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A Study of the Suspension-Seat-Occupant System Dynamics under Tri-Axial 

Translational Vibration 
by Weitan Yin 

Most previous studies on the biodynamic response and the seating dynamics were limited to single-
axial excitations. How the suspension-seat-occupant system behaves in the multi-axial vibrational 
environment is less reported. The objective of this study is to advance the understanding of the 
effect of the excitation magnitude and the backrest inclination angle on the biodynamic response 
of the seated human body and the transmissibility of the suspension seat with tri-axial translational 
excitation. 

An experimental study was carried out with single-axial excitations at various magnitudes up to 
1.0 ms-2 (r.m.s.) to examine the effect of the backrest inclination angles on the biodynamic response 
in fore-aft, lateral and vertical directions when the human body was sitting in the rigid seat. It was 
found that, at different excitation magnitudes, the apparent masses in the three translational 
directions were affected by the increased backrest inclination angle up to 20°. Such an inclination 
angle also affected the degree of the nonlinearity caused by changing excitation magnitude. 

The experimental study on the human body seated in the rigid seat also investigated under tri-
axial excitations the effect of the excitation magnitude in fore-aft, lateral and vertical directions (up 
to 1.0 ms-2 r.m.s. in each axis) and the backrest inclination angle on the biodynamic response. The 
increased excitation magnitude in one (named as “primary-axis”) of three translational axes and 
that in the other two (named as “secondary-axes”) axes both led to the decrease of the resonance 
frequency of the apparent mass in the “primary-axis” under the conditions tested. Interactive 
effects were found between the excitation magnitudes in different directions: the reduction of the 
resonance frequency of the apparent mass with the increased excitation magnitude in the 
“primary-axis” became smaller when the excitation magnitude in the “secondary-axes” was 
increased, and vice versa. Furthermore, the effect of backrest inclination angle under tri-axial 
vibration on the apparent mass was found to be comparable with that under single-axial vibration. 
Results showed that the backrest inclination and the excitation magnitude had combined effect on 
the degree of nonlinearity of the apparent mass. 

The effect of the excitation magnitude and the backrest inclination angle on the transmissibility 
of the suspension seat with the seated subject was further studied with tri-axial excitation. Under 
the conditions tested, the suspension seat with loaded inert mass exhibited nonlinear behaviour in 
all three translational directions subject to the change of the excitation magnitude in the “primary-
axis”. The interaction between the excitation magnitude in the “primary-axis” and that in the 
“secondary-axes” were observed in the transmissibilities of the suspension seat with seated 
occupant. The backrest inclination angle also affected the moduli of the seat transmissibilities at 
the backrest.  

Based on the experimental studies, a linear multi-body biodynamic model of the seated human 
body exposed to tri-axial vibration was developed. With a rigorous calibration procedure, the model 
was shown to be capable of representing the tri-axial biodynamic responses of human body 
supported by either upright or inclined backrest. Four vibration modes of the human body, which 
contributed to the resonances of the lateral, fore-aft and vertical apparent masses respectively, 
were identified through a modal analysis with the calibrated biodynamic model. 

Finally, linear multi-body models of the suspension mechanism with inert mass, the suspension 
seat with inert mass, and suspension seat with occupant under tri-axial excitation were developed. 
Results showed that the suspension-seat-occupant model was capable of predicting the fore-aft 



 

 

and vertical seat transmissibilities at the seat pan and backrest under tri-axial excitation when the 
subject was seated. The parameters of the seat model (e.g., the contact stiffness at the seat-
occupant interface) to which the seat transmissibilities were most sensitive were identified, 
providing useful information for the seat design to improve ride comfort. 

Keywords: Whole-Body Vibration, multi-axes vibration, apparent mass, biodynamic modelling, 
suspension seat, seating dynamics, seat transmissibility, multi-body modelling 
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Chapter 1 

1 

Chapter 1 GENERAL INTRODUCTION 

1.1 Motivation 

The human body seated in vehicles are often exposed to the seat-transmitted Whole-Body 

Vibration (WBV). The exposure to the WBV may have adverse effect on the ride comfort and health 

of the seated occupants. For example, it is an important factor that leads to the low back pain widely 

reported among the occupational heavy vehicle drivers (Alperovitch-Najenson et al., 2010; Robb 

and Mansfield, 2007). WBV has also been found to have a significant effect on the induction of 

drowsiness of the drivers (Zou et al., 2021), and the stress on lumbar spine which may increase the 

risk of musculoskeletal disorders at lower back (Singh et al., 2019). It is worthy of studying the 

biodynamic response of the seated human body to the WBV and the transmission of the WBV 

through the seat-occupant system on the heavy vehicles, so that measures can be taken to 

attenuate the vibration transmitted to the seated human body and reduce the adverse effects of 

the WBV.  

The biodynamic response to the WBV varies with different frequencies (Griffin, 1990), which is 

affected by multiple factors. To reduce the WBV exposure more effectively in the frequency range 

where the human body is most sensitive, various studies have been carried out to investigate the 

effect of the influencing factors on the biodynamic response. Two of the most important factors 

that have been widely studied are the magnitude of excitation (e.g., Nawayseh and Griffin (2003); 

Qiu and Griffin (2012); Wu et al. (2021)), and the condition of the backrest support (e.g., 

Mandapuram et al. (2005); Toward and Griffin (2009); Liu and Qiu (2021)). The dynamic properties 

of the seat may interact with the biodynamic response of the human body it supports, and affect 

the WBV transmitted to the occupant. Many studies have been carried out to study the seat-

occupant system dynamics, i.e., the seating dynamics, and it is found that the seat transmissibility 

was also affected by the excitation magnitude and backrest inclination (e.g., Jalil and Griffin (2007); 

Zhang et al. (2016); Qiu (2017)).  

Most existing studies on the dynamic characteristics of the human body and seat-occupant system 

have been carried out under single-axial vibration. In real life, the occupant seated in the heavy 

vehicles may be exposed to WBV in multiple translational directions (Chaudhary et al., 2015; 

Jonsson et al., 2015; Johnson et al., 2019). Due to the coupling of the biodynamic responses in 

different directions and its nonlinearity, the dynamic behaviour of the seated human body under 

tri-axial translational vibration may be more complicated than the superposition of that under 

single-axial vibration. Despite some previous studies on the biodynamic response to dual-axial (Qiu 
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and Griffin, 2012; Zheng et al., 2019) or tri-axial translational excitation (Mansfield and Maeda, 2007; 

Mandapuram et al., 2012), the effects of a series of changes of the excitation magnitude in different 

directions and the backrest inclination angle, still remain to be further studied under tri-axial 

translational excitation.  

Suspension seats have been widely used in heavy vehicles to attenuate the vertical vibration 

transmitted to the seated human body. The transmissibility of the suspension seat is affected by 

the vertical excitation magnitude, which has been reported in many laboratory studies that were 

limited to single-axial vertical excitation and with an upright backrest (Qiu, 2017; Adam et al., 

2019a). How would the seat performance in terms of the vibration attenuation be affected by the 

magnitude of the additional horizontal vibration commonly existing on the heavy vehicles have 

been rarely reported. How does the backrest inclination angle affect the transmissibility of the 

suspension seat in x, y and z-axis has not been reported either. 

In addition to experimental studies, the biodynamic response and the seat transmissibility may be 

studied using mathematical models. Various models based on the experimental data have been 

proposed to study the apparent mass or the seat transmissibility under single- or dual-axial 

vibration (e.g., Nawayseh and Griffin (2009); Qiu and Griffin (2011); Liu et al. (2015); Desai et al. 

(2021a)). Whether the apparent masses of the seated subject or the transmissibilities of the 

suspension seat in three translational directions with tri-axial translational excitation could be 

reflected by models, still remains to be investigated. 

1.2 Research scope 

This thesis consists of nine chapters.  

Chapter 1 presents an introduction of the motivation and a general scope of this research.  

In Chapter 2, a review of literature is given to show some of the relevant research progress on both 

the experimental study and the modelling of the biodynamic response to WBV and the seat 

transmissibility. 

In Chapter 3, an experimental study of the biodynamic response under single-axial excitations in 

three translational directions is introduced. The effect of a series of changes of the backrest 

inclination angle on the apparent masses in three translational directions under various magnitudes 

of single-axial excitation have been investigated. Interactive effects between the excitation 

magnitude and backrest inclination angle on the apparent masses have been detected, by 

investigating how the extent of the change in the apparent mass that was due to the increase of 

one of these two factors could be affected by the other. 
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Chapter 4 introduces an experimental study on how the apparent masses of the seated human 

body in either x, y or z-axis under tri-axial translational excitation could be affected by a series of 

changes of the magnitude of excitation in the two additional axes and the angle of backrest 

inclination. The interaction between the effect of the excitation magnitude in one of the three axis 

and that in the two additional axes, and between the effects of the magnitudes of the tri-axial 

excitation and the backrest inclination angle, are also examined and discussed. 

Chapter 5 describes a laboratory study on the dynamic characteristics of the suspension seat and 

the seat transmissibilities with seated subjects in both vertical and horizontal directions under tri-

axial translational excitation. It also investigated how do they change with the increased excitation 

magnitude in different axes and the increased angle of backrest inclination. 

In Chapter 6, a three-dimensional linear multi-body biodynamic model of the seated human body 

exposed to tri-axial translational vibration is proposed. The model is calibrated using the apparent 

masses measured at the seat pan and backrest in three translational directions during the 

experimental study presented in Chapter 4. The modal analysis is conducted on the calibrated 

model to study the association of biodynamic response with the resonances of the apparent mass. 

Chapter 7 introduces a three-dimensional linear suspension seat model that is developed based on 

the measured transmissibilities of the suspension mechanism and the suspension seat with loaded 

inert mass in three translational directions. Then, a linear suspension-seat-occupant model is 

developed by coupling this suspension seat model and the human body model proposed in 

Chapter 6, and is calibrated using the suspension seat transmissibilities measured with the seated 

subject during the experimental study introduced in Chapter 5. The sensitivity of the parameters of 

the calibrated suspension-seat-occupant model is analysed to find the model parameter that affect 

the simulation results the most. 

In Chapter 8, the general discussion of the main findings of this thesis from an overall perspective 

is provided. 

