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Abstract 

Vehicle occupants are typically exposed to unpleasant whole-body vibration (WBV) for 

extended period of time. It is well known that the transmission of unwanted vibration to 

the human body can lead to fatigue and discomfort. Moreover, the unwanted vibration 
normally distributed in the low-frequency range has been found as the main risk factor 

for lower back pain and lumbago, which seriously affect the health and working 

performance of occupants. Thus vibration cancellation on seats has attracted 

considerable interest in recent years. So far, for most vehicle seats, vibration isolation is 
achieved passively by using seat cushions and conventional energy absorbers, which 

have very limited performance in the low-frequency range.  

The work presented in this thesis forms a successful development and experimental 

study of an active seat and control algorithm for occupants’ WBV reduction under low 
frequency excitations. Firstly, a modelling study of the seat human subjects (SHS) and an 

extensive experimental measurement of the vibration transmissibility of a test dummy and 

vehicle seat are carried out. The biodynamic responses of SHS exposed to uncoupled 

vertical and fore-and-aft WBV is modelled. A comparison with the existing models is 
made and the results show that an improved fit with the aggregated experimental data is 

achieved. Secondly, an active seat is developed based upon the observations and 

understanding of the SHS and seat system. The characteristics of the active seat 

dynamics are identified through experimental tests found suitable for the development of 
an active seat to attenuate the vibration experienced by vehicle occupants. 

The vibration cancellation performance of the active seat is initially examined by 

feedforward plus proportional-integral (PI) control tests. Through these tests, the 

effectiveness of the actuators control authority is verified, but the limitations are also 
revealed. Because the active seat system is subject to non-linear and time-varying behaviour, 

a self-tuning fully adaptive algorithm is a prime requirement. The Filtered-x 

Least-Mean-Square (FXLMS) algorithm with the Fast-block LMS (FBLMS) system 

identification technique is found suitable for this application and is investigated through 
experimental tests. Substantial vibration reductions are achieved for a variety of input 

vibration profiles. An excellent capability of the active seat and control system for 

efficiently reducing the vibration level of seated occupants under low-frequency WBV is 

demonstrated.  
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Chapter 1 

Introduction 

This chapter presents a background to the research work. The harmful effects of 
whole-body vibration on seated human body are described. An overview of the vehicle 

seat vibration isolation systems is provided and the overall objectives of the research are 

introduced. The scope of the thesis is also included in the end of this chapter. 

1.1 Whole-body vibration 

Vehicle occupants are typically exposed to unpleasant whole-body vibration for 

extended periods of time. It is well known that the transmission of unwanted vibration 

to the human body can lead to fatigue and discomfort. Moreover, the unwanted 

vibration normally distributed in the low-frequency range (0.5-25 Hz) has been found as 
the main risk factor for lower back pain and lumbago [1-6], which seriously affect the 

mental and physical health of occupants and influence their working performance. 

Numerous studies, primarily focused on vertical vibration, have been conducted to 

evaluate the response characteristics of human body dynamics, and the primary goal is 
to determine the magnitude of the human body resonances and the frequency locations 

associated with the highest body motions. The dominant resonance of the human body 

to vertical vibration appears to be 3-6 Hz [7-9], which explains why low frequency 

vibrations significantly affect the comfort of seated persons. 

The effects of whole-body vibration on the human body can be divided into two main 

categories: biodynamic effects and physiological and psychological effects. Biodynamic 

effects can be evaluated by frequency response transfer functions. One commonly used 

type of frequency response transfer function involves measuring the transmitted force 
of the human body against a supporting structure, typically a seat mounted on load cells. 
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This has the advantage that it is a non-invasive method. The ratio between the 
transmitted force at the seat and the input velocity at the seat is called the driving-point 

impedance, which is described by the magnitude of the ratio and the phase angle 

between the two measurements. Plots of impedance against frequency are then used to 

identify regions of high transmission and resonance in the human body. Peaks in the 
magnitude of the plots and rapid changes in the phase of the plots are indicative of a 

body resonance. Human body resonance can also be evaluated by vibration 

transmissibility. Vibration transmissibility is defined as the ratio of the output vibration 

level transmitted through the subject to the input vibration level in the frequency range 
of interest. This can be obtained in different forms by examining different response 

quantities, such as displacement, velocity and acceleration.  

