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ABSTRACT: Rapid technological advancements and efficient devices are nowadays providing attractive 
alternatives for improving safety, serviceability and performance (against wind and seismic demands) of 
both new and conventional structural systems. The use of control and monitoring devices is becoming 
common to design smart structures which not only rely on their own strength to withstand wind and seismic 

demands but also on these devices or systems to dissipate dynamic energy without undergoing significant 
story drifts and floor accelerations. In addition to and in conjunction with the control, a quick and accurate 
monitoring and damage assessment is of paramount importance to various stake holders, including owners, 
leasers, permanent and/or temporary occupants, users of infrastructures, city officials and rescue teams (in 
case of disasters) etc. This paper discusses various considerations and issues related to smart systems being 
used nowadays for structural response control. It presents a review of base-isolation systems (that cut off 
the energy transmission of ground motions to the structure), control systems (which apply a control force 

to produce extra damping mechanism using mass dampers, tendons or bracings), material-based damping 
systems (which utilize the energy absorption capability of materials by viscosity and/or nonlinear 
characteristics i.e. yielding) as well as the devices/systems which are used to separate apart the natural 
period of structure from the predominant period of earthquake ground motions. 
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1. INTRODUCTION – WHAT MAKES A STRUCTURE “SMART”? 

The conventional approach towards structural design is to provide them with sufficient strength to withstand 
loads and with the ability to deform in a ductile manner. Structures designed following this approach may 

have several limitations. With constant load-carrying and energy-dissipating capacities, conventionally 
designed structures may not be able to adapt to changing environmental conditions and excitations. They 
have to rely on their inherent damping (which may not be sufficient) to dissipate energy imposed by ideally 
unknown external excitations. Such shortcomings in the traditional design approach opened a whole new 
paradigm dealing with possible ways to make structures “smart”. Latest advancements in material sciences 
and nanotechnology have resulted in conception of a variety of new materials with extra-ordinary and 
innovative properties. Besides having ultra-high-strength and high ductility, such “smart” materials also 
have the ability to alter their properties with changing external actions. When employed intelligently, these 

materials lead to structures with self-monitoring and adaptive features and responsive behaviors, referred 
to as “smart” structures. Thus, a smart structural system has the ability to sense any change in external 
actions, diagnose any problem at critical locations, measure and process data, and take appropriate actions 
to improve system performance while preserving structural integrity, safety, and serviceability (Cheng et 
al. 2008).  
In a typical smart structure, devices and/or systems are attached to achieve specific performance objectives. 
These devices may include energy-dissipating systems, active or passive control systems, and health 

monitoring and data acquisition systems. The structural performance can be heavily modified by the use of 
such latest technologies which are rapidly becoming an attractive option to enhance safety and 
serviceability. The use of smart systems also results in saving materials and construction effort which leads 
to economical designs. Although such systems can be applied to any structural type, occupancy or 
conditions, these can be extremely useful for performance enhancement of certain special cases as follows.  

a) Structures subjected to extraordinary vibrations, such as extreme winds or strong earthquakes. 



b) Important structures with critical functionality and high safety requirements, such as hospitals, 
schools and nuclear plants. 

c) Flexible structures with high serviceability requirements (affecting occupants’ comfort), such as 
high towers, sky-scrappers, long-span bridges etc. 

 

2. HISTORY OF SMART STRUCTURE TECHNOLOGY 

Although the use of dampers and energy-dissipating devices for suppression of vibrations started in early 
20th century in automobiles industry, design of aircrafts and space structures, their use for controlling the 
oscillatory response of civil engineering structures was not common until 1950s. Ground-breaking works 
in Japan by Kobori and Minai (1960) resulted in a strong realization that if the characteristics of anticipated 
ground motions cannot be predicted precisely, the structure’s response must be controlled by passive 
approaches resulting in tuned modifications to structural properties. In USA, studies by Yao (1972) led to 
significant contributions in the field of seismic response control, who proposed an automatic behavior-

varying structural system capable of adapting to variable loads and environmental conditions. In subsequent 
years, significant efforts were made in Japan in the fields of optimum design of various control mechanisms. 
These efforts involved both analytical approaches as well as experimental investigations for further 
development of smart structure technology. Various new areas of research emerged as a result of such 
efforts which can be classified in to following categories. 