Chapter 9 summarizes the major conclusions of this research, and proposes a few suggestions for 

the future studies.  
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Chapter 2 REVIEW OF LITERATURE 

2.1 Tri-axial Whole-Body Vibration (WBV) environment on the heavy 

vehicles 

The Whole-Body Vibration (WBV) is defined as the vibration of the human body occurring when a 

greater part of the body weight is supported by a vibrating surface (Griffin, 1990). The WBV 

transmitted through the seat can lead to discomfort of the seated occupants, interference with 

their activities and even cause health problems (Krajnak, 2018). Many occupational vehicle drivers 

are vulnerable to these adverse effects of the WBV, as they are exposed to the long-term, high-

level vibration transmitted through the seat during daily work. It has been found that the exposure 

to WBV was one of the major factors that lead to low back pain among the drivers (Bernard and 

Putz-Anderson, 1997) with a strong statistical connection (Tiemessen et al., 2008). Furthermore, 

the exposure to WBV is also related to some types of musculoskeletal, cardiovascular and 

gastrointestinal disorders (Fritz, 2000). Among the occupational drivers of different vehicles, the 

coach or bus drivers are especially at high risk of developing low-back pain and other sorts of back 

disorders (Alperovitch-Najenson et al., 2010). Johanning (1998) suggested that the back disorder 

was one of the most important factors for the medical impairment and early permanent disability 

among mass transit vehicle drivers. 

Depending on the vibrational environment on the vehicle and the dynamic properties of the seat, 

the WBV transmitted to the seated occupant in different types of vehicles is also different. To 

improve the ride comfort by reducing the WBV, a general understanding of the vibrational 

environment on the specific type of vehicle is necessary. Many field studies have been carried out 

to measure and evaluate the WBV exposure of the heavy vehicle drivers using the current standards 

such as ISO 2631-1:1997, which takes into account the frequency-dependent sensitivity of the 

human body to the WBV in different directions. 

According to the reported field studies, the vibration in the horizontal (x and y) axes measured on 

the suspension seats of the heavy vehicles played an important role in affecting the ride comfort 

together with the vertical vibration. Blood et al. (2010) measured the WBV exposure of the bus 

drivers seated on different seats in the x, y and z-axis, and found that it was affected by both the 

seat design and road surface. They also reported that the magnitude of WBV in the vertical direction 

was larger than that in fore-aft or lateral direction, but the effect of these horizontal vibration on 

the ride comfort was not negligible, as the weighted r.m.s. acceleration in the fore-aft or lateral 

direction was more than 25% of that in the vertical direction. Similar observation was reported by 
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Jonsson et al. (2015) who measured the WBV exposure on different combinations of bus types and 

seat types, and Rao et al. (2018) who measured the WBV exposure of the drivers seated in a minibus 

with different backrest inclination angles. For other types of heavy vehicles, the drivers’ exposure 

to horizontal WBV may be even more severe. Kabir et al. (2017) evaluated the WBV exposure of 

the tractor operators working on four kinds of land surfaces and reported that the exposure to the 

vibration in the x and y-axis were greater than that in the z-axis in all the cases. The dominance of 

the horizontal WBV over that in the vertical direction was also reported by Du et al. (2018) who did 

a field measurement of the WBV exposure on a truck. It was suggested that on heavy vehicles, the 

magnitude of vibration in the horizontal directions were generally greater compared to that in cars 

(Sayed et al., 2013). Due to the tri-axial vibrational environment on the heavy vehicles found in the 

field studies, the laboratory study on the biodynamic response of the seated occupant and the 

seating dynamics under tri-axial translational vibration would be beneficial for the improvement of 

the ride comfort in real life.  

2.2 Biodynamic response of the seated human body to the WBV 

The biodynamic response of the seated human body to the WBV is closely related to the ride 

comfort, and has been widely investigated over the years. To exclude the interaction between the 

human body biodynamics and the dynamic characteristics of the seat supporting the human body, 

the study is normally carried out on the rigid seats, on which the moduli of the seat transmissibilities 

in the translational directions are close to 1 in the low frequency range where the human body is 

most sensitive to the WBV (Griffin, 1990). Many studies on the biodynamic response to the WBV 

were carried out by measuring the physical indices, such as the apparent masses and body 

transmissibilities. It can also help develop appropriate human body models for the prediction of the 

biodynamic response. 

Due to the convenience of the measurement, the apparent mass is the most frequently used index 

for the study of the biodynamic responses to WBV in the translational directions. The apparent 

mass is defined as the complex ratio between the force and the acceleration measured at the point 

where the vibration is transmitted to the human body. In case of random excitation, the apparent 

mass could be calculated using the cross- and auto-power spectra as follows: 

𝑀(𝑓) = 𝑆𝑎𝐹(𝑓) 𝑆𝑎𝑎(𝑓)⁄ (2.1) 

Where M, SaF, Saa and f stand for the apparent mass, the cross spectral density between the 

acceleration and force, the power spectral density (PSD) of the acceleration, and frequency, 

respectively.  
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Generally speaking, the response of the seated human body to WBV depends on the inter-subject 

biomechanical characteristics, and can be affected by various external influencing factors, such as 

the magnitude and direction of the excitation, and the support of the backrest. 

2.2.1 In-line and cross-axis apparent masses under single-axial excitation 

Under single-axial vertical excitation, the in-line vertical apparent mass of the seated human body 

at the seat pan generally exhibits a peak between 4-6 Hz regardless of the existence of the backrest 

support (Mansfield and Maeda, 2007; Huang et al., 2020; Liu and Qiu, 2021), which is shown in 

Figure 2.1. Under single-axial fore-aft excitation, the in-line fore-aft apparent mass measured at the 

seat pan generally exhibits a fundamental resonance (in this thesis, the “fundamental resonance” 

refers to the resonance with the lowest frequency, sic passim) at about 4 Hz when the human body 

is supported by the backrest, and at about 0.7 Hz without backrest (Mansfield and Maeda, 2006; 

Qiu and Griffin, 2012). In the lateral direction, the resonance frequency of the in-line lateral 

apparent mass also depends on the backrest: it usually occurs at about 1.5 Hz with backrest or 

0.7 Hz without backrest (Fairley and Griffin, 1990; Mandapuram et al., 2005). Figure 2.2 shows the 

normalized apparent masses in the horizontal directions under different conditions of backrest 

support. The normalization was carried out by dividing the measured modulus of the apparent mass 

of each subject with the static sitting weight. 

 

Figure 2.1 Vertical apparent masses of 15 subjects with (“back-on”) and without (“back-off”) 

support of an upright backrest under single-axial vertical vibration (Mansfield and Maeda, 2007) 
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Figure 2.2 Comparison of the normalized fore-aft and lateral apparent mass measured at the 

seat pan and backrest of eight subjects without backrest (first row) and with inclined backrest 

(second and third row) (Mandapuram et al., 2005) 

Apart from the in-line apparent mass of the human body that is calculated using the dynamic force 

measured in the same direction as the excitation, the so-called “cross-axis” apparent mass has also 

been widely studied under single-axial vertical or fore-aft excitation (Mansfield and Lundström, 

1999; Nawayseh and Griffin, 2005; Mansfield and Maeda, 2006; Qiu and Griffin, 2012). They reveal 

the coupling of the biodynamic response of the human body in the x and z-axis. It is defined as the 

ratio of the force measured in an axis perpendicular to the axis of the excitation to the input 

acceleration. The modulus of the cross-axis vertical apparent mass under single-axial fore-aft 

direction excitation was found to be non-negligible, with the fundamental resonance frequency 

below 2 Hz and the second resonance frequency between 6 and 8 Hz without back support (Qiu 

and Griffin, 2010), or with only a fundamental resonance between 6 and 8 Hz when with the 

support of vertical backrest (Qiu and Griffin, 2012). Also, considerable cross-axis fore-aft apparent 
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mass was observed with a resonance at about 5 Hz under single-axial vertical excitation (Mansfield 

and Maeda, 2006), see Figure 2.3, regardless of the existence of backrest support. 

 

Figure 2.3 Cross-axis apparent mass modulus for 15 male subjects exposed to single-axial WBV 

with support of upright backrest. The labels refer to the direction of excitation and the nature of 

the cross-axis apparent mass (e.g., “y, z–x” refers to the cross-axis apparent mass between z 

vibration and x force under y-direction excitation) ((Mansfield and Maeda, 2006) 

Rakheja et al. (2006) found that under single-axial vertical excitation, the cross-axis fore-aft 

apparent mass measured at the backrest and the in-line vertical apparent mass measured at the 

seat pan were associated due to the rotational motions of the upper body. On the other hand, the 

relationship between the cross-axis lateral apparent mass and that in the other directions is less 

significant (Nawayseh and Griffin, 2005; Mansfield and Maeda, 2006; Mandapuram et al., 2010).  

2.2.2 The effect of in-line excitation magnitude on the apparent masses 

The effect of the magnitude of the single-axial excitation on the apparent mass of the seated human 

body has been widely studied. It is reported that with the increase of vibration magnitude in one 

axis, the resonance frequency of in-line apparent mass generally tends to decrease, which has been 

observed in every translational axis, e.g., in x-axis by Qiu and Griffin (2012); in y-axis by Wu et al. 

(2021); and in z-axis by Mansfield et al. (2006). Figure 2.4, for example, shows the effect of 

increasing the vertical excitation magnitude (all the values of the excitation magnitudes in this 

thesis refer to the r.m.s. value of the corresponding magnitude, sic passim) on the median 
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normalized in-line vertical apparent mass. The decrease of the resonance frequency of the apparent 

mass due to the increase of the excitation magnitude is often referred to as the nonlinearity or the 

“softening” behaviour of the human body. 

 

Figure 2.4 Median normalized vertical apparent masses of 12 subjects sitting with upright 

posture without backrest support: 0.5 ms-2 -□-; 1.0 ms-2 -○-; 1.5 ms-2 -×- (r.m.s.). (Mansfield et 

al., 2006) 

2.2.3 The effect of backrest on the apparent masses 

The existence of the support of an upright backrest could affect the resonance frequency of the 

horizontal apparent mass dramatically (Mandapuram et al., 2005; Mansfield and Maeda, 2007; Qiu 

and Griffin, 2010; Qiu and Griffin, 2012). The swaying motion of the upper body for compensating 

the vibration when the backrest is absent can be reduced with the support of an upright backrest. 

Besides, compared to the condition without back support, the contact between the upper body and 

the backrest introduces excitation to the human body in addition to the seat pan, and the backrest 

support also makes the upper torso of the human body stiffer (Qiu and Griffin, 2012).  