Apart from the biodynamic response, some physiological and psychological effects such 

as fatigue, discomfort, lower back pain, neck and spine strain injuries, spinal 
abnormalities, blurred vision and perception are observed and reported in many studies. 

For example, vibration transmitted from the floor can introduce relative motion of the 

eye with respect to an observed object or display, which can cause difficulty in reading 

instruments and performing visual tasks for the aircrew in aerospace environments. 
Small amplitude vibration can cause mental fatigue, especially when experienced over 

long periods. Human muscle begins to fatigue after around 30 minute’s exposure to 

severe vibrations. Muscle fatigue will not only lead to discomfort, but can also lead to a 

reduction of the protective ability of the muscles. Human muscular-skeletal systems 
work as a natural protective mechanism, large muscle groups on the human body are 

capable of absorbing vibration energy caused by external sources. However, this 

protective ability may be limited by the minimum reaction time of the nerve muscle 

reflex arc which is about 75 milliseconds for leg muscle and is equivalent to frequencies 
up to 13 Hz [10].  

Many researches have shown that there is a link between lower back pain (LBP) and 

whole-body vibration. LBP is a serious disabling health problem facing industrialized 

societies and the costs of it are immense. A review of studies on seated whole-body 
vibration and LBP has been made by Pope et al. [11]. Some in vivo measurements were 

carried out in the study, and they concluded that the muscles will be fatigued and the 

discs will be compressed after whole-body vibration, and thus become less capable of 
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absorbing and distributing load. This also means that the spine is in a poorer condition 
to sustain large loads. 

1.2 Vehicle seat vibration isolation 

The harmful effects on human performance and health caused by unwanted vibration 

from vehicle seats are of increasing concern. Since it is much more difficult and more 
energy-consuming to successfully reduce the vibration level globally than locally on 

vehicles, vibration cancellation on seats – the part which directly contacts with the 

human, has attracted considerable interest in recent years. 

1.2.1 Passive seat vibration isolation 

So far, for most vehicle seats, vibration isolation is achieved passively by using seat 

cushions and conventional springs and dampers. Some materials commonly used in seat 

cushions can effectively reduce higher frequency vibration peaks, but tend to amplify the 

occupants’ body vibration in the low frequency range. In the experiment conducted by 
Pope et al. [12], several kinds of seat cushions, including Polyethylene foam, 

Polyethylene foam (stiffer), and Viscoelastic material, which represented a wide range of 

cushions available for seating, were tested. The response curves were compared and 

analysed, the results showed that the softest material moved the transmissibility peak to 
below 4 Hz and increased its amplitude; the stiffer material tended to move the 

transmissibility peak to higher frequency and produce rotational response; the 

viscoelastic material had little effect below 8 Hz. Some new seat cushion materials have 

been developed and used in passive suspension systems in order to attenuate seated 
human body vibrations at high frequency, but these materials lose their efficiency at low 

frequency, and always produce relatively large motions. 

Conventional springs and dampers are commonly used for vehicle seat suspensions. 

The springs act as an energy-storing element while the dampers act as an energy 
dissipating element. Since these two elements cannot add energy to the system this kind 

of suspension systems are called passive. The coefficients of the spring and damper are 

usually tuned to one set of values and only for an average occupant ride comfort. 

Although there is an increase in the use of dampers with switchable or continuously 
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adjustable characteristics of damping, these passive systems cannot provide optimal 
vibration isolation performance for individuals. It is known that passive seat suspensions 

are subject to some inherent limitations: They are difficult to optimize, have a poor 

performance in the low frequency range, and often ‘de-tune’ due to deterioration of the 

structural parameters and/or variations in the excitation frequency. 

1.2.2 Shock isolation using energy absorbers 

Currently, most aircraft seats are designed primarily to meet crashworthiness criteria by 

employing energy absorbers (EAs). The high acceleration vertical shock loads that are 

transmitted from the base frame of the aircraft and imparted into the human body 
during harsh or crash landings can be attenuated to within a tolerable range by the 

energy absorption systems.  

Most commonly used energy absorbers are fixed-load energy absorbers (FLEAs). The 

load-stroke profiles of these FLEAs are tuned to a constant factory-established load 
throughout their entire operating range. FLEAs are tuned only for one occupant 

weight/type (typically a 50th percentile male) and one crash level (typically to the highest 

crash design level). FLEAs are typically designed to provide approximate 15 g seat 

deceleration limit for the occupant to whom they are tuned. The factory established 
stroking load tends to be too high for lighter occupants while too low for heavier 

occupants. The inappropriate load can result in an increased injury risk [13].  