a) Analytical or numerical modeling of control systems: This research area deals with efforts involving 
various analytical or numerical modeling of control systems in order to assess their performance 

against various conditions. 
b) Experimental investigation of control systems: In this area, the performance of control devices is 

evaluated through shaking table tests and field measurements.  
c) Properties of smart materials and their applications: This deals with the study of smart materials with 

extraordinary properties, for innovative potential applications in structures. These materials include 
electrorheological (ER) or magnetorheological (MR) materials, piezoelectric (PZT) layers, shape 
memory alloys, and optical fiber sensors. 

d) Applicability and Full-scale implementation: Significant efforts are also made in recent years to solve 

issues related to physical application of smart devices and other problems of practical nature.  
e) Development of guidelines and standards for design of smart systems: In last 2 decades, various 

international research agencies paid their focus towards the development of guidelines and standards 
for design of smart systems. Federal Emergency Management Agency (FEMA) have developed a 
number of useful documents and standards for the design of structures with base-isolation or energy-
dissipating devices. Based on extensive research efforts, various mainstream design codes including 
UBC 1997 and ASCE 7-05 have included special provisions for base-isolated structures as well as 

structures with energy-dissipating devices.  
 

3. THE BASIC CONTROL PRINCIPLE – AN EXAMPLE FROM SEISMIC RESPONSE  

The theoretical basis for structural response control can be easily explained using a simple example of 
lateral displacement exhibited by any single-degree-of-freedom (SDF) system subjected to earthquake 
ground motion. The well-known equation of motion governing the lateral response of any linear SDF 
system (subjected to a time-varying load P) with mass 𝑚, damping coefficient 𝑐 and elastic stiffness 𝑘 is 

shown below. 
 
 𝑚�̈�(𝑡) + 𝑐�̇�(𝑡) + 𝑘𝑢(𝑡) = 𝑃(𝑡) (1) 

 
In case of earthquake ground motions, the dynamic force 𝑃(𝑡) represents the time-varying inertial forces 

imposed by ground shaking with a magnitude “−𝑚�̈�𝑔(𝑡)”. The equation of motion (1) can also be rewritten 

in terms of natural frequency of structure (𝜔𝑛 = √𝑘/𝑚) and it’s damping ratio (𝜉 – the ratio of system’s 

damping coefficient to the critical damping coefficient 𝑐𝑐 = 2𝑚𝜔𝑛) as shown below. 



 
 �̈�(𝑡) + 2𝜉𝜔𝑛�̇�(𝑡) + 𝜔𝑛

2𝑢(𝑡) = −�̈�𝑔(𝑡) (2) 

 

A variety of techniques are available to solve this governing equation for lateral response 𝑢(𝑡) of SDF 
system, including the procedures based on interpolation of excitation vector �̈�𝑔(𝑡), closed-form 

formulations and a family of time-stepping methods. Let’s have a look on a general solution provided by 
Duhamel’s Integral (also known as Convolution Integral in its general form in Structural Dynamics). It is 
based on considering the arbitrarily varying dynamic force as a sequence of infinitesimally short impulses 
and superposing the analytical response from each impulse to get total dynamic response history. For “at 

rest” initial conditions (both initial displacement and velocity are zero), the general response 𝑢(𝑡) of any 
linear elastic SDF system is given by  

 
 

𝑢(𝑡) =
1

𝜔𝐷
∫ �̈�𝑔(𝜏) 𝑒−𝜉𝜔𝑛(𝑡−𝜏)

𝑡

0

𝑠𝑖𝑛[𝜔𝐷(𝑡 − 𝜏)] 𝑑𝜏 
(3) 

 

Where 𝜏 is the small impulse duration and 𝜔𝐷 is the damped natural frequency (𝜔𝐷 = √1 − 𝜉2 𝜔𝑛). 

Another way to get solution against arbitrary ground motion vector �̈�𝑔(𝑡) is to decompose it using Fourier 

series and determine the response against each term in Fourier expansion. For linear elastic systems, the 
combined response can be determined by simple superposition of responses against all sinusoidal 

excitations. The analytical solution for a harmonic loading [𝑃(𝑡) =  𝑚�̈�𝑔,𝑚𝑎𝑥 𝑠𝑖𝑛 𝜔𝑡], which may 

correspond to any individual term of Fourier expansion, is shown below.  
 