Another influencing factor related to the backrest that affects the apparent mass of the seated 

human body is the inclination angle of the backrest. Toward and Griffin (2009) reported that under 

1.0 ms-2 r.m.s. single-axial vertical excitation, the fundamental resonance frequency of the in-line 

vertical apparent mass at the seat pan tended to increase with the increase of the rigid backrest 

inclination angle from 0° to 25° (Figure 2.5). Similar observations have been reported by Zhang et 

al. (2021) and Liu and Qiu (2021), who measured the apparent masses under 0.5 ms-2 r.m.s. single-

axial vertical excitation with the support of a rigid backrest or a backrest with foam at different 
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backrest inclination angles. They stated that the change of the resonance frequency of the apparent 

mass with the increase of the backrest inclination was possibly due to the change in the mass of 

the human body supported by the backrest. The stiffness or damping of the soft tissues of the 

human body may also have changed due to the change of backrest inclination angle (Liu and Qiu, 

2021). Yang and Qiu (2015) measured the in-line vertical apparent mass and cross-axis fore-aft 

apparent mass under 1.0 ms-2 r.m.s. single-axial vertical excitation, and observed a decrease in the 

correlation between vertical in-line and fore-aft cross-axis apparent mass at the seat pan when the 

backrest inclination increased from 0° to 30°. The decrease of the correlation indicates that the 

biodynamic behaviour of the upper body is partly independent on that of the lower body.  

 

Figure 2.5 Median vertical apparent masses of 12 subjects measured on the seat pan (Toward 

and Griffin, 2009) 

The effect of the backrest inclination on the apparent masses in the horizontal directions is less 

reported compared to that in the vertical direction. When the backrest was inclined by 12.5°, the 

resonance frequency of the in-line fore-aft apparent mass at the seat pan was found to be different 

compared to that when the backrest was upright under single-axial fore-aft excitation, whereas the 

lateral apparent mass was found to be less affected under single-axial lateral excitation 

(Mandapuram et al., 2005). The comparison of the horizontal apparent masses with a series of 

changes of the backrest inclination angles has not been reported. 

2.2.4 Apparent masses under multi-axial vibration 

The research on the biodynamic responses to multi-axial vibration is less well reported compared 

to that under single-axial vibration. Qiu and Griffin (2012) studied the in-line and cross-axis 
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apparent mass both at the seat pan and at the backrest in the vertical and fore-aft direction under 

dual-axis excitation in the x and z-axis. The magnitudes of vibration varied between four values (0, 

0.25, 0.5 and 1.0 ms-2 r.m.s.) in either direction, and all the 15 combinations (4×4 but excluding 

the 0-magnitude condition) of the dual-axial excitation magnitudes were applied to the subjects. 

They observed softening behaviour of the human body in the x (or z) axis with the increase of both 

the excitation magnitude in the x (or z) axis and that in the z (or x) axis, and the effect of the former 

is more obvious than the latter. The higher the excitation magnitude in the x (or z) axis was, the less 

difference the excitation magnitude in the z (or x) axis made on the in-line fore-aft (or vertical) 

apparent mass. These results suggested the dominant effect of the in-line excitation magnitude 

over that of the cross-axis excitation. Furthermore, they also found that the support of upright 

backrest reduced the moduli associated with the fundamental resonances of the in-line and cross-

axis apparent mass compared to that without backrest, under both single and dual-axial excitation. 

Mansfield and Maeda (2007) compared the in-line apparent mass of the human body measured at 

the seat pan under single-axial excitation with those measured under dual- and tri-axial excitation. 

They found that the resonance frequency of the apparent mass in one axis decreased slightly when 

the excitation magnitude in other directions increased. However, only the apparent masses at the 

seat pan were measured. Mandapuram et al. (2012) measured the apparent masses in three 

translational directions, at the backrest and the seat pan under tri-axial vibration. Similar to the 

observation reported by Mansfield and Maeda (2007), the decrease of the resonance frequency of 

the apparent mass in one axis was found when the excitation magnitude in the perpendicular axis 

increased. However, the maximum overall magnitude of vibration was 0.7 ms-2 r.m.s. for the tri-

axial vibration in that study. How the human body behaves under excitations with higher 

magnitudes remains to be investigated. Furthermore, the magnitude of excitation in each axis 

varied between two values in these two studies, while an investigation under a series of changes in 

the excitation magnitudes may be needed to draw a more comprehensive picture of the tendency 

of the nonlinearity. 

Wu et al. (2021) reported the effect of the magnitudes of excitation on the biodynamic response 

under combined lateral, vertical and roll excitation with three magnitudes in each direction, and 

found that similar to the observations with dual-axis excitation made by Qiu and Griffin (2012), the 

effect of the excitation magnitude in one axis on the in-line apparent mass was affected by the 

excitation magnitude in the other directions.  
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2.2.5 Other influencing factors of the apparent mass 

Apart from the excitation magnitude and the support of the backrest, other factors may affect the 

apparent mass of the seated human body. The inter-subject variabilities and the postures also play 

an important role in the biodynamic response to the WBV. Inter-subject variabilities include gender, 

weight, age, body mass index (BMI), and so on (Phate et al., 2019; Rakheja et al., 2020a). For 

example, the experiment conducted by Toward and Griffin (2011) showed that the subject with a 

larger body mass tended to possess an apparent mass with larger modulus, especially for that 

associated with the resonance frequency.  

The posture of seated occupant is another one of the important factors, which can affect the 

apparent mass in three ways. The first is by affecting the mass distribution of the body and the body 

mass supported by the seat. The second is by affecting the biodynamic stiffness or damping of the 

human body via muscle activity (Huang and Griffin, 2006; Yang, 2016). The third is by introducing 

additional excitation into the human body from the supporting surface of the human body, such as 

when the occupant is holding a steering wheel. Studies on various upper body postures (which is 

usually related to the existence and inclination of backrest) and lower body postures (e.g., different 

thigh postures) have been reported. Nawayseh and Griffin (2003) observed a decrease in the in-line 

vertical and cross-axis fore-aft apparent mass under single-axial vertical excitation when the lower 

body posture changed by reducing the contact between the thigh and the seat pan, see Figure 2.6. 

Liu (2017) suggested that when adopting postures with different thigh contact, the apparent 

masses at different body segments would dominate the overall apparent mass. 

 

Figure 2.6 Schematic diagrams showing four postures: (a) feet hanging; (b) maximum thigh 

contact; (c) average thigh contact; (d) minimum thigh contact (Nawayseh and Griffin, 2003) 

These previous studies show the non-negligible effect of inter-subject variability and posture on the 

apparent mass. Thus, in the experimental studies on the effect of the other influencing factors such 

as the excitation magnitude, it is necessary to test plenty of subjects with different statures and 
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weights to obtain solid and representative findings, and the posture of the subjects need to be 

restricted to reduce the effect of posture on the biodynamic response.  

2.3 Seating dynamics 

The vehicle seats supporting the occupants are not ideally rigid. The dynamic characteristics of the 

seat and the interaction between the seat and occupant would affect the dynamic behaviour of the 

coupled seat and human body, or the so-called seating dynamics. Hence, apart from the biodynamic 

response to vibration, the dynamic properties of the seat also need to be investigated. The seat 

transmissibility has been frequently used as an indicator of the seating dynamics. It is defined as 

the ratio of the response amplitude of a seat-occupant system to the input acceleration, usually 

expressed as a function of the frequency. In practise, the seat transmissibility is usually calculated 

using the cross-spectra of the acceleration at seat-occupant interface and the acceleration at seat 

base, and the PSD of the acceleration at seat base. When the human body is supported by the seat 

pan and backrest, the seat transmissibilities at both the seat pan and the backrest reveal the 

characteristics of the seating dynamics.  

For the suspension seats, the seat transmissibility can be measured with inert masses loaded on 

the seat, with dummies or with a human subject seated in the seat, depending on the objective of 

the study. The measurement of the transmissibilities with inert masses or dummies enables the 

dynamic properties of the seat to be better studied without interaction with the biodynamic 

behaviour of the human body. The preload on the suspension seat is required because the seat 

transmissibility measured without any preload would be not comparable with that measured with 

a seated occupant, as the lock-up of the suspension mechanism due to friction (Qiu, 2017) may not 

be well overcome without the preload.  

The transmissibility of a seat with the seated occupant is affected by many influencing factors, 

including the dynamic characteristics of the seat components (e.g., the suspension mechanism and 

seat cushion), the inter-subject characteristics of the seated occupant, the magnitude of the 

excitation, and the existence or inclination of the backrest. 

2.3.1 Dynamic characteristics of the seat components 

A modern vehicle seat normally consists of seat pan and backrest, both of which included the seat 

frame and seat cushion filled with polyurethane foam. Many heavy vehicles are equipped with the 

suspension seats. A suspension seat comprises of a suspension mechanism in addition to the seat 

pan and backrest, which is used for the attenuation of the vertical vibration. Most of the suspension 

seats currently used in the heavy vehicles have passive suspension mechanisms consisting of 
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dampers and springs. The spring in the suspension mechanism may be either a coil or air spring. 

Figure 2.7 shows the structure of a typical passive seat suspension mechanism which consists of 

coil springs and damper along with the cross-arm linkages.  

 

Figure 2.7 Suspension seat structure (Ning et al., 2018) 

The stiffness and damping of the seat cushion and the suspension mechanism play an important 

role in determining the dynamic properties of the whole seat. Many studies have been carried out 

to study the dynamic characteristics of the seat components. Zhang (2014) measured the vertical 

dynamic stiffness of the polyurethane foam block and that of a car seat cushion (which included 

the same type of foam as the block) under vertical excitation, and found that they were affected by 

the excitation magnitude and the preload applied. With the increase of the excitation magnitude, 

the dynamic stiffness decreased, while with the increase of the preload, it increased. Nonlinear 

elastic and viscoelastic behaviour of the foam was also revealed by the large hysteresis observed in 

the quasi-static load-deflection curve. Krumm et al. (2020) found that compared to the car seat 

with standard foam cushion, a car seat with warp knitted spacer fabric cushions amplified the seat 

transmissibility measured at the seat pan. 