Fixed-profile energy absorbers (FPEAs) were developed after the FLEAs. These devices 

aim to more efficiently attenuate shock load by taking advantage of the dynamic 
response of the human body. FPEAs use a ‘notched’ load-stroke profile with an initial 

load spike to achieve a quick compress of the human body “springs”. Then, the load is 

lowered rapidly to minimize the overshoot as the body is loaded up, thereby limiting the 

maximum load on the occupant’s spine. The energy absorber load would then be again 
increased to a sustainable plateau for the rest of the stroke [14]. This type of load-stroke 

profile allows the body to be decelerated at a higher average acceleration than FLEAs by 

minimizing the overshoot. However, these FPEAs are still tuned for one occupant 

weight and one crash level, and therefore, they suffer similar limitations as the FLEAs.  
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Variable load energy absorbers (VLEAs), which allow the occupant to manually adjust 
the constant stroking load by setting a dial for their weight, have been developed for an 

improved performance. These VLEAs exploit the fact that the strength of an occupant’s 

spine is nearly proportional to occupant weight. However, these devices highly rely on 

plastic deformation of material and their weight adjustment range is limited [14].  

The above EAs are all passive in that they cannot adapt their load profile during the 

real-time operations. Moreover, these EAs do not begin to stroke until the load reaches 

the tuned threshold and therefore act as a coupling between the floor and the seat. For 

these reasons, these EAs provide only shock protection and rarely offer vibration 
isolation on the seat. 

1.2.3 Semi-active and active seat suspensions 

Semi-active and active seat suspensions are developed to overcome the limitations of 

passive systems and aim to provide more efficient vibration isolation for occupants. 
Active suspensions are typically composed of a spring element and some type of force 

actuator which is capable of supplying energy to the system. A variety of actuators have 

been developed and used in active vibration control systems, which include hydraulic, 

pneumatic, electrohydraulic, electromagnetic, and stacked piezoelectric actuators. The 
actuator is the heart of active system, the vibration cancellation performance of the 

whole active system is mainly dependent upon the actuator force. 

A compromise between passive and active types is semi-active suspension systems. 

Semi-active systems can only passively modulate damping or spring forces according to 
a parameter tuning policy with only a small amount of control effort. So far, many 

semi-active dampers have been developed for this type of suspensions. The damping 

characteristics are usually controlled by modulation of fluid-flow orifices, of dry friction 

forces or of electric or magnetic field applied to electrorheological or 
magnetorheological fluid dampers. Semi-active suspension system can offer a 

compromise between the simplicity of passive systems, and the cost of higher- 

performance fully active suspension system. 

For both the active and semi-active suspension systems, a control law implemented on a 
real-time computer processor is required to govern the actuator and determine the 



Chapter 1. Introduction 

Page 6 
 

control force. A more detailed literature review of the active and semi-active seat 
suspensions and the associated control algorithms is presented in Chapter 2.  

1.3 Objectives of the research 

The main objective of the research was to investigate and demonstrate the feasibility and 

benefits of an active seat system for occupants’ whole-body vibration reduction under 
low frequency excitations. The first aim was to gain a better insight into the mechanisms 

and biodynamic responses of the seated human subjects (SHS) under low frequency 

whole-body vibrations and to develop a mathematical model which is able to represent 

the biodynamic behaviour of SHS in a more comprehensive way. The second aim was 
to develop a vibration test dummy which can be used as a seated human body substitute 

and to set up an experimental test program to characterise the dummy response on a 

vehicle seat. The next aim was to develop an active seat which is able to attenuate the 

vibration level on the occupants’ body under low frequency excitation range (1-25 Hz). 
The final aim was to develop an adaptive control algorithm and apply it to the active 

seat to evaluate the vibration cancellation performance through experimental tests.  

For the active seat and vibration control system, the following key requirements need to 

be met: 

1. The system must be able to attenuate the vibration level on the occupants’ body in a 

low frequency range of 1-25 Hz. 

2. The system must have high adaptability and robustness, and be able to address the 

variation in vibratory situation due to the changes in operating conditions (e.g. 
occupant weight variation and ageing of the suspension system); 

3. The control algorithm in the system must be fully self-tuning without a priori 

knowledge about the plant; 
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1.4 Scope of the thesis 

Chapter 1 provides an introduction of the effects of whole-body vibration on seated 

human body. Overviews of the vehicle seat vibration isolation systems and the overall 

objectives of the research are presented. 