 
𝑢(𝑡) =
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(4) 

 
A closer look at response equations (3) and (4) suggests that mathematically, there can be following ways 
to reduce or suppress the lateral displacement of a SDF system. 

a) Increasing the damping ratio 𝜉 (or energy dissipating capacity) of the system 
b) Reducing the intensity of ground motion �̈�𝑔(𝑡) experienced by the system 

c) Increasing the difference between forcing frequency 𝜔 and the natural frequency of system 𝜔𝑛 

(which again depends on mass and stiffness of system) to avoid resonance amplification of 
response 

 
These observations from analytically determined response have resulted in a number of approaches and 
practical solutions for control or suppression of particular response parameters. For example, various 

control devices (mass dampers/drivers, tendons, braces etc.) tend to serve as a source of additional energy 
dissipating capacity, corresponding to (a). On the other hand, base-isolation systems are intended to cut-off 
or reduce the energy transmission of earthquake ground motions to the structure, corresponding to (b). 
Lastly, various systems are available that apply a control force or alter vibration characteristics resulting in 
increased difference between predominant period of ground motion and natural period of structure, 
corresponding to (c). The equation of motion for a SDF system using a control system (with mass 𝑚𝑐) for 

response suppression, will take the following form. 
 
 (𝑚 + 𝑚𝑐)�̈�(𝑡) + 𝑐�̇�(𝑡) + 𝑘𝑢(𝑡) + 𝐹𝐶(𝑡) = −(𝑚 + 𝑚𝑐)�̈�𝑔(𝑡) (5) 

 
The mass of control system or device is generally much smaller than total mass of structure itself. A new 
term 𝐹𝐶(𝑡) is also included in the equation representing the force generated by control system and is 

dependent on device type and its mechanism. The most commonly assumed linear model for 𝐹𝐶(𝑡) is as 

follows. 



 𝐹𝐶(𝑡) = 𝑐𝑐�̇�(𝑡) + 𝑘𝑐𝑢(𝑡) (6) 

 
The governing equation of motion can also be re-written in the following form. 
 
 (𝑚 + 𝑚𝑐)�̈�(𝑡) + (𝑐 + 𝑐𝑐)�̇�(𝑡) + (𝑘 + 𝑘𝑐)𝑢(𝑡) = −(𝑚 + 𝑚𝑐)�̈�𝑔(𝑡) (7) 

 
The comparison of equations (1) and (7) shows that introduction of any control device is equivalent to 
changing the mass of structure from 𝑚 to (𝑚 + 𝑚𝑐), its damping coefficient from 𝑐 to (𝑐 + 𝑐𝑐) and stiffness 

from 𝑘 to (𝑘 + 𝑘𝑐). The system is regarded as optimum if these changes result in desirable structural 

performance under seismic action. A brief review of various damping systems and base-isolation systems 
will be presented in subsequent sections and various issues and future prospects related to smart structure 
technology will be discussed. 
  

4. DAMPING SYSTEMS FOR DYNAMIC RESPONSE CONTROL 

When it comes to modifying the structural properties for better response control, adding damping through 
additional energy-dissipating mechanisms is more practical compared to other options (changing the mass 

and/or stiffness). The reason lies in the fact that most of tall structures exhibit small amounts of damping 
and their response is primarily governed by the restoring and inertial force components instead of damping 
force. A significant effort and high cost is required to practically introduce control forces resulting in 
reasonable changes in restoring and inertial force components. On the other hand, a much less effort is 
required to add control force resulting in additional damping. Therefore, modifying the structure’ mass or 
stiffness is less practical compared to the use of additional damping source. Most of control systems for 
suppressing vibrational response against winds and earthquakes are mainly composed of dampers with 
minor impact on structure’s overall mass and stiffness. A wide spectrum of such devices and techniques 

are available ranging from active control systems which require an external power source to generate 
control forces, to passive systems which depend on structure’s motion to activate. In active systems the 
control force is determined based on measured structural response, and the 𝑐𝑐  and 𝑘𝑐 values (damping and 

stiffness corresponding to linear model of control force provided by the device) are adjusted such as to 
provide optimum amount of required control force. This adaptive nature of active control systems make the 
structure fully smart and responsive to any anticipated excitations. In passive control systems, the device 
properties (𝑐𝑐  and 𝑘𝑐 values) are not adjustable and hence, the control force is not adaptive to changing 

requirement imposed by external excitation. A brief review of various damping systems and their 
underlying working mechanisms will be presented now. 
 