Shahzad and Qiu (2012) measured the quasi-static load-deflection curve of the coil spring and 

damper of a suspension mechanism, and found that the spring exhibited a bi-linear quasi-static 

load-deflection relationship with little hysteresis, while the hysteresis of damper’s load-deflection 

curve was greater. Qiu (2017) measured the vertical transmissibility of the suspension mechanism 

using rigid mass as preload, and found that under a low-level excitation magnitude of 0.25 ms-2 

r.m.s., the suspension transmissibility was close to 1 in the low frequency range, possibly due to the 

fact that the suspension mechanism was locked up by the friction. When the excitation magnitude 

increased, the suspension transmissibility exhibited obvious nonlinear softening behaviour (see 

Figure 2.8). 
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Figure 2.8 Transmissibility modulus, phase and coherency of suspension mechanism under 

different excitation magnitudes (Qiu, 2017) 

2.3.2 Seat transmissibility under single-axial vibration 

The modulus and phase of the vertical transmissibility of a car seat with the seated subject and the 

corresponding coherence are shown in Figure 2.9 (Griffin, 1990). The modulus of the 

transmissibility was greater than 1 at low frequency range below 10 Hz with a fundamental 

resonance at around 4 Hz, while at higher frequency range, the transmissibility decreased. Similar 

characteristics of the transmissibility of the car seats have also been reported in other previous 

studies under single-axial vertical excitation reported by Toward and Griffin (2011) and Tufano and 

Griffin (2013).  
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Figure 2.9 Seat vertical transmissibility and coherence (Griffin, 1990) 

Qiu (2017) measured the vertical transmissibilities of the complete suspension seat with loaded 

inert masses and the seated subject under single-axial vertical excitation. The vertical 

transmissibility of the complete suspension seat with seated occupant exhibited three resonances 

below 6 Hz, between 7 and 15 Hz, and between 15 and 22 Hz, respectively. It was suggested that 

the lock-up effect found on the suspension mechanism also affected the transmissibility of the 

complete seat when the excitation magnitude was at a low level (e.g., below 0.25 ms-2 r.m.s.), as 

the seat transmissibility was close to 1 at low frequencies. Under vertical excitation with greater 

magnitude, the friction was overcome and the suspension mechanism could move more properly.  

Qiu and Griffin (2003) measured the fore-aft transmissibility of a car seat at the backrest with seated 

subject under single-axial fore-aft excitation and found three resonances at around 5 Hz, 28 Hz and 

48 Hz, respectively, which are shown in Figure 2.10. Zhang (2014) measured the fore-aft 

transmissibility of a car seat at the seat pan and backrest up to 40 Hz with manikin and participants 

under single-axial fore-aft excitation. The fore-aft transmissibility of seat at the seat pan under 

single-axial fore-aft excitation was found to be close to 1 at low frequencies. A distinctive 

fundamental resonance of the transmissibility at the seat pan was found at about 20 Hz with 

manikin while with seated human body, the fundamental resonance was at about 4 Hz, and another 

resonance possibly existed at over 40 Hz. The reported fore-aft transmissibility at the backrest was 

similar to that measured by Qiu and Griffin (2003).  
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Figure 2.10 Transmissibility and coherence of the backrest in fore-aft direction (Qiu & Griffin, 2003) 

Ittianuwat et al. (2014) measured the in-line lateral transmissibility of a car seat at various locations 

on the seat frame without seated subject under single-axial lateral excitation, and found a 

fundamental resonance located between 15 and 20 Hz. Gong and Griffin (2018) reported that a 

resonance of the lateral transmissibility of a train seat existed at around 25 Hz when the subject 

was seated. Wu and Qiu (2021) measured in a laboratory study the lateral transmissibility of a train 

seat at seat pan and backrest with and without seated subject, and found a fundamental resonance 

at about 15 Hz for both transmissibilities at the seat pan and that at the backrest, no matter 

whether the subject was seated or not. The resonance frequencies of the seat transmissibilities 

varied among different seats in these studies depending on the seat structure. 

2.3.3 The effect of the excitation magnitude on the seat transmissibility 

The nonlinearity of the dynamic properties of the seat cushion or the suspension mechanism 

subject to the excitation magnitude has been reported in the previous studies, which suggests that 

the dynamic behaviour of the complete seat consisting of these components may also show 

nonlinearity. Many experimental studies measuring the transmissibility of the complete seat under 

different excitation magnitudes were reported.  

The in-line vertical or fore-aft transmissibilities measured at the seat pan and backrest of a car seat 

exhibited a decrease of the fundamental resonance frequency when the magnitude of vertical or 
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fore-aft vibration increased (Zhang, 2014), see Figure 2.11. Such a softening dynamic behaviour of 

the seat was observed both when the seat was loaded with a manikin and with a seated participant, 

which indicates that the nonlinear dynamic behaviour of the seat attributed to the nonlinearity of 

the seat-occupant system in addition to that of the seated human body.  

 

Figure 2.11 Median vertical seat transmissibility at the seat pan measured at different 

magnitudes ( 0.4 ms-2, 0.8 ms-2, 1.2 ms-2 r.m.s.) of the single-axial vertical excitation 

with seated subjects (Zhang, 2014) 

Tufano and Griffin (2013) measured the vertical apparent mass of the seated subjects and the seat 

transmissibility on a rigid seat with a foam block at the seat pan under single-axial vertical random 

excitation, and found that the change of the resonance frequency of the seat transmissibility was 

more dependent on the nonlinearity of the seated human body than that of the foam. These 

conclusions are applicable for car seats with seat frame and seat cushion. D’Amore and Qiu (2021) 

found that when the subjects were supported by a backrest inclined by a relatively large angle and 

adopted more relaxed sitting postures (which is supposed by the authors to be a common situation 

in the future autonomous cars), the magnitude of vertical excitation could still affect the seat 

transmissibility. 

For a suspension seat, the nonlinearity of the dynamic behaviour of the suspension mechanism also 

plays an important role in the nonlinearity of the whole seat-occupant system (Qiu, 2017). The 

resonance frequencies of the vertical transmissibility of the suspension seat with subjects were 

found to decrease as the magnitude of vertical excitation increased (Qiu, 2017). 

2.3.4 The effect of the backrest support on the seat transmissibility 

Compared to the condition without backrest support, the occupant’s contact with an upright 

backrest led to an increase of the resonance frequency and the associated modulus of the vertical 

transmissibility at the seat pan of a car seat under single-axial vibration (Corbridge et al, 1989). The 

inclination of the backrest led to a further increase of the resonance frequency and the associated 

modulus of the vertical transmissibility under single-axial vibration compared to that measured 
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with an upright backrest (Houghton, 2003). In terms of the seat transmissibility in the horizontal 

directions, Jalil and Griffin (2007) found that the increase of the inclination angle of the backrest 

led to an increase of the resonance frequency of the fore-aft seat transmissibility measured at the 

backrest of a car seat under single-axial fore-aft excitation (Figure 2.12). This “stiffening” 

phenomenon of the seat-occupant system due to the increase of backrest inclination may be 

related to the similar tendency of the apparent mass observed when the backrest inclination 

increased (Toward and Griffin, 2009; Yang and Qiu, 2015).  

 

Figure 2.12 Median fore-aft transmissibilities measured at different locations on the backrest 

with seated subject under single-axial fore-aft vibration: effect of the backrest inclination angle (Jalil 

and Griffin, 2007a) 

2.3.5 Seat transmissibility under multi-axial vibration 

The seat transmissibility under multi- axial vibration has been less well reported compared to those 

under single-axial vibration, and most of them were measured during field studies. Qiu and Griffin 

(2004) measured the tri-axial translational accelerations at four corners of seat base as the input 

excitation and those at the backrest of a car seat as the output in a field study. The transfer function 

and coherence between inputs and outputs were derived using multi-input-single-output (MISO) 
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method. It was found and both the in-line and cross-axis vertical and fore-aft outputs at the seat 

pan had considerable correlation with the vertical and fore-aft inputs, while the outputs in the 

directions other than the lateral direction were much less correlated with the lateral inputs. 

Kim et al. (2018) studied the lateral and vertical seat effective amplitude transmissibilities (SEAT-

values) of two types of suspension seats exposed to the reproduced multi-axial vibration during a 

field study, by calculating the ratio of r.m.s acceleration at the seat base to that at the seat pan. It 

is found that the SEAT value in the horizontal direction measured on a seat with horizontal 

suspension mechanism was smaller than that measured on a seat with only vertical suspension 

mechanism. They chose the SEAT-values for the comparison between the dynamic behaviour of the 

two seats under multi-axis excitation, which is only a rough representation of the overall 

performance of the seat in terms of the vibration attenuation, while the frequency response of the 

seat transmissibility under tri-axial vibration was not reported. A laboratory study on the effect of 

the increased excitation magnitude on the seat transmissibilities under tri-axial vibration remains 

to be carried out. 

2.4 Mathematical models of the seated human body 

Apart from the experimental studies, the biodynamic response of the human body and the seating 

dynamics can also be studied using mathematical models. The computational simulation with the 

developed models is less time consuming than carrying out experimental studies, and it also 

enables the dynamic properties of the human body and seat-occupant system to be investigated 

virtually under the test conditions which are hard to be done via experimental study due to the 

limitation of test apparatus or the tolerance of the human body.  

In general, most of the mathematical models proposed in the previous literature for the study of 

the human body exposed to the WBV can be categorized into three types: lumped parameter 

models (LPMs), multi-body models and finite element (FE) models. In the context of biodynamic 

modelling, the human body is often represented by lumped blocks with only mass and/or moment 

of inertia as parameter in the LPMs, and the forces are represented by spring- and damping forces. 

This type of model is widely developed due to the convenience in development and calibration, yet 

it can only capture the characteristics of the whole system while the dynamic behaviour of the parts 

of the system cannot be studied in detail. Multi-body models comprise rigid bodies with one or 

multiple degrees-of-freedom (DoFs) that are usually more anatomically or geometrically 

representative than lumped masses, and the bodies are connected with joints. They are beneficial 

for predicting the motions of each rigid body in the whole system. The FE models comprise 

numerous elements connected with nodes. They provide finer representation of the geometry of 
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the system, and can offer more precise predictions on the motion and internal force of a part of the 

system, but the computational cost is usually high.  

2.4.1 Lumped parameter models (LPMs) 

A lumped parameter model with two-DoF was developed by Wei and Griffin (1998), which is shown 

in Figure 2.13. The human body was represented by three masses in this phenomenological model, 

which were not representing any of the anatomical body segments. It was capable of predicting the 

in-line vertical apparent mass at the seat pan when the human body is exposed to single-axial 

vertical vibration.  

 

Figure 2.13 Schematic diagram of two degree-of-freedom human body model (Wei and Griffin, 

1998) 

Kumar and Saran (2019) developed a 6-DoF lumped parameter model to study the vertical apparent 

mass and the seat-to-head-transmissibility, in which the masses of the realistic body segments were 

roughly represented.  