Chapter 2 presents a literature review of the modelling of seated human subjects under 
low frequency whole-body vibration and a review of the active and semi-active seat 

suspensions. The advantages and limitations of the two types of suspensions are 

compared. Additionally, a summary of the various types of controller that have been 

applied to active and semi-active vibration control systems is given. The Filter-x 
Least-Mean-Square (FXLMS) algorithm was selected for detailed investigation in 

Chapter 7. 

Chapter 3 presents the development of a lumped-parameter biodynamic model of a seated 

human subject exposed to low frequency whole-body vibration. Model parameters are 
identified using curve fitting methods and the STHT, DPMI and APM biodynamic 

magnitude and phase response functions are simulated. A comparison with the existing 

models is carried out and the results show that an improved fit with the aggregated 

experimental data is achieved. The developed model can be used to help in developing 
anthropodynamic mannequins for vibration assessment. 

Chapter 4 presents the experimental measurement results of the vibration transmissibility 

of a test dummy and vehicle seat. The dynamic response of the test dummy is 

characterised and the principal whole body modes are found to be broadly consistent 
with a seated human response. These findings enable the dummy to be used as a seated 

human body substitute in the active seat vibration cancellation tests in order to ensure 

an improved consistency in behaviour and avoid safety and ethical issues. 

Chapter 5 provides the details of the active seat structure and dynamics. The constituent 
and mechanical structure of the active seat is described and illustrated by 

three-dimensional line drawings and photos. The characteristics of the active seat 

dynamics are identified through experimental tests. The rig is found suitable for the 

development of an active seat to attenuate the vibration experienced by vehicle 
occupants. 
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In chapter 6 the vibration cancellation performance of the active seat using feedforward 
plus PI control method is examined. Through these tests, the effectiveness of the 

actuators’ control authority is verified and an understanding of the real-time 

implementation is gained. Meanwhile, the limitations of the feedforward plus PI 

controller are revealed, which indicates that an advanced adaptive control strategy is 
required to exploit the whole potential vibration cancellation capability of the active seat. 

Chapter 7 provides a necessary theoretical background of the Least-Mean-Square (LMS) 

adaptive algorithm. The secondary path effect in the implementation of the LMS 

algorithm is discussed and the filtered-x LMS (FXLMS) algorithm is introduced for 
solving this problem. Different approaches for secondary path identification are 

compared and evaluated through simulation exercises. The FXLMS algorithm with the 

FBLMS system identification technique is evaluated through a simulated system for 

narrow-band vibration cancellation. The effectiveness of this combination is proved and 
thus it is applied in the experimental studies described in Chapter 8.  

The results of experimental studies of the active seat using adaptive control methods are 

presented in chapter 8. Substantial vibration reductions are achieved for a single 

frequency and multiple harmonic signals. The robustness and stability of the control 
system is validated by cancelling vibration signals with switching frequency. Additionally, 

the performance of the system when subject to low-frequency large amplitude 

disturbances is validated. The experimental results demonstrate the capability of the 

active seat for seated occupant’s vibration reduction. 

Finally, chapter 9 gives the conclusions and discussions of the work conducted. 

Recommendations for future work are also included. 
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Chapter 2 

Literature Review 

This chapter aims to provide a thorough review of the prior works related to the 
research objectives of this thesis. In the first part of this chapter, a review of the 

modelling of seated human subjects under low frequency whole-body vibration is 

presented. Secondly, a review of active and semi-active seat suspension is provided. 

Additionally, a summary of the various types of controller that have been applied to 
active and semi-active vibration control systems is given.  

2.1 Modelling of seated human subjects 

In order to understand the biodynamic response and adverse effects of whole-body 

vibration on the human body, a number of seated human body models have been 
proposed in the literature. The human body is an extremely complex system containing 

both linear and nonlinear elements (e.g. the viscoelastic nature of soft tissue, large 

deformation involved during the loading process), and the human population is 

physically and biologically diverse. This means the mechanical properties will vary 
hugely from person to person, and makes it difficult to develop an ideal model, however, 

“All models are wrong but some are useful”, George E.P. Box [15]. An appropriate 

human body model can be used to estimate the forces and motions being transmitted 

within the body under specific vibration environments, thus it can allow the prediction 
of the body vibration exposure levels as well as the design and simulation of control 

method to attenuate the vibration. 