 
Figure 1: Damping devices and systems applied to a lateral load-resisting system (Cheng et al., 2008) 



4.1) Passive Control Systems 

Passive energy-dissipating systems use various mechanical devices which react to structural vibrations 

resulting in dissipating a portion of their kinetic energy. This results in suppression of structural response 
and ultimately reduced damage in both drift- and acceleration-sensitive components. These systems 
requiring no external power source are capable of generating large damping forces with increasing 
structural response. Some passive control systems, such as tuned mass dampers (TMDs) or tuned liquid 
dampers (TLDs), are tuned to be effective only against specific forcing frequency (and time period) which 
is set to be the frequency corresponding to fundamental-mode of vibration of structure. This is based on the 
assumption that maximum oscillatory response is dominated by first mode. However, for taller structures, 
higher modes can also significantly contribute (especially in force responses) which may need to be 

suppressed. In such cases, more than one dampers may be considered for each significant mode of vibration. 
Some common passive control systems are following.  
a) Tuned Mass Dampers (TMDs): A TMD in its simplest form consists of a mass-spring-dashpot system 

attached to the main structure. The basic working mechanism is that the externally applied force on main 
structure can be balanced with the restoring force developed in additionally attached mass-spring-
dashpot system. The TMD, while responding to vibrational response of main system, starts oscillating 
out-of-phase with main system resulting in loss of its energy. The energy-dissipating capacity of a TMD 

heavily depends on mass ratio (of the TMD to the structure), stiffness ratio and the tuning frequency. 
Figure 2 below shows some important configurations and types of tuned mass dampers.  

 

 
Figure 2: Typical types of TMDs: (a) simple pendulum, (b) mass on rubber bearings, (c) pendulum with damper 

 

 
Figure 3: Tuned liquid dampers: (a) sloshing damper with meshes and rods and (b) column damper with orifice 

 

b) Tuned Liquid Dampers (TLDs): The basic principle of a TLD is same as TMD with a difference that 
water or any other liquid is used as the mass and the restoring force is generated by weight of sloshing 
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liquid inside a container. Figure 3 shows 2 types of TLDs (a) sloshing damper with meshes or rods in 
the liquid to produce damping effect, and (b) column damper which generates high-flow turbulence 
through the orifice to generate damping. The natural frequency of sloshing damper is controlled by the 
size of container or depth of liquid while for column dampers, it is controlled by column shape and air 

pressure inside the column. 
 
c) Friction Devices: It is well established that friction results in conversion of kinetic energy of moving 

bodies in to heat energy. This mechanism for energy dissipation is utilized in friction dampers containing 
two relatively sliding solid bodies. In X-braced friction dampers (as shown in figure 4), slotted slip joints 
provide force resistance through friction by brake lining pads installed between the steel plates. Under 
seismic loading, the compression and tension braces induce slippage at the friction joint resulting energy 
dissipation. A limitation of these dampers is that their mechanical properties tend to degrade over 

prolonged period of time due to corrosion, temperature gradient, and relaxation of material. This results 
in reduction of energy-dissipating capacity with time. 

 

 
Figure 4: A typical X-braced friction damper 

 
d) Metallic Yield Devices: Another important mechanism of energy dissipation is inelastic yielding of 

metals. The seismic design of conventional structures is controlled by their expected post-yield ductility 
which is a measure of its energy-dissipating capacity. This led to the idea that additional metallic devices 

capable of exhibiting stable hysteretic behavior can be used to absorb energy of main structure. Although 
various kinds of metallic dampers are being used nowadays, figure 4 shows two systems based on (a) 
tensile yielding of rectangular steel frame in the diagonal direction and (b) consisting of multiple X-steel 
plates where yielding occurs over the entire length of the device. 

