. Kugi, “Modeling and control of
a mobile concrete pump,” in Proc. 6th IFAC Symp. Mechatronic Syst.,
Apr. 10–12, 2013, pp. 91–98.

[56] J. Honkakorpi, J. Vihonen, and J. Mattila, “MEMS sensor network based
anti-sway control system for articulated hydraulic crane,” presented at
the ASME/BATH 2013 Symp. Fluid Power Motion Control, Sarasota,
FL, USA, Oct. 2013.

[57] Y. H. Li, L. M. Yang, and G. L. Yang, “Network-based coordinated mo-
tion control of large-scale transportation vehicles,” IEEE/ASME Trans.
Mechatronics, vol. 12, no. 2, pp. 208–215, Apr. 2007.

[58] B. Siciliano and O. Khatib, Eds., Handbook of Robotics. Berlin,
Germany: Springer, 2008.

[59] D. Kim, J. Kim, K. Lee, C. Park, J. Song, and D. Kang, “Excavator
teleoperation system using a human arm,” Autom. Constr., vol. 18, no. 2,
pp. 173–182, 2009.

[60] R. M. Molfino, R. P. Razzoli, and M. Zoppi, “Autonomous drilling robot
for landslide monitoring and consolidation,” Autom. Constr., vol. 17,
no. 2, pp. 111–121, 2008.

[61] J. Seo, S. Lee, J. Kim, and S.-K. Kim, “Task planner design for an
automated excavation system,” Autom. Constr., vol. 20, no. 7, pp. 954–
966, 2011.

[62] S. N. Yu, S. Y. Lee, C. S. Han, K. Y. Lee, and S. H. Lee, “Development
of the curtain wall installation robot: Performance and efficiency test at
a construction site,” Auton. Robot., vol. 22, pp. 281–291, 2007.

[63] M. Magnusson and A. Hakan, “Consistent pile-shape quantification for
autonomous wheel loaders,” in Proc. IEEE/RSJ Int. Conf. Intell. Robot.
Syst., Sep. 2011, pp. 4078–4083.

[64] K. Jung, B. Chu, and D. Hong, “Robot-based construction automation:
An application to steel beam assembly—Part II,” Autom. Constr., vol. 32,
pp. 62–79, Jul. 2013.

[65] B. Chu, K. Jung, M.-T. Lim, and D. Hong, “Robot-based construction
automation: An application to steel beam assembly—Part I,” Autom.
Constr., vol. 32, pp. 46–61, Jul. 2013.

[66] Q. Lindsey, M. Daniel, and K. Vijay, “Construction with quadrotor
teams,” Auton. Robot., vol. 33, no. 3, pp. 323–336, Oct. 2012.

[67] M. Fumagalli, R. Naldi, A. Macchelli, R. Carloni, S. Stramigioli,
and L. Marconi, “Modeling and control of a flying robot for contact
inspection,” in Proc. IEEE/RSJ Int. Conf. Intell. Robot. Syst., Oct. 2012,
pp. 3532–3537.



1644 IEEE/ASME TRANSACTIONS ON MECHATRONICS, VOL. 18, NO. 6, DECEMBER 2013

[68] A. E. Jimenez-Cano, J. Martin, G. Heredia, A. Ollero, and R. Cano,
“Control of an aerial robot with multi-link arm for assembly tasks,” pre-
sented at the IEEE Int. Conf. Robotics Automation, Karlsruhe, Germany,
May 2013.

[69] Y. Tsai, V. Kaul, and A. Yezzi, “Three-dimensional localization for the
magnet bike inspection robot,” J. Field Robot., vol. 28, no. 2, pp. 180–
203, Mar./Apr. 2011.

[70] B. He, Z. Wang, M. Li, K. Wang, R. Shen, and S. Hu, “Wet ad-
hesion inspired bionic climbing robot,” IEEE/ASME Trans. Mecha-
tronics. [Online]. Available: http://ieeexplore.ieee.org, DOI: 10.1109/
TMECH.2012.2234473

[71] T. Seo and M. Sitti, “Tank-like module-based climbing robot usingpas-
sive compliant joints,” IEEE/ASME Trans. Mechatronics, vol. 18, no. 1,
pp. 397–408, Feb. 2013.

[72] W. R. Provancher, S. I. Jensen-Segal, and M. A. Fehlberg, “ROCR:
An energy-efficient dynamic wall-climbing robot,” IEEE/ASME Trans.
Mechatronics, vol. 16, no. 6, pp. 897–906, Oct. 2011.