Nawayseh and Griffin (2009) developed a three-DoF lumped parameter model taking the vertical, 

fore-aft and pitch motions into consideration (Figure 2.14). The rotational degree of freedom 

enables the model to capture the coupling of the body motion between the vertical and fore-aft 

directions. The model achieved good agreement with the measured in-line vertical apparent mass 

and the cross-axis fore-aft apparent mass at the same time under single-axial vertical vibration.  
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Figure 2.14 Schematic diagram of the human body model by Nawayseh and Griffin (2009) 

Qiu and Griffin (2011) developed a lumped parameter human body model to predict the in-line 

fore-aft apparent mass of human body exposed to single-axial fore-aft vibration (Figure 2.15). The 

seated human body was represented by two masses at the upper- and lower part, respectively, and 

both parts were connected with torsion spring and damper which allowed the model to have a 

rotational DoF to simulate the pitch motion of the upper body. This model was also capable of 

predicting the cross-axis vertical apparent mass subject to fore-aft vibration.  

 

Figure 2.15 Schematic diagram of the human body model by Qiu and Griffin (2011) 

The biodynamic modelling of human body exposed to tri-axial vibration using LPMs has been rarely 

reported. Although the vertical and fore-aft motion of the human body is partly correlated, and can 
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be modelled inside the mid-sagittal plane, the prediction of the biodynamic response in the 

additional lateral direction requires a three-dimensional model to be developed. Marzbanrad et al. 

(2016) developed a 15-DoF model of the human body to study the apparent masses and the seat-

to-head transmissibility in the x, y, and z-axis. The human body segments were represented by 5 

masses with 3 DoFs each and the forces between the masses were modelled using 3×3 stiffness 

and damping matrices. The calibrated model was able to achieve good agreement with the 

measured apparent masses at the seat pan and the seat-to-head transmissibilities. A prediction of 

the biodynamic response at the backrest using this model was not reported.  

2.4.2 Multi-body models 

Zheng et al. (2011) developed a seven-DoF multi-body model (Figure 2.16) to predict the in-line 

vertical and cross-axis fore-aft apparent mass of the human body under single-axial vertical 

vibration. The rigid bodies represented the upper body, middle body, pelvis, thighs, and legs, 

respectively. The DoFs included five rotational (around the x-axis) DoFs for the 5 rigid bodies, and 

two additional translational (in the x and z-axis) DoFs at the rigid body representing the pelvis. This 

multi-body model was capable of predicting both the vertical in-line and fore-aft cross-axis 

apparent mass of human body measured at the seat pan and the backrest when exposed to single-

axial vertical vibration. By analysing the parameter sensitivity of the model, they found that the 

stiffness of tissue beneath pelvis might have affected the in-line vertical and cross-axis fore-aft 

apparent masses. 

Liu and Qiu (2020) developed an 8-DoF multi-body model with a structure similar to that developed 

by Zheng et al. (2011), while excluding the backrest support and adding a rigid body representing 

the viscera. With an analysis of the parameter sensitivity using the model they proposed, they found 

that the simulated vertical apparent mass of the human body was most sensitive to the stiffness 

and damping representing the dynamic properties of the soft tissues beneath the ischial 

tuberosities and thighs and the viscera. 
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Figure 2.16 Schematic diagram of the 7-DoF multi-body model (Zheng et al., 2011) 

Zhang et al. (2015) developed a 17-DoF multi-body human model (Figure 2.17). The rigid bodies 

represented the head, torso, viscera, pelvis, thighs, legs and feet of the human body, respectively. 

Each rigid body in this model had two DOFs in the z-axis and around x-axis except the one 

representing the viscera, and they were connected with each other using both translational and 

rotational springs and dampers. This model was used to connect with a vehicle model equipped 

with seats for the study of the WBV exposure instead of predicting the biodynamic responses of 

the seated human body. 

Desai et al. (2018) developed a 20-DoF multi-body human model based on the model proposed by 

Zhang et al. (2015) by using two rigid bodies to represent the upper torso of the human body instead 

of one, and calibrating the model using the apparent masses measured in the laboratory 

experiments focusing on the study of the biodynamic response. That model can be used to predict 

the biodynamic response of the human body under dual-axial vibration in both vertical and fore-aft 

direction. Desai et al. (2021b) further compared the effectiveness of that model with some other 

LPMs in predicting the apparent masses under single-axial vibration. 
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Figure 2.17 Schematic diagram of the 17-DoF multi-body model (Zhang et al., 2015) 

Wu and Qiu (2020) developed a multi-body biodynamic model of the seated human body exposed 

to combined lateral, vertical and roll vibration. The model consisted of six rigid bodies representing 

the head and neck, upper torso, abdomen, pelvis, and thighs, respectively. The model was capable 

of predicting the apparent masses at the seat pan and backrest in the lateral and vertical direction.  

It is reported in a systematic literature review that most of the existing multi-body biodynamic 

models are two-dimensional and are developed in the sagittal plane subject to in-plane excitations, 

such as the vertical, fore-and-aft or pitch excitation (Rakheja et al., 2020b). A biodynamic model of 

the human body capable of predicting the biodynamic response in three translational directions 

under tri-axial translational vibration, has not been reported. 

2.4.3 Finite element (FE) models 

The FE modelling approach has also been made to study the biodynamic responses of the human 

body to WBV. Zheng (2012) and Liu et al. (2015) developed finite element models of the human 

body to study the biodynamic response to vertical vibration, both paying close attention to the 

modelling of soft tissue and the bone structures at the pelvis and thighs. Figure 2.18 shows the 
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model developed by Liu et al. (2015) consisting of six body segments: head-neck, upper torso, lower 

torso, arms, pelvis-thighs and legs-feet. All the body segments were modelled as rigid bodies with 

flexible elements that were used to represent the soft tissues of the buttocks and thighs. The 

simulation result (Figure 2.18, lower part) indicates that this model can well predict the in-line 

vertical apparent mass and cross-axis fore-aft apparent mass. 

 

Figure 2.18 FE model of the seated human body and detailed presenting of pelvis and thighs 

modelling and comparison of measured ( ) and simulated ( ) apparent mass (left: 

vertical apparent mass; right: cross-axis fore-and-aft apparent mass). (Liu et al., 2015) 

Dong et al. (2020) developed an FE model of the seated human body with special care taken on the 

modelling of the lumbar spine, which could be used to analyse the modes and the dynamic 
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responses of the lumbar spine under vertical vibration. An FE model developed by Gao et al. (2021) 

was capable of representing the vertical in-line and fore-and-aft cross-axis apparent mass of the 

human body without backrest under vertical excitation as well as the local transmissibility at the 

first thoracic spine. 

2.5 Mathematical models of the vehicle seat and the seat-occupant 

system 

A seat-occupant model that can reasonably predict the seat transmissibility requires that both the 

seat model and human body model be validated. Wei and Griffin (1998) developed a lumped 

parameter model of the seat-occupant system to predict the vertical transmissibility of a car seat. 

The seat cushion was modelled using stiffness and damping that were calibrated using the dynamic 

stiffness of the cushion measured using the indenter rig, and the parameters of the human body 

submodel were calibrated using the measured vertical apparent mass of the human body. The seat 

transmissibility predicted using this seat-occupant model achieved good agreement of the 

measured counterpart. 

Gunston et al. (2004) developed a linear lumped parameter model (Figure 2.19, left) and a 

nonlinear “Bouc-Wen” model representing a suspension seat (Figure 2.19, right). The linear model 

consisted of various parameters of the suspension mechanism components, whose values were 

determined by the direct measurement, such as the stiffness and damping of the spring and damper. 

The nonlinear phenomenological Bouc-Wen model on the right was developed by using a 

combination of linear spring, linear damper and the nonlinear “Bouc-Wen force” to represent the 

suspension mechanism. Both models achieved good agreement of the vibration dose value (VDV) 

measured at the seat pan. The linear LPM proposed in this study was only used to predict the WBV 

exposure expressed as VDV, while the prediction of seat transmissibility was not reported. It was 

concluded that the linear lumped parameter model was beneficial for estimating the effect of each 

specific parameter of the seat component, while the nonlinear “Bouc-Wen model” was particularly 

suited for the study on the overall behaviour of the seat-occupant system.  
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Figure 2.19 Schematic diagram of the component model (Top) and the Bouc-Wen model 

(Bottom) (Gunston et al., 2004) 

Qiu and Griffin (2011) developed a lumped parameter seat-occupant model to study the fore-aft 

transmissibility at the backrest of a car seat (Figure 2.20). The human body in this model was the 

same as that shown in Figure 2.15. The backrest was divided into the upper and lower part 

connected with torsion spring and damper, and the two parts were connected with the upper and 

lower part of the human body model, respectively. After the calibration of human body model using 

the measured fore-aft apparent mass under single-axial fore-aft vibration, the parameters of 

human body model were determined. Then the parameters of the seat (including the contact 

stiffness and damping between the seat and the human body) were calibrated using the measured 

fore-aft transmissibility at the backrest. This seat-occupant model was capable of giving satisfactory 

prediction of the fore-aft transmissibility at the backrest.  
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Figure 2.20 Schematic diagram of the seat-occupant model by Qiu and Griffin (2011)  

Qiu (2012) developed a LPM of the suspension-seat-occupant system including the seat submodel 

and the human body submodel, following a systematic procedure by calibrating each submodel and 

the complete seat model step by step. The modelling procedure was:  

1) The suspension mechanism model was developed and calibrated using the measured 

transmissibility of the suspension mechanism, and the values of the parameters of the suspension 

mechanism model were determined;  

2) The cushion model was connected to the calibrated suspension mechanism model and the newly 

introduced parameters of the combined seat model were determined using the measured vertical 

transmissibility of the complete seat with loaded rigid mass, while keeping the determined values 

of the parameters in step 1) unchanged;  

3) The human body submodel was developed and calibrated with the measured vertical apparent 

mass of the human body to determine the values of the human body model parameters;  

4) Finally, the seat submodel and human body submodel were directly connected and the seat-

occupant model was developed, which was capable of predicting the seat transmissibility without 

having to adjust the values of the determined parameters much.  
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Zhang (2014) developed a FE seat model consisting of the seat pan and backrest, and connected it 

with an FE model of human body. The parameters of the seat cushion were calibrated using the 

dynamic stiffness measured using the indenter rig. Then the complete seat model consisting of 

cushion and seat frame was calibrated using the vertical seat transmissibility measured when the 

seat was loaded with a manikin. The simulated seat transmissibility using the developed model 

achieved reasonable agreement with the measured counterpart. 

Adam et al. (2019b) proposed a 3-DoF LPM of the suspension seat with seated occupant, in which 

the forces between the suspension mechanism, the seat cushion and the human body were 

represented by three pairs of spring and damping forces. Such a simple model was capable of 

predicting the vertical seat transmissibility. A parameter sensitivity analysis was carried out, and it 

was found that for that model, the transmissibility was most sensitive to the stiffness and damping 

of the suspension mechanism and the mass of the seated human body. 