 
e) Viscoelastic Dampers: Viscoelastic (VE) dampers are based on the use of VE materials which dissipate 

seismic energy through their shear deformation. Various VE materials include rubber, polymers, and 
glassy substances. VE material layers are bonded to steel plates (figure 6) which undergo shear 

deformations when subjected to vibrations. These dampers (being based on VE materials) offer a distinct 
advantage of behaving linearly which significantly simplifies their analysis. 

 
f) Fluid Viscous Dampers (FVDs): The use of high-viscosity fluids for shock absorption is well-familiar 

to automotive industry. FVDs comprise of a dashpot representing the energy-dissipation by conversion 
of kinetic energy to heat as a result of moving piston casing deformations in a viscous fluid (figure 7). 
Some configurations of FVD allows the deformation of viscous fluid in all directions, thus providing 

energy-dissipating capacity in all available degrees of freedom.  
 

Direction of Vibration

Beam

C
o

lu
m

n

Brace

Friction 

Damper

Hinges

Links

Moment 

Connections to 

Braces

Friction Damper

Slotted Slip 

Joints



  

Figure 5: Tyler’s yielding steel bracing system 
Figure 6: Installation of a typical 

viscoelastic (VE) damper 

 

 
Figure 7: Typical types of viscous fluid dampers: (a) viscous fluid damper and (b) viscous damping wall (Cheng 

et al., 2008) 

 

4.2) Semi-active Control Systems 

Semi-active dampers, as the name indicates, are possess some adapting capabilities and are often referred 
to as controllable or intelligent systems. They have an additional adaptive system which collects and process 
the information about response of main structure and modifies the damper’s property based on this 

information. A typical semi-active control system comprises of vibration measuring sensors, control 
computer, control actuator and a passive damper. The computer processes the vibration measurements 
coming from sensors and generates the command for control actuator to modify the properties of passive 
damper according to requirement. In this way, semi-active dampers economically combine the advantage 
of both passive and active control systems. It is important to note that control actuator doesn’t directly apply 
control force to main structure, instead it simply controls the behavior of passive damper. This results in 
significantly less requirement of electric power for control actuator. This advantage is sometimes very 
important especially if electricity source of main structure is also vulnerable to seismic action. Although 

semi-active dampers tend to perform better than passive dampers, their control capacity is limited by the 
maximum capacity of their constituent passive device. Some common semi-active control systems are as 
follows. 
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a) Semi-active Tuned Mass Dampers: In semi-active TMDs the actuator (installed on main structure) 
generates the control force which is required to develop optimum amount of damping in TMD (as a 
response to varying excitation).  

b) Semi-active Tuned Liquid Dampers: The Semi-active TLD is simply based on mechanism responsible 

for variable adjustment and tuning of the liquid. Based on two types of TLDs mentioned in previous 
section, two semi-active TLDs (sloshing type and column type) are developed. The sloshing type semi-
active TLD uses a set of baffles which can be rotated to regulate the amount of participating liquid (to 
change the damping) based on the response of main structure. In column type semi-active TLDs, a 
variable orifice is used to keep the optimum amount of required damping.  

c) Semi-active Friction Dampers: In these dampers (which consist of a preloaded friction shaft rigidly 
connected to the structural bracing) an electric motor is used to operate the actuator applying 
compression force to the interface. As the friction is directly proportional to the normal compressive 

force, the damping capacity of friction damper can be controlled by adjusting the normal compression 
force. An efficient control system is used to adjust this force to achieve optimal performance. 

d) Semi-active Vibration Absorbers: These semi-active vibration absorbers (SAVA) or semi-active 
hydraulic dampers (SAHD) are devices providing adjustment in both damping and stiffness. This smart 
solution is obtained by the use a variable orifice valve capable of varying the flow of a hydraulic damper. 
The damping capacity is obtained from the viscous fluid, and the stiffness can be controlled by opening 
or closing the valve. When the valve is open, the viscous fluid can easily flow through the tube resulting 

in additional damping capacity but negligible stiffness, however, when the valve is closed, the device 
acts like a stiffening element.  

e) Semi-active Stiffness Control Devices: These are variable-stiffness devices (VSD) consisting of a 
balanced hydraulic cylinder, a double-acting piston rod, solenoid control valve, and a tube connecting 
the two cylinder chambers. The opening or closing of control valve results in variable stiffness optimized 
as required to achieve best performance.   