[73] Y. Guan, H. Zhu, W. Wu, X. Zhou, L. Jiang, C. Cai, L. Zhang, and H.
Zhang, “A modular biped wall-climbing robot with highmobility and ma-
nipulating function,” IEEE/ASME Trans. Mechatronics. [Online]. Avail-
able: http://ieeexplore.ieee.org, DOI: 10.1109/TMECH.2012.2213303.

[74] F. Xu, X. Wang, and L. Wang, “Cable inspection robot for cable-stayed
bridges: Design, analysis, and application,” J. Field Robot., vol. 28,
no. 3, pp. 441–459, May/Jun. 2011.

[75] H. M. Kim, K. H. Cho, Y. H. Jin, F. Liu , J. C. Koo, and H. R. Choi,
“Development of cable climbing robot for maintenance of suspension
bridges,” in Proc. IEEE Int. Conf. Autom. Sci. Eng., Aug. 2012, pp. 606–
611.

[76] J. Qiao, J. Shang, and A. Goldenberg, “Development of inchworm in-pipe
robot based on self-locking mechanism,” IEEE/ASME Trans. Mechatron-
ics, vol. 18, no. 2, pp. 799–806, Apr. 2013.

[77] H. D. Lee, W. S. Kim, J. S. Han, and C. Han, “The technical trend of the
exoskeleton robot system for human power assistance,” Int. J. Precision
Eng. Manuf., vol. 13, no. 8, pp. 1491–1497, Aug. 2012.

[78] J. Estremera, E. Garcia, M. Armada, and P. Gonzalez de Santos, “Power
assist devices for installing plaster panels in construction,” Autom. Con-
str., vol. 17, no. 4, pp. 459–466, May 2008.

[79] T. Hirabayashi, J. Akizonob, T. Yamamotoc, H. Sakaid, and H. Yanoe,
“Teleoperation of construction machines with haptic information for
underwater applications,” Autom. Constr., vol. 15, pp. 563–570, 2006.

[80] N. Pradhananga and J. Teizer, “Automatic spatio-temporal analysis of
construction site equipment operations using GPS data,” Autom. Constr.,
vol. 29, pp. 107–122, Jan. 2013.

[81] B. Naticchia, M. Vaccarini, and A. Carbonari, “A monitoring system
for real-time interference control on large construction sites,” Autom.
Constr., vol. 29, pp. 148–160, Jan. 2013.

[82] S. N. Razavi and O. Moselhi, “GPS-less indoor construction location
sensing,” Autom. Constr., vol. 28, pp. 128–122, Dec. 2012.

[83] R. Maalek and F. Sadeghpour, “Accuracy assessment of ultra-wide band
technology in tracking static resources in indoor construction scenarios,”
Autom. Constr., vol. 30, pp. 170–183, Dec. 2012.

[84] M. D. Yang, C. F. Chao, K. S. Huang, L. Y. Lu, and Y. P. Chen, “Image-
based 3-D scene reconstruction and exploration in augmented reality,”
Autom. Constr., vol. 33, pp. 48–60, Aug. 2013.

[85] J. G. Chase, K. L. Hwang, L. R. Barroso, and J. B. Mander, “A sim-
ple LMS-based approach to the structural health monitoring benchmark
problem,” Earthq. Eng. Struct. Dyn., vol. 34, pp. 575–594, May 2005.

[86] M. Nayyerloo, J. G. Chase, G. A. MacRae, and X. Q. Chen, “LMS-
based approach to structural health monitoring of nonlinear hysteretic
structures,” Struct. Health Monitoring, vol. 10, pp. 429–444, Jul 2011.

[87] C. E. Hann, I. Singh-Levett, B. L. Deam, J. B. Mander, and J. G. Chase,
“Real-time system identification of a nonlinear four-story steel frame
structure-application to structural health monitoring,” IEEE Sens. J.,
vol. 9, no. 11, pp. 1339–1346, Nov. 2009.

[88] G. Konstantinidis, P. D. Wilcox, and B. W. Drinkwater, “An investiga-
tion into the temperature stability of a guided wave structural health
monitoring system using permanently attached sensors,” IEEE Sens. J.,
vol. 7, no. 5, pp. 905–912, May 2007.

[89] J. N. Yang and S. Lin, “On-line identification of non-linear hysteretic
structures using an adaptive tracking technique,” Int. J. Non-Linear
Mech., vol. 39, pp. 1481–1491, 2004.

[90] Z. Hou, M. Noori, and R. S. Amand, “Wavelet-based approach for struc-
tural damage detection,” J. Eng. Mech., vol. 126, pp. 677–683, 2000.