Wu and Qiu (2021) developed a three-dimensional multi-body train-seat-and-occupant model that 

was capable of achieving good agreement with the measured seat transmissibilities at the seat pan 

and backrest in the y- and z-axis under combined lateral, vertical and roll vibration (Figure 2.21). 

The seat submodel and the human body submodel were developed and calibrated separately 

before being connected. The contact between the seat and the human body was modelled using 

springs and dampers, and the corresponding stiffness and damping were adjusted after the two 

submodels were coupled. The model was further used to carry out modal analysis of the seat-

occupant system. 

Singh et al. (2021) developed an FE model of the seated human body coupled with a suspension 

seat on a farm tractor and concluded using that model that the factors including the seat cushion 

material and suspension mechanism affected the seat transmissibility. However, the verification of 

the model they developed via the comparison between the measured and simulated results was 

not presented. 
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Figure 2.21 The seat-occupant model by Wu and Qiu (2021)  

2.6 Discussion 

2.6.1 Experimental study on the apparent masses of the seated human body 

The effect of two influencing factors, the excitation magnitude and backrest inclination angle, on 

the apparent masses of the human body in the fore-aft, lateral and vertical directions at the seat 

pan and backrest has been studied in the past under limited conditions.  

The previous studies on the effect of backrest inclination angle on the apparent mass have been 

limited to single-axial vibration (Mandapuram et al., 2005; Toward and Griffin, 2009; Yang and Qiu, 

2015; Liu and Qiu, 2021), and most of them were carried out with a fixed magnitude of excitation. 

In real situations, however, the occupants on vehicle seats are exposed to multi-axial WBV with 

different magnitudes, and often with an inclined backrest. How would the biodynamic behaviour 

change in response to the varied backrest inclination angle under single and multi-axial vibration 

with a series of different excitation magnitudes still remains to be studied.  

The apparent masses under tri-axial vibration were studied with limited number of excitation 

magnitudes previously (Mansfield and Maeda, 2007; Mandapuram et al., 2012). How will the 

apparent mass of the seated human body at the seat pan or backrest in the three translational 

directions be affected by a series of changes in the excitation magnitude in the in-line and cross-

axis directions has not been reported. Whether there is interactive effect or the co-effect between 
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the excitation magnitudes and backrest inclination angle on the apparent mass of the seated human 

body, still remains to be investigated.  

When exposed to multi-axial WBV, the seated human body can be regarded as a multi-input and 

multi-output system. It is expected that the relationship between each input and each output can 

be more precisely studied using multi-input-single-output method by eliminating the error caused 

by the potential correlation between the inputs. It also enables the comparison of the contribution 

of the multiple inputs (excitation in different axes) to the output (the apparent mass measured at 

the seat pan and backrest in different directions), which has been rarely adopted in the 

investigation of biodynamic response under multi-axial excitation. 

2.6.2 Experimental study on the transmissibilities of the suspension seat 

Some experimental studies on the influencing factors of the seat transmissibility have been carried 

out in the past, such as the magnitude of the single-axial vertical or fore-aft excitation and the 

backrest inclination angle. Suspension seats are usually designed to attenuate vertical vibration 

with a high-level magnitude above the resonance frequency of the seat-occupant system, and 

exhibit dramatic softening behaviour. The transmissibility of the suspension seat with the seated 

subject depends on not only the biodynamic response of the human body but also the dynamic 

properties of the seat. However, the transmissibility of a suspension seat in a tri-axial vibrational 

environment, instead of under single-axial vertical vibration, has been even less well discussed, 

although the suspension seats are widely used in the heavy vehicles where the effect of vibration 

in fore-aft and lateral directions on the ride comfort cannot be ignored in the reality. This requires 

the study of how the transmission of the vibration in the horizontal directions is affected by the 

dynamic properties of the seat and the seated human body.  

Although some previous studies have reported the effect of the backrest inclination on the seat 

transmissibility, most of them were carried out under a certain excitation magnitude and focused 

on the transmissibilities in the directions on the sagittal plane of the seat-occupant system, e.g., 

under only single-axial excitation with a fixed vibration magnitude (Jalil and Griffin, 2007). How will 

the seat transmissibility change with a series of changes of the excitation magnitude and the 

backrest inclination angle still remains to be studied. Furthermore, whether interactive effect exists 

between these influencing factors is of interest.  

The study of the seat transmissibility under tri-axial vibration, together with the study of the 

apparent mass, will also provide essential data for the development of seat-occupant model for 

studying the seating dynamics in the tri-axial vibrational environment, and assist the seat design 

accordingly to improve the ride comfort.  
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2.6.3 Dynamic modelling of the seated human body and the suspension-seat-occupant 

system 

Various mathematical models have been developed for studying the biodynamic response of the 

seated human body to WBV and the seating dynamics of the seat-occupant system, including 

lumped parameter models, multi-body models and FE models. Most of the models of the human 

body were limited to capturing the dynamic behaviour of the human body in single-axial vibration, 

while the representation of the out-of-plane motion in the lateral directions is often not considered. 

It is required that a model of the seated human body be developed to reflect the biodynamics of 

human body exposed to tri-axial vibration, to study the relationship between the body modes and 

the resonances of the apparent masses in three translational directions.  

Although a few seat models have been developed for predicting the transmissibility of the 

suspension seat exposed to single-axial vibration, a model of the suspension-seat-occupant system, 

which is capable of giving satisfactory prediction of the seat transmissibility at the seat pan and the 

backrest under tri-axial translational vibration, still remains to be developed. A seat-occupant 

model validated with experimental data would be beneficial to the optimal design of seat dynamic 

performance and improvement of ride comfort. 

2.7 Research questions and objectives 

Inspired by the above literature review and discussions, the following research questions are 

formed:  

1) How will the backrest inclination angle affect the apparent masses at the seat pan and backrest 

of the seated human body under single-axial excitation of different magnitudes and is there any 

interactive effect between the backrest inclination angle and the excitation magnitude? 

2) For the apparent mass of the seated human body exposed to tri-axial vibration in the fore-aft, 

lateral or vertical direction, how does the vibration magnitude in that axis interact with the 

excitation magnitude in the other two additional axes at different backrest inclination angles? 

3) How can the transmissibility of the suspension seat in the fore-aft, lateral or vertical direction 

under tri-axial excitation be affected by the excitation magnitude in that axis and in the other 

two axes, combined with the effect of the backrest inclination angle? 

4) Can a seated human body model be developed to characterize the in-line apparent masses of 

the human body in all three translational directions at the seat pan and backrest under tri-axial 

translational vibration with upright and inclined backrest?  
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5) How can a combined suspension seat-occupant model with tri-axial excitation be developed to 

predict the transmissibilities at the seat pan and backrest in the fore-aft, lateral and vertical 

directions? 

The objective of this thesis is to answer these research questions, by investigating the effect of the 

influencing factors (the excitation magnitude in one axis and that in the other two additional axes, 

and the backrest support) on the apparent masses and the transmissibilities of suspension seat 

under tri-axial translational vibration. Additionally, how the characteristics of the biodynamic 

responses and transmissibilities of the suspension seat under tri-axial translational vibration could 

be reproduced by the dynamic models will be studied. 
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Chapter 3 THE APPARENT MASS OF THE SEATED HUMAN 

BODY EXPOSED TO SINGLE-AXIS VIBRATION: 

THE EFFECT OF THE BACKREST INCLINATION 

COMBINED WITH DIFFERENT EXCITATION 

MAGNITUDES 

3.1 Introduction 

A comprehensive understanding of the characteristics and influencing factors of the biodynamic 

response of the seated human body to WBV is beneficial to the improvement of the ride comfort. 

Two of the important influencing factors are the inclination of the backrest and the excitation 

magnitude. It has been found that the vertical apparent masses at both the seat pan and backrest 

were affected by the change of the backrest inclination angle (Yang and Qiu, 2015; Liu and Qiu, 

2021) due to the increased interaction between the seat and upper body and the altered posture. 

Differences between the apparent masses in the horizontal directions with an upright backrest and 

with a backrest inclined by 12.5° have also been reported (Mandapuram et al., 2005). The increase 

of the excitation magnitude in one axis generally leads to the nonlinear behaviour of the human 

body, reflected by the decrease of resonance frequency of the apparent mass in the same direction 

(Mansfield et al., 2006; Qiu and Griffin, 2012; Wu et al., 2021).  

However, most of the previous studies on the effect of the backrest inclination were limited to the 

condition where the excitation magnitude was fixed at only one level. It is of interest to know how 

the effect of backrest inclination on the apparent mass would change with different magnitudes of 

excitation. Despite the reported effect of backrest inclination angle on the apparent mass, most of 

the existing studies on the effect of the excitation magnitude on the apparent masses have been 

carried out without backrest or with an upright backrest. How the effect of the excitation 

magnitude on the apparent mass would be further affected by the backrest inclination is still 

unknown. 

In this chapter, an experimental study was carried out measuring the apparent masses of the seated 

human body in the x, y and z-axis at the seat pan and backrest to investigate the effect of the 

backrest inclination angles combined with different magnitudes of single-axial excitation on the 

apparent masses. It is hypothesized that with the increased backrest inclination angle, the 

resonance frequency or the associated modulus of the apparent mass would be affected, which 
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would be observed under all the excitation magnitudes. It is further hypothesized that with 

different backrest inclination angles, the nonlinearity of the seated human body due to the increase 

of excitation magnitude would always be observed, while the degree of the nonlinearity would be 

different. 

3.2 Experimental method 

For the experimental studies on the apparent mass, it is assumed that with the rigid seat, the 

vibration inputs to the human body at the seat pan and backrest are identical to the motion at the 

seat base. Additionally, the effect of the constrain of the seat belt on the results are ignored. 

3.2.1 Apparatus 

The experimental study was approved by the Faculty of Engineering and Physical Sciences Ethics 

Committee at the University of Southampton. The experiment was carried out using the 6-axis 

motion simulator in the Institute of Sound and Vibration Research. A rigid seat with a seat pan and 

a backrest was mounted at the centre of the simulator (Figure 3.1). The backrest’s backwards 

inclination angle can be adjusted between 0 and 80°with respect to the upright position.  