f) Electrorheological (ER) Dampers: ER dampers are based on smart ER fluids containing dielectric 

particles which are suspended in non-conducting viscous fluids (for example, viscous oil). In the 
presence of electric fields, the dielectric particles in ER fluid polarize and become aligned, resulting in 
increased resistance to flow. ER fluids are capable of exhibiting significantly varying resistance to flow 
(from free-flowing viscous fluids to semisolid behavior with adjustable yield strength) based on 
regulating the electric field, resulting in controlled damping capacity.  

g) Magnetorheological (MR) Dampers: These dampers are based on the use of smart MR fluid and can be 
considered as magnetic analog of ER dampers. These contain micron-sized magnetically polarizable 
particles suspended in any viscous fluid. Here, magnetic field is used to control the behavior of particles, 

resulting in variable damping capacity.  
h) Semi-active Viscous Fluid Damper: These dampers use the opening or closing of a solenoid valve to 

regulate the amount of the fluid through a bypass loop, according to commands from control algorithm. 
With large opening in valve, the fluid can easily flow resulting in generation of less damping, and 
conversely, smaller opening provides greater damping forces. 

 

4.3) Active Control Systems 

Passive systems are limited in their ability to adapt according to varying external excitations. Moreover, 
some passive systems (e.g. TMD and TLDs) are only useful within a narrow range of frequency and may 
not be useful for response contributions from more than one vibration mode. On the other hand, semi-active 

devices are limited by the capacity of their component passive devices. Active response control systems 
meet these limitations by using electrohydraulic actuators which directly generate the optimum amount of 
control force based on actual measured response of main structure. This control force serves as additional 
damping force and helps in suppressing both response vibrations against winds and earthquakes, as well as 
ambient oscillations to improve structural serviceability. These systems offer the following advantages.   



 Effective control on structural response, based on advanced actuators capable of generating much 
larger forces comparted to passive or Semi-active dampers 

 Ability to adapt according to ground motion characteristics  

 Suitability to be used for any control objectives (structural safety, human comfort etc.) 

 Ability to suppress responses against a wide range of forcing frequencies 
 

Figure 8 shows the basic mechanism of a fully adaptive active control system consisting of three types of 
elements (a) sensors (b) actuator, and (c) controller with a control system. Sensors are installed at base and 
important locations on the structure to measure displacements, velocities and accelerations. Linear variable 
differential transformers (LVDTs), velocity transducers, accelerometers and load cells are some of the 
common sensors used in active control systems (for recording displacement, velocity, acceleration and 
force, respectively). The output from sensors is feed in to controller (usually in the form of electrical signals) 
for processing the information. The controller analyzes the data and generates suitable commands for the 

actuator, based on analysis. Some of the common types of active control systems are as follows.  
 

 

 
Figure 8: Schematic diagram of an active control system 

 
a) Active Mass Damper (AMD) Systems: These systems are natural extensions of TMDs with the addition 

of an active control mechanism. As shown in figures 9 and 10, an actuator is installed between the main 

structure) and the passive TMD. The motion of passive TMD is now controlled by the actuator (based 
on seismic response measurement) to generate control forces.  

b) Active Tendon Systems: These systems consist of a set of pre-stressed tendons subjected to controllable 
tensile forces. As shown in figure 11, active tendons are installed between two stories of a structure and 
an actuator is attached to the floor. Upper end of the tendon is connected to the upper floor while the 
other end is attached to actuator. Under seismic excitation, inter-story drifts are produced causing the 
relative movement between actuator piston and cylinder, resulting in variable tensile forces in pre-

stressed tendons. This variation provides the desirable control forces to achieve response control. 
c) Active Brace Systems: This system uses the existing structural braces to develop an active control system 

by adding actuator. Similar to passive systems, three types of bracing systems (diagonal, K-braces and 
X-braces) can be used in conjunction with hydraulic actuators capable of generating a large control force. 
Figure 12 shows an active brace system mounted on K-brace. 
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Figure 9: Model and free-body diagram for 

structures with AMD (Cheng et al., 2008) 

Figure 10: Schematic comparison of smart structures using active 

mass damper (AMD) and tuned mass damper (TMD) (Cheng et 

al., 2008) 

 

d) Pulse Generation Systems: These systems (instead of hydraulic actuators) are based on pulse generators, which 

use pneumatic mechanisms to generate active control forces. As soon as the detection of large relative velocity at 
any installation point, the pneumatic actuator activated and produce the control force in direction opposite to 

applied velocity.  
 