[91] R. Jankowski, “Theoretical and experimental assessment of parameters
for the non-linear viscoelastic model of structural pounding,” J. Theor.
Appl. Mech., vol. 45, pp. 931–942, 2007.

[92] J. G. Chase, H. A. Spieth, C. F. Blome, and J. B. Mander, “LMS-based
structural health monitoring of a non-linear rocking structure,” Earthq.
Eng. Struct. Dyn., vol. 34, pp. 909–930, Jul. 2005.

[93] A. G. Chassiakos, S. F. Masri, A. W. Smyth, and T. K. Caughey, “On-line
identification of hysteretic systems,” J. Appl. Mech., vol. 65, pp. 194–203,
1998.

[94] J. G. Chase, V. Begoc, and L. R. Barroso, “Efficient structural health
monitoring for a benchmark structure using adaptive RLS filters,” Com-
put. Struct., vol. 83, pp. 639–647, 2005.

[95] C. Christopoulos, A. Filiatrault, and B. Folz, “Seismic response of self-
centring hysteretic SDOF systems,” Earthq. Eng. Struct. Dyn., vol. 31,
pp. 1131–1150, 2002.

[96] X. Li, G.-D. Peng, C. Rizos, L. Ge, Y. Tamura, and A. Yoshida, “In-
tegration of GPS, accelerometer and optical fiber sensors for structural
deformation monitoring,” in Proc. 17th Int. Tech. Meeting Satellite Di-
vision Inst. Navigat., Long Beach, CA, USA, 2004, pp. 211–224.

[97] T. Kijewski-Correa, A. Kareem, and M. Kochly, “Experimental verifi-
cation and full-scale deployment of global positioning systems to mon-
itor the dynamic response of tall buildings,” J. Struct. Eng., vol. 132,
pp. 1242–1253, 2006.

[98] T. C. Hutchinson, S. R. Chaudhuri, F. Kuester, and S. Auduong, “Light-
based motion tracking of equipment subjected to earthquake motions,”
J. Comput. Civil Eng., vol. 19, pp. 292–303, 2005.

[99] T. C. Hutchinson, F. Kuester, K.-U. Doerr, and D. Lim, “Optimal hard-
ware and software design of an image-based system for capturing dy-
namic movements,” IEEE Trans. Instrum. Meas., vol. 55, no. 1, pp. 164–
175, Feb. 2006.

[100] M.-S. Lim and J. Lim, “Visual measurement of pile movements for the
foundation work using a high-speed line-scan camera,” Pattern Recog-
nit., vol. 41, pp. 2025–2033, 2008.

[101] J.-J. Orteu, “3-D computer vision in experimental mechanics,” Opt.
Lasers Eng., vol. 47, pp. 282–291, 2009.

Yunhua Li (M’05–SM’12) received the B.S. degree in mechanical engineering from North China
University of Water Resources and Electric Power, China, the M.S. degree in mechanical engi-
neering from Jilin University of Technology, Changchun, China, in 1988, and the Ph.D. degree
in mechatronics from Xi’an Jiaotong University, Xi’an, China, in 1994.

He was a Postdoctoral Research Fellow at Beihang University, Beijing, China, and National
Chengkung University, Tainan, Taiwan, from December 1994 to October 1996 and from July
1997 to August 1997, respectively. He has been a Full Professor in the Department of Mechanical
Engineering, Beihang University, since 1999. His research interests include nonlinearity dynam-
ics, hydraulic and mechatronic servo control, and power transmission and control of aircraft,
mobile robots, and vehicle. He has published more than 160 refereed journal and conference
papers in TRANSACTIONS and journals sponsored by IEEE, ASME, and Elsevier, and 4 books. He
has completed numerous granted research and development projects as the Principal Investigator.

Dr. Li is a Technical Editor of the IEEE/ASME TRANSACTIONS ON MECHATRONICS.



IEEE/ASME TRANSACTIONS ON MECHATRONICS, VOL. 18, NO. 6, DECEMBER 2013 1645

Yang Wang received the B.S. and M.S. degrees in civil engineering from Tsinghua University,
Beijing, China, in 1998 and 2001, respectively, and the M.S. degree in electrical engineering and
the Ph.D. degree in civil engineering from Stanford University, Stanford, CA, USA, in 2007.

He is currently an Assistant Professor in the School of Civil and Environmental Engineering,
Georgia Institute of Technology, Atlanta, GA, USA. He is the author or coauthor of more than
80 journal and conference papers. His research interests include structural health monitoring and
damage detection, decentralized structural control, wireless and mobile sensors, and structural
dynamics.