 

Figure 3.1 The rigid seat, with force plate at the seat pan, force transducers at the backrest 

and SIT-pads used in the experiment 

Force Plate Force transducer at the backrest 

SIT-pad accelerometers 
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To measure the tri-axial dynamic forces at the interface between the seat pan and subject, a Kistler 

9281 B force plate with tri-axial force transducers located at the four corners was fixed on the seat 

pan. The tri-axial forces at the interface between the backrest and subject were measured using 

four tri-axial force transducers (Kistler 9602, with charge amplifier integrated), which were fixed at 

the four corners of the backrest. Three Kistler 5001 charge amplifiers were used to amplify the 

signals from the force plate. To measure the acceleration at the interface between the seat and 

subject, two tri-axial SIT-pads were fixed at the force plate and the backrest, respectively. The SIT-

pad at the seat pan was positioned at the centre of the seat pan under the ischial tuberosity of the 

seated subjects, and the SIT-pad at the backrest was located at the centre of the backrest, 43cm 

above the seat pan surface. The measured data was recorded and processed using HVLab data 

acquisition system with a sampling rate of 512 samples per second and with an anti-aliasing filter 

set at 50 Hz. 

3.2.2 Subjects 

Twelve male subjects aged between 22 and 43 years old (with a mean age of 28.8 years old) 

participated in this experiment. The stature of the subjects ranged from 1.70 to 1.85 m (with a mean 

stature of 1.78 m) and the weights of the subjects ranged from 57.3 to 93.5 kg (with a mean weight 

of 75.3 kg). During the experiment, the subjects were asked to sit in an upright relaxed posture 

against the backrest when the backrest is upright, or sit in a relaxed posture against the backrest 

when the backrest was inclined. They were secured with the seat belt and were asked to rest their 

hands on the lap and rest their feet on the footrest, so as to maintain an average thigh contact with 

the force plate (Figure 3.2).  

 

Figure 3.2 The postures of the subject sitting in the seat with different backrest inclination 

angles (from left to right: 0°, 10°, and 20°) 
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3.2.3 Stimuli and backrest inclination 

Nine single-axial broad-band random excitations over a frequency range between 0.5 and 40 Hz 

were used, with a duration of 60 seconds each. The nine excitations include three single-axial fore-

aft excitations, three single-axial lateral excitations and three single-axial vertical excitations. The 

excitation magnitudes in each axis varied between three levels: 0.25, 0.5 and 1.0 ms-2 r.m.s. The 

nine vibration signals were generated independently and was mutually uncorrelated. 

During the experiment, each subject was exposed to the nine excitations three times, each time 

with the backrest support at a different inclination angle: 1) 0° (upright), 2) 10° backwards, and 3) 

20° backwards (Figure 3.2). Hence, the total number of the combinations of the experiment 

conditions is 27. The order of these combinations was randomized for each subject.  

3.2.4 Data analysis 

In this experimental study, the force transducers and SIT-pads at the backrest were mounted in 

such a way that they measured the forces and accelerations in the axes perpendicular (z-axis of the 

backrest coordinate system) and parallel to the backrest surface (x and y-axis of the backrest 

coordinate system). When the backrest was inclined, the surface of the backrest was not 

perpendicular to the seat pan and floor, making the x and z-axis of the backrest coordinate system 

different from those of the coordinate system of the floor, while the directions of the unit vectors 

of the seat pan coordinate system are always the same as those of the floor coordinate system 

(Figure 3.3). 

 

Figure 3.3 The x- and z-axis of the backrest coordinate system (Zbackrest and Xbackrest), seat pan 

coordinate system (Zseatpan and Xseatpan) and floor coordinate system (Zfloor and Xfloor) when the 

backrest was inclined by an angle of α 

Z
seatpan
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In this study, when the backrest was inclined, the forces and acceleration measured in the x and z-

axis of the backrest coordinate system were projected to the x and z-axis in the coordinate system 

of the floor to calculate the apparent mass at the backrest. Here, the accelerations and the forces 

at the seat pan or backrest are denoted as aij and 𝐹𝑗𝑘
𝑐 , respectively. The subscript i=s, b represents 

the position of the measured force (seat pan and backrest, respectively), the subscripts j, k=x, y and 

z, represent the direction of the measured acceleration and force (fore-aft, lateral and vertical 

direction, respectively) and the superscript c=s, b represents the coordinate system in which the 

force was described (seat pan and backrest, respectively).  

The vectors of the tri-axial forces in at the backrest expressed in the seat pan coordinate system 𝐅𝒃
𝒔, 

and the backrest coordinate system 𝐅𝒃
𝒃, are expressed as follows: 

𝐅𝒃
𝒔 = [𝐹𝑏𝑥

𝑠    𝐹𝑏𝑦
𝑠    𝐹𝑏𝑧

𝑠  ] (3.1) 

𝐅𝒃
𝒃 = [𝐹𝑏𝑥

𝑏    𝐹𝑏𝑦
𝑏    𝐹𝑏𝑧

𝑏  ] (3.2) 

When the angle of backrest inclination was α, the forces measured at the backrest in the x and z-

axis of the backrest coordinate system were transformed to the seat pan coordinate system:  

𝐅𝒃
𝒔 = 𝐅𝒃

𝒃𝐓 (3.3) 

Where T represents the transformation matrix for the experimental study: 

𝐓 = [
𝑐𝑜𝑠𝛼 0 −𝑠𝑖𝑛𝛼
0 1 0

𝑠𝑖𝑛𝛼 0 𝑐𝑜𝑠𝛼
] (3.4) 

The acceleration measured at the backrest was transformed using the same method. 

Mass cancellation was performed before the calculation of the apparent mass at the seat pan in 

the time domain to eliminate the inertia force due to the motion of the force plate and SIT-pad on 

top of the force transducers, by subtracting from the measured force the product of the measured 

acceleration at the seat pan and the mass of the top plate and SIT-pad. Similarly, mass cancellation 

was done on the force measured at the backrest to eliminate the inertia force due to the motion of 

the force transducers, the backrest structure and SIT-pad at the backrest.  

Under single-axial vibration, the in-line and the cross-axis apparent masses at the seat pan and 

backrest were calculated using a single-input-single-output (SISO) method. For example, under the 

single-axial vertical vibration, if aiz represents the measured vertical acceleration and 𝐹𝑖𝑗
𝑠  represents 

the force in the x, y or z-axis in the seat pan coordinate system (i represents the position, and j 

represents the direction of the apparent mass), then the in-line (and cross-axis) apparent masses 

and the corresponding coherence could be calculated as follows: 
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𝐴𝑀𝑖𝑧𝑗 =
𝐺𝑎𝑖𝑧𝐹𝑖𝑗

𝑠

𝐺𝑎𝑖𝑧
(3.5) 

𝛾𝑖𝑗𝑘
2 =

|𝐺𝑎𝑖𝑗𝐹𝑖𝑘
𝑠 |
2

𝐺𝑎𝑖𝑗𝐺𝐹𝑖𝑘
𝑠

(3.6) 

Where 𝐺𝑎𝑖𝑧𝐹𝑖𝑗
𝑠  represents the cross-spectra between aiz and 𝐹𝑖𝑗

𝑠 ; while 𝐺𝑎𝑖𝑧 and 𝐺𝐹𝑖𝑗
𝑠  represent the 

auto-spectra of aiz and 𝐹𝑖𝑗
𝑠 , respectively. If j=z, then the calculated apparent mass AMbzz or AMszz 

was the in-line vertical apparent mass, and if j=x or y, it was a cross-axis fore-aft apparent mass. 

The apparent masses under single-axial fore-aft and lateral vibration were also calculated similarly. 

In this study, the change of the biodynamic response due to the change of the excitation magnitude, 

and that due to the change of the backrest inclination angle, were quantified by the change of the 

resonance frequency and the associated modulus of the apparent mass, including: 1) the ratio of 

the resonance frequencies of the apparent masses Rnl; 2) the relative percentage change of the 

associated moduli, PC. The greater the value of Rnl or PC is, the greater the degree of the 

nonlinearity of the biodynamic response will be. In the studies presented in this and the following 

chapters, only the extent of the change due to the increased excitation magnitude was referred to 

as the “degree of the nonlinearity”. 

For the change of an apparent mass due to the increase of backrest inclination under a certain 

excitation magnitude, the two indices, Rnl_br and PCbr, were defined as follows: 

𝑅𝑛𝑙_𝑏𝑟 =
𝑓𝑢𝑝𝑟𝑖𝑔ℎ𝑡

𝑓20°
(3.7) 

𝑃𝐶𝑏𝑟 =
(𝐴𝑀𝑢𝑝𝑟𝑖𝑔ℎ𝑡 − 𝐴𝑀20°)

𝐴𝑀𝑢𝑝𝑟𝑖𝑔ℎ𝑡
× 100% (3.8) 

Where the abbreviation “br” in the subscripts of Rnl and PC indicates that these indices are 

quantifying the degree of nonlinearity due to the changing backrest inclination angle; fupright and f20° 

are the fundamental resonance frequency of the apparent mass measured with upright backrest 

and with a backrest inclined by 20°, respectively; AMupright and AM20° are the modulus associated 

with the fundamental resonance frequency measured with upright backrest and with a backrest 

inclined by 20°, respectively. Similarly, the indices quantifying the degree of nonlinearity due to the 

changing excitation magnitude, Rnl_ilm and PCilm, are defined as follows: 

𝑅𝑛𝑙_𝑖𝑙𝑚 =
𝑓0.25
𝑓1.0

(3.9) 

𝑃𝐶𝑖𝑙𝑚 =
(𝐴𝑀0.25 − 𝐴𝑀1.0)

𝐴𝑀0.25
× 100% (3.10) 
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Where the abbreviation “ilm” in the subscripts indicates the indices quantifying the degree of 

nonlinearity due to the changing in-line excitation magnitude; f0.25 and f1.0 are the fundamental 

resonance frequency of apparent mass measured under the excitation magnitude of 0.25 and 

1.0 ms-2 r.m.s., respectively, AM0.25 and AM1.0 are the modulus associated with the fundamental 

resonance frequency measured under excitation magnitude of 0.25 and 1.0 ms-2 r.m.s., respectively.  

The Friedman two-way analysis of variance was applied to test the effect of the three different 

vibration magnitudes and the three different angles of the backrest inclination on the resonance 

frequency and the associated modulus of the apparent mass, and the degree of nonlinearity of the 

biodynamic response among the twelve subjects. The null hypothesis of the test is that there is no 

significant difference between the data sets measured with changing values of an influencing factor, 

i.e., the factor did not have a significant effect. If the value of p is smaller than 0.05, then the null 

hypothesis is rejected, and the likelihood of incorrectly rejecting it is small.  