 

 

Figure 11: Schematic diagram of active tendon system 
Figure 12: Active bracing system with hydraulic 

actuator (Cheng et al., 2008) 

 

4.4) Hybrid Systems 

Active control systems, although result in increased efficiency and more control on structural response, 

have two main limitations. First, they require significant amounts of external power supply and complex 
sensing and signal-processing units resulting in high costs. Secondly, actuators capable of producing large 
control forces are required, which again limits their applicability for many practical cases. These limitations 
result in development of hybrid control systems which combine the simple and reliable working mechanism 
of passive systems with the cutting-edge technologies for development of smart algorithms for active 
control. Following are some commonly used hybrid approaches. 
a) Hybrid Mass Dampers (HMDs): This approach combines a passive TMD with an active control actuator 

as shown in figure 13. The actuator generates a control force which adjusts the properties of TMD 

resulting in an increase in AMD’s efficiency to alter the dynamic characteristics of main structure.  
b) Hybrid Base-Isolation System: This system combines the base-isolation system with an active control 

system using active tendon system installed on a base-isolated structure. 
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c) Hybrid Damper-Actuator Bracing Control: These systems (also referred to as hybrid bracing control 
systems) combines a hybrid device with an actuator resulting in increased efficiency and control on 
structural response. 

d) Intelligent Hybrid Control Systems: Based on the idea that costly active control systems (as well as the 

active part of hybrid control systems) are not economical for structures subjected to low levels of 
shaking, the concept of intelligent hybrid control systems is evolved. The underlying idea is that active 
part of control system should only be activated when required. An intelligent system is capable of 
triggering its active part only under strong shaking and thus provides optimum cost solution as well. 
Figures 15 (a) and (b) shows the working mechanism of a single-stage and three stage intelligent hybrid 
control systems, respectively. A threshold amount of response quantity (denoted by TR) is set as a 
starting point for active control system. For a TR value equal to zero, the whole system works like a 
hybrid control system and for very high values of TR, the system acts like a passive device. Using this 

approach, ground motions causing low shaking can only be controlled using passive system, while in 
case of strong shakings, the expensive active control part of the system is invoked. A three-stage system 
provides even more control by intelligent combination of components and allowing to specify two levels 
of threshold response (figure 15 b). 

 

 
 

Figure 13: A hybrid mass damper (Cheng et al., 2008) Figure 14: Two types of damper for hybrid 

control: (a) liquid mass damper and (b) spring 

damper (Cheng et al., 2008) 
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(b) Three-stage Intelligent Hybrid System 

Figure 15: Working mechanism of intelligent hybrid systems 

 

5. BASE ISOLATION SYSTEMS FOR SEISMIC RESPONSE CONTROL 

Base isolation is a well-established technique of passive control approach which tend to reduce the energy 

transfer from ground acceleration to structure. A structure mounted on a material having significantly low 
lateral stiffness (compared to vertical) receives significantly lower amounts of seismic energy compared to 
a fixed-base structure. The presence of low lateral stiffness material filters out high frequencies in random 
excitations resulting in an improved seismic protection especially for low- to mid-rise buildings. The most 
important component of any base isolation system are bearings (also referred to as isolators). There are two 
common types of bearings (a) elastomeric- and (b) sliding-type bearings. Elastomeric bearings are mostly 
composed of rubber or its derivatives while the sliding-type bearings uses friction to provide intended 

behavior. A brief review of some bearings and isolation systems are as follows.  
 

a) Elastomeric Bearings: Elastomeric bearings (initially made from only natural rubber) are nowadays 

composed of rubber and steel plates. As shown in figure 16, the alternate layers of steel plates and rubber 
results in very low vertical deformation and high confinement with negligible effect on lateral stiffness 
of isolating system.  