The seated human body has already been modelled by many researchers in the literature 

and most of the models can be categorized into three groups: finite element (FE) 
models, spine models and lumped mass models. The first group considers the whole 

human body including the details of the skeleton and soft tissues. The second group 
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focus on the modelling of the spine and treats other body parts as influencing factors. 
The third group treats the body as several lumped masses connected by springs and 

dampers and identifies the model parameters based upon the whole body biodynamic 

responses. 

2.1.1 Human body FE models 

A number of human body FE models have been developed during the last two decades, 

and these models are mainly used for crashworthiness studies. The FE technique uses a 

discretized definition of the geometry and the constitutive laws relating stresses and 

strains as inputs. Human body FE models usually include details of the human skeleton 
and soft tissues, and can predict stresses, strains, and the deformed shapes of bodies.  

The Hybrid III 50% [16] model is one of the most commonly used human body FE 

models for the evaluation of automotive crashworthiness and safety. Some other human 

body FE models have also been developed and improved by many researchers [17, 18]. 
The FE model allows a more detailed and accurate representation of the human body, 

but at a significantly higher computational cost. In addition, since most of these FE 

models have been developed to evaluate extreme conditions, such as the loading and 

impacts during automotive crashes, they are not suitable to predict or simulate the 
human body responses under low frequency and low magnitude vibrations. 

2.1.2 Human body spine models 

There are two kinds of human body spine models: the continuum and discrete types. A 

continuum model is one in which the spine is considered as a rod having an infinite 
number of DOF. This seems too different from the real spine structure. Discrete 

models consider the spine as a structure formed by various anatomic elements, such as 

vertebrae, discs, ligaments, muscles, which are individually modelled. These kinds of 

model are more detailed and much closer to the real spine structure [19]. The early 
continuum models were developed by Hess and Lombard [20]; Liu and Murray [21] and 

Terry and Roberts [22]. They considered the spine column as an elastic beam or 

viscoelastic rod. The first discrete model was presented by Latham [23] which was based 

on the human body response to aircraft ejection. Other discrete models have been 
presented by Toth [24], Orne and Liu [25], and Panjabi [26]. 
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One of the latest discrete human spine models presented by Yoshimura and et al. [27] 
was based on the detailed measurement of vibration transmissibilities from the seat 

surface to the spinal column and the head. The model contains 10 DOFs, and the 

vertebrae are represented by rigid bodies which are connected by revolute joints. It is 

suggested that this model can be used to evaluate the vibration effects to the spinal 
column. However, there are two concerns in the modelling process. Firstly, the sensors 

are mounted on the skin surface which will influence the accuracy of measurement.  

Secondly, the inertia effect of the viscera is taken into account by simply distributing the 

inertia quantity to each vertebra. 

Human body spine models are mainly used to investigate the spine dynamic behaviours, 

especially the lumbar spine and lower vertebrae biodynamic under shock loading. Since 

this type of model focuses on the human spine, the global biodynamic response of the 

whole body cannot be studied thoroughly. 

2.1.3 Human body lumped mass models 

In this kind of model, the human body is approximated by a lumped mass parameter 

system, ranging from a linear single degree of freedom system to nonlinear multi degree 

of freedom systems. Suggs et al. [28] developed a two-DOF damped spring-mass model 
based on measurements which closely approximated the major dynamic characteristics 

of a seated man to vertical modes of vibration below 10 Hz. The model was used to 

build a standardised vehicle seat testing procedure. Payne and Band [29] presented a 

four DOFs model. In the model, the head, upper torso, abdominal viscera and the 
pelvis were represented as four rigid masses, which were interconnected by springs and 

dampers. 

Wei and Griffin [30] suggested a two-DOF human and seat model to predict car seat 

vibration transmissibility. It was found that the predicted seat transmissibilities were 
close to those measured in a group of eight subjects over the entire frequency range. 

Boileau and Rakheja [7] proposed a four-DOF human body model, shown in Figure 2.1, 

considered the typical vehicle driving positions, such as erect without backrest support 

posture, feet supported and low frequency excitation below 4 m/s2. The model 
parameters were estimated by attempting to match the magnitude and phase 

characteristics of both the vertical driving-point mechanical impedance and seat-to-head 
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transmissibility. Some more recent models in group two include a multi-DOF lumped 
parameter seated human body model developed by Rosen and Arcan [31]. This model 

included two subsystems: the first subsystem represented the apparent mass 

phenomenon as the global human biodynamic system, and the second represented the 

local dynamics of the human pelvis/seat cushion contact. The challenge of this 
multi-DOF model is the identification and optimization of many parameters.  