Dr. Wang received an NSF Early Faculty Career Development (CAREER) Award in 2012 and
a Young Investigator Award from the Air Force Office of Scientific Research (AFOSR) in 2013.
He is currently an Associate Editor for the ASCE (American Society of Civil Engineers) Journal
of Bridge Engineering.

J. Geoffrey Chase received the B.S. degree in mechanical engineering from Case Western
Reserve University, Cleveland, OH, USA, in 1986, and the M.S. and Ph.D. degrees from Stanford
University, Stanford, CA, USA, in 1991 and 1996 from the Departments of Mechanical and Civil
Engineering, respectively.

He spent six years working for General Motors between various degrees and a further five years
consulting and doing research in Silicon Valley, including positions at Xerox PARC, GN ReSound,
Hughes Space and Communications and Infineon Technologies AG, before taking his current
position at the University of Canterbury, Christchurch, New Zealand, in 2000. His fundamental
research interests include automatic control, physiological systems dynamics, structural dynamics
and vibrations, and dynamic and systems modeling. These areas have been primarily applied in his
research to biomedical and clinical medical devices with a focus on creating efficient delivery and
optimized, patient-specific health care delivery. Selected specific accomplishments include the
development of two startup companies focusing on novel breast cancer screening technologies,

and model-based therapeutics in critical care. He has published more than 650 international, refereed journal and conference
papers in these areas over the last 11 years, and is an Inventor of over 12 U.S. and European patents with several in process.

Dr. Chase is on the Editorial Boards of four journals on bio-engineering and clinical medicine. He is a Fellow of the Royal
Society of New Zealand (FRSNZ) and IPENZ (FIPENZ).

Jouni Mattila received the M.Sc. degree in engineering in 1995 and the Dr.Tech. degree in 2000
from the Tampere University of Technology (TUT), Tampere, Finland.

He is a Professor of machine automation in the Department of Intelligent Hydraulics and
Automation, TUT. He is a TUT Program Manager on ITER Remote Handling maintenance
projects that involve research on heavy-duty water hydraulic robotic manipulators. He coor-
dinates a Marie Curie ITN-project with 15 Ph.D. students across the EU called PURESAFE
that develops mobile robotics for CERN and GSI/FAIR. He has been involved in numerous
industrial research projects. His research interests include machine automation and preventive
maintenance, and fault-tolerant control system development for robotic manipulators and off-
highway machinery.



1646 IEEE/ASME TRANSACTIONS ON MECHATRONICS, VOL. 18, NO. 6, DECEMBER 2013

Hyun Myung received the Ph.D. degree in electrical engineering from the Korea Advanced
Institute of Science and Technology (KAIST), Daejeon, Korea, in 1998.

He is currently an Associate Professor in the Department of Civil and Environmental Engi-
neering, and also an Adjunct Professor of the Robotics Program at KAIST. He was a Principal
Researcher at the Samsung Advanced Institute of Technology, Samsung Electronics Company,
Ltd., Yongin, Korea (July 2003 to February 2008). He was the Director of Emersys Corporation
(March 2002 to June 2003) and a Senior Researcher at the Electronics and Telecommunications
Research Institute (September 1998 to February 2002), Korea. His research interests include
robotic structural health monitoring, mobile robot navigation, autonomous underwater vehicles,
autonomous surface vehicles, simultaneous localization and mapping, evolutionary computa-
tion, numerical and combinatorial optimization, and intelligent control based on softcomputing
techniques.

Oliver Sawodny studied electrical engineering at the University of Karlsruhe, Karlsruhe, Ger-
many. He received the Ph.D. degree in measurement and control from the University of Ulm,
Ulm, Germany, in 1996.

He then continued as an Assistant Professor in the Faculty of Electrical Engineering, Univer-
sity of Ulm. In 2002, he was appointed a Full Professor of automatic control at the Technische
Universität Ilmenau. He became the Head of the Institute for Systems Technology and Automa-
tion in 2003. In 2005, he was appointed as a Full Professor and the Head of the Institute for
System Dynamics at the University of Stuttgart. He is currently Dean of the Faculty of Mechan-
ical Engineering, University of Stuttgart, Stuttgart, Germany. He has published more than 50
journal papers and more than 150 reviewed conference papers. Specifically, he is an expert in
the area of system analysis of distributed parameter systems, numerical optimization, and control
methods based on differential geometry. His expertise is not only in the area of developing new
methods, he is also performing projects in direct cooperation with industry. He is working in the

area of application-oriented research in the field of robotics, nanopositioning, control methods for fluid power drive systems and
automotive engineering, and process industry and systems biology. He holds more than 25 patents, many of them international.
His research interests include automatic control, automation, and mechatronics.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