 

 
 

Figure 16: Elastomeric bearing with steel shims Figure 17: Lead-plug bearing (Cheng et al., 2008) 

 

b) Lead-Plug Bearings: In this type of bearings, a lead core is introduced in the center of system to increase 
the damping capacity of bearing (figure 17). In case of small lateral forces, the core resists the movement 
of steel plates resulting in higher lateral stiffness, however for high shaking levels, the lead core yields 
to provide stable and thick hysteresis loops and high hysteretic damping of overall isolator unit. The 
yielding of lead core also reduces the lateral stiffness providing efficient base isolation. 
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c) High-Damping Rubber Bearings: Another effective procedure to increase the damping capacity of 
simple electrometric bearings is the use of material with properties modified to provide optimum 
solution. Carbon and its derivatives, and other filler materials can be used to mix with rubber for this 
purpose. 

d) Friction Pendulum Bearings: These bearings, in their original form, comprises of flat sliding plates 
capable of producing large frictional forces to resist applied lateral action. However, a major 
shortcoming of such system is that structure doesn’t come back to its original position after the shaking. 
To overcome this limitation, friction bearings with spherical or concave (figure 18) sliding surfaces are 
developed, often referred to as friction pendulum bearing. In this case, a restoring force is generated as 
the component of vertical load acting along the tangent of spherical sliding surfaces. This restoring force 
brings the structure back to its original position after the excitation is finished.   

 

  
Figure 18: A typical friction pendulum bearing (left), and with double concave surface (right) (Petti et al., 2013) 

 
e) Pot-type Bearings: Several new bearing types have been developed by combining the elastomeric- and 

sliding-type bearings. Pot-type bearings are examples of such bearings in which the low lateral stiffness-
material or elastomer is confined in a pot-like piston (figure 19). This prevents the elastomer to bulge 
during high pressures and also results in a uniform distribution of forces on the system.  

 

 
Figure 19: A typical pot bearing 

 

6. SENSING AND DATA ACQUISITION SYSTEMS FOR SMART STRUCTURES  

One of the basic elements of any smart structure is its ability to sense and collect data from real world. In 
case of seismic design, this data can be ground acceleration or any response quantity. The primary 

component for data acquisition are sensors, which are electrical or mechanical devices which respond to 
changes in physical conditions and convert those changes in to electrical signals. The most commonly used 
sensors in all smart structure technologies include position transducers (either linear variable differential 
transformer, LVDT, or rotary variable differential transformer, RVDT), velocity transducers (e.g. 
electromagnetic linear velocity transducers and tachometers), accelerometers (capacitive, piezoelectric, and 
thermal) and force transducers (strain gauge–based, piezoelectric, or spring-displacement load cells). Figure 
20 shows the difference between analog and digital sensing system. The latest developments in computing 
tools have replaced analog sensing technology with digital data acquisition systems. As the real-world 
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quantities are analog in nature, analog-to-digital (A/D) converting systems are also part of data acquisition 
systems to convert data in digital form to feed in controller.  
 
 

  
Figure 20: Schematic of sensing and data acquisition for smart seismic structures: (left) analog and (right) digital 

 

 
Figure 21: Components of a data acquisition and digital control system for smart seismic structures 

 
Figure 21 shows the working mechanism of a typical data acquisition system for seismic demand control 
of structures with a digital controller. As shown, the main components include sensors, a signal conditioning 
unit (for filtering or amplifying the recorded signal) and the control computer (which analyzes the data and 

generate commands for actuator to activate). The control computer system comprises of signal processing 
units, memory devices and analog-digital converters. The complete system may also have some extra 
components for example, the wirings for signal communications and safety circuits (which detects and 
controls high signals to avoid excessive actuator forces). Some of the important consideration while 
selecting the sensing and data acquisition system are its sampling speed and frequency, accuracy and 
amount of data and processing capacity in case of multitasking. Nowadays several software packages are 
also available which help in collecting and graphical visualization of data without any special skill 

requirement.  
 

7. CONCLUDING REMARKS 

This paper provides an overview of some of the smart structure technologies and reviews their working 
mechanisms, advantages and limitations. Using seismic response control as an example, various approaches 
to suppress structural vibrations resulting from strong ground motions, are discussed. Various response 
control systems and their components, base-isolation systems and other associated techniques are 
compared. Although smart structure technologies still have a long way to go, recent rapid developments in 
the field of proficient computing tools, fast data processing units and efficient numerical solvers will result 
in numerous new ways and exponential growth of existing techniques, resulting in intelligent, adaptive and 

smart structures.  
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