 

Figure 2.1: Vehicle driver linear biodynamic model by Boileau and Rakheja [7]. 

Human body lumped mass models have advantages like less complexity, less demand on 
computational power, and relatively simpler validation requirements. Such models are 

capable of producing biofidelic responses and can be used to simulate both kinematics 

and kinetics of the whole body under specific vibration environments, thus they can 
allow the prediction of the body vibration exposure levels as well as the design and 

simulation of control methods for vibration attenuation. Therefore, this type of human 

body model was selected to model a seated human subject exposed to low frequency 

whole-body vibration in chapter 3. 

2.2 Semi-active and active seat suspensions 

As mentioned in Chapter 1, passive seat suspensions are subject to many limitations. As 

a result semi-active and active seat suspensions have been developed aiming to provide 
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more effective vibration isolation for vehicle occupants. The typical configurations of 
semi-active and active vibration suspension systems are shown in Figure 2.2. 

 

Figure 2.2: Typical configuration of semi-active and active vibration suspension systems. 

2.2.1 Semi-active seat suspensions 

The fundamental concepts of semi-active (SA) suspensions and vibration control 
systems were first introduced by Karnopp [32] in 1974. SA suspension systems can only 

passively modulate damping or spring forces according to a parameter tuning policy 

with only a small amount of control effort. SA systems, as their name implies, fill the 

gap between purely passive and fully active vibration control systems. They offer 
reliability comparable to that of passive systems, yet maintain the versatility and 

adaptability of fully active systems. During recent years there has been considerable 

interest towards practical implementation of these systems for their low energy 

requirement and cost, also, recent advances in smart materials and adjustable dampers, 
such as electrorheological (ER) and magnetorheological (MR) dampers have 

significantly contributed to the applicability of these systems.  

In recent years, various SA seat suspension systems have been proposed. Wu and 

Griffin [33] developed a SA seat suspension using an ER fluid damper to reduce the seat 
impacts caused by shocks or high magnitude vibration. Choi et al. [34] proposed a SA 
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seat suspension using a MR fluid damper for commercial vehicles. McManus et al. [35] 
evaluated the vibration and shock attenuation performance of a SA MR fluid damper in 

reducing the incidence and severity of end-stop impacts of a low natural frequency 

suspension seat. Hiemenz et al. [36] explored the use of a MR damper in a SA seat 

suspension system for helicopter crew seats to enhance occupant comfort. 

Although SA suspension systems provide some desirable benefits, the force range of SA 

systems are limited, and they are known to be ‘soft’ to high frequency excitations while 

being ‘stiff’ to low frequency excitations [37]. Thus, the vibration isolation performance 

in the low frequency range can be compromised. 

2.2.3 Active seat suspensions 

An active system is one in which the passive components are replaced or augmented by 

actuators that supply additional forces. Active seat suspensions which can provide much 

wider force range and achieve better isolation performance in the low frequency region 
have attracted more and more attention in recent years. For instance, Kawana and 

Shimogo [38] proposed an active seat suspension for a heavy duty truck using an electric 

servo-motor and ball-screw mechanism which showed that some resistance will remain 

even if the control is off. Stein [39] developed an electro-pneumatic active seat 
suspension for a driver’s seat for heavy earth moving equipment or off-road vehicles. 

Maciejewski et al. [40] presented an active seat suspension system containing a 

controlled pneumatic spring and a hydraulic shock-absorber. The active control of 

air-flow to the pneumatic spring was applied by means of a directional servo-valve. 
Some drawbacks of pneumatic systems were found: They require a large amount of 

energy to maintain the necessary air pressure in the source, and the complexity of the 

systems make them less reliable and difficult to control. In a recent study by Chen et al. 

[37], an adaptive helicopter seat mount using stacked piezoelectric actuators was 
developed. The seat mount has been retrofitted on a full-scale Bell-412 helicopter 

co-pilot seat and the performance was evaluated through closed-loop tests. The results 

showed that significant vibration suppression was achieved. However, the study also 

found that the stacked piezoelectric actuators can not provide enough stroke to 
effectively suppress the low frequency vibration. 






















































































































































































































































































