3.3 Results 

Inter-subject variabilities due to different ages, body sizes, or weights can be found in the apparent 

masses. However, the moduli of the apparent masses measured with different subjects share some 

general commonalities which could be revealed by the median apparent mass. For example, 

Figure 3.4 shows the in-line vertical apparent masses of 12 subjects and the median vertical 

apparent mass measured at the seat pan with the support of the upright backrest under 0.5 ms-2 

r.m.s. single-axial vertical excitation. Despite the inter-subject variability shown by the curves with 

different colours, the in-line vertical apparent masses of all the subjects generally exhibit a 

fundamental resonance between 4.5 and 6.5 Hz. The resonance frequency of the median in-line 

vertical apparent mass of the twelve subjects is within this frequency range (at 5.5 Hz). Such a 

capability of representing the similarities of the apparent masses over different subjects can be 

found in the median apparent masses in other directions, and the general effect of the influencing 

factors on the subjects can also be shown.  
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Figure 3.4 The in-line vertical apparent masses of 12 subjects and the median vertical 

apparent mass (bold black curve), measured at the seat pan with the support of an upright backrest 

and under single-axial vertical excitation with a magnitude of 0.5 ms-2 r.m.s. 

The median apparent masses will be used to demonstrate the general characteristics of the 

biodynamic response of the subjects in the following sections. 

3.3.1 In-line fore-aft apparent masses under single-axial fore-aft excitation 

The in-line fore-aft apparent mass generally exhibited a fundamental resonance between 4 and 

6 Hz at both the seat pan and at the backrest, while a second resonance can be found in the vicinity 

of 8 Hz for the apparent mass at the backrest when the backrest was inclined, see Figure 3.5.  
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Figure 3.5 Median in-line fore-aft apparent mass at the seat pan and backrest: the effect of 

backrest inclination angle (abbreviated as “br angle”) 

3.3.1.1 The effect of the backrest inclination at different excitation magnitudes 

With a series of the increase of the backrest inclination angle from 0° to 10° and then to 20°, the 

fundamental resonance frequency of the in-line fore-aft apparent mass at the seat pan and backrest 

hardly changed (Figure 3.5). The modulus associated with the fundamental resonance frequency of 

the apparent mass at the seat pan first decreased when the backrest inclination angle increased 

from 0° to 10° and then increased when the angle further increased from 10° to 20°, while that at 

the backrest first increased and then decreased. These phenomena can be found under all 

excitation magnitudes. Furthermore, when the backrest inclination angle increased, the percentage 

change of the modulus associated with the resonance of the in-line fore-aft apparent masses at the 

backrest due to the change of the excitation magnitude (PCilm) tended to increase significantly, 

which is shown in Table 3.1 (“*” highlights cases where 0.01<p<0.05 and “**” highlights cases 

where p<0.01, and “ns” highlights the cases where p>0.05, sic passim), while the effect of backrest 

inclination on the PCilm or Rnl_ilm of the fore-aft apparent mass at the seat pan was not significant 

(p>0.05).  
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Table 3.1 The median values of the Rnl_ilm and PCilm of the fore-aft apparent masses of 12 

subjects under single-axial fore-aft vibration, and statistical significance (p-value, Friedman) of the 

effect of backrest inclination angles on them 

Quantities indicating the degree of the 
nonlinearity 

Median value of the quantities at 
different backrest inclination 

angles p-value 

0° 10° 20° 

Rnl_ilm of in-line fore-aft apparent mass at 
seat pan  

1.23 1.39 1.31 ns 

Rnl_ilm of in-line fore-aft apparent mass at 
backrest 

1.25 1.37 1.25 ns 

PCilm of in-line fore-aft apparent mass at seat 
pan  

15.98% 16.59% 13.32% ns 

PCilm of in-line fore-aft apparent mass at 
backrest 

-3.70% 6.51% 9.40% * 

 

3.3.1.2 The effect of the excitation magnitude 

Figure 3.6 shows that the nonlinearity reflected by the change of resonance frequency of the in-

line fore-aft apparent mass with the increased fore-aft excitation magnitude can be found with both 

upright and inclined backrest (p<0.01). The moduli associated with both the fundamental 

resonance frequency of the in-line fore-aft apparent mass at the seat pan and that at the backrest 

generally tended to decrease with the increase of the excitation magnitude under most backrest 

conditions (p<0.01 for 5 out of 6 cases). Additionally, the increase of the fore-aft excitation 

magnitude significantly led to an increase of the PCbr of the in-line fore-aft apparent masses at the 

backrest due to the change of the backrest inclination angle (p<0.05, Table 3.2). 
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Figure 3.6 Median in-line fore-aft apparent mass at the seat pan and backrest: the effect of 

the magnitude of fore-aft excitation 

Table 3.2 The median values of the Rnl_br and PCbr of the fore-aft apparent masses of 12 

subjects under single-axial fore-aft vibration, and statistical significance (p-value, Friedman) of the 

effect of fore-aft excitation magnitude on them 

Quantities indicating the degree of the 
nonlinearity 

Median value of the quantities at 
different fore-aft excitation 

magnitudes (r.m.s.) p-value 

0.25 ms-2 0.5 ms-2 1.0 ms-2 

Rnl_br of in-line fore-aft apparent mass at seat 
pan  

1.00 1.00 1.12 ns 

Rnl_br of in-line fore-aft apparent mass at 
backrest 

1.00 0.97 1.00 ns 

PCbr of in-line fore-aft apparent mass at seat 
pan  

-7.40% -5.04% -7.19% ns 

PCbr of in-line fore-aft apparent mass at 
backrest 

7.48% 9.49% 16.83% * 

 

3.3.2 In-line lateral apparent masses under single-axial lateral excitation 

The modulus of the lateral apparent mass at the seat pan and backrest above 10 Hz was relatively 

small, so only the apparent masses up to 10 Hz are shown in this section for clarity. In general, the 

in-line lateral apparent mass at the seat pan exhibited one distinctive resonance between 1.5 and 
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2.5 Hz, which was regarded as the fundamental resonance, although a local peak at around 0.75 Hz 

with a relatively smaller modulus could be found in some cases (Figure 3.7). The fundamental 

resonance of the apparent mass at the backrest existed at 0.75 Hz when the lateral excitation 

magnitude was 0.25 ms-2 r.m.s. (Figure 3.7). Such a resonance was not clearly identifiable under 0.5 

or 1.0 ms-2 r.m.s. vibration, presumed to be located at or below 0.5 Hz in these cases. Hence, the 

effect of the excitation magnitude and backrest inclination on the resonance of the lateral apparent 

mass at the backrest was examined using the modulus at 0.75 Hz instead. A second resonance of 

the apparent mass at the backrest can be found at around 2.5 Hz but was not identifiable not when 

the backrest was inclined by 20°. 

3.3.2.1 The effect of the inclination angle of the backrest 

Figure 3.7 shows that the increase of the backrest inclination angle generally led to an increase of 

the modulus associated with the resonance frequency of the in-line lateral apparent mass (p<0.05 

only when the excitation magnitude was 0.25 ms-2 r.m.s.), while the effect on the resonance 

frequency was small. When the backrest inclination angle increased, the modulus of the in-line 

lateral apparent mass at the backrest between 3 and 10 Hz tended to decrease, while the effect of 

the backrest inclination on the modulus at 0.75 Hz was only significant under 0.25 or 0.5 ms-2 r.m.s. 

lateral excitation (p<0.05). The effect of the backrest inclination on the Rnl_ilm and PCilm of the lateral 

apparent mass at the seat pan was not significant (p>0.05, Table 3.3). 

 

Figure 3.7 Median in-line lateral apparent mass at the seat pan and backrest: the effect of 

backrest inclination angle 
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Table 3.3 The median values of the Rnl_ilm and PCilm of the lateral apparent masses of 12 

subjects under single-axial lateral vibration, and statistical significance (p-value, Friedman) of the 

effect of backrest inclination angles on them 

Quantities indicating the degree of the nonlinearity 

Median value of the 
quantities at different 

backrest inclination angles p-value 

0° 10° 20° 

Rnl_ilm of in-line lateral apparent mass at seat pan  1.55 1.46 1.48 ns 

PCilm of in-line lateral apparent mass at seat pan  2.88% 9.52% 7.75% ns 

 

3.3.2.2 The effect of the excitation magnitude 

With the increased lateral excitation magnitude, the resonance frequency of the lateral apparent 

mass at the seat pan decreased significantly both with upright and inclined backrest (p<0.01, 

Figure 3.8). The effect of the lateral excitation magnitude on the modulus associated with the 

fundamental resonance frequency of the lateral apparent mass at the seat pan was significant when 

the backrest was inclined (p<0.05). When the lateral excitation magnitude increased, the modulus 

of the lateral apparent mass at the backrest at 0.75 Hz decreased significantly under all conditions 

(p<0.01; Figure 3.8). The Rnl_br and PCbr of the lateral apparent mass at the seat pan tended to 

decrease with the increase of the lateral excitation magnitude, although only the effect of the 

excitation magnitude on the PCbr was significant (p<0.05; Table 3.4). 

 

Figure 3.8 Median in-line lateral apparent mass at the seat pan and backrest: the effect of the 

magnitude of lateral excitation 
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Table 3.4 The median values of the Rnl_br and PCbr of the lateral apparent masses of 12 subjects 

under single-axial lateral vibration, and statistical significance (p-value, Friedman) of the effect of 

lateral excitation magnitude on them 

Quantities indicating the degree of the 
nonlinearity 

Median value of the quantities at 
different lateral excitation 

magnitudes (r.m.s.) p-value 

0.25 ms-2 0.5 ms-2 1.0 ms-2 

Rnl_br of in-line lateral apparent mass at seat pan  1.00 0.94 0.92 ns 

PCbr of in-line lateral apparent mass at seat pan  -24.11% -15.30% -8.49% * 

 

3.3.3 In-line vertical apparent masses under single-axial vertical excitation 

The in-line vertical apparent mass at the seat pan exhibited a distinctive principal resonance 

between 4.5 and 7.5 Hz. The in-line vertical apparent mass at the backrest generally had one 

principal resonance in the frequency range between 4 and 8 Hz (Figure 3.9). 

 

Figure 3.9 Median in-line vertical apparent mass at the seat pan and backrest: the effect of 

backrest inclination angle 

3.3.3.1 The effect of the inclination angle of the backrest 

The fundamental resonance frequencies of the apparent masses at both the seat pan (p>0.05) and 

backrest (p<0.05) increased when the inclination angle increased (Figure 3.9). With the increase of 
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the backrest inclination angle, the modulus associated with the resonance frequency of the vertical 

apparent mass at the seat pan decreased (p<0.01), while that at the backrest increased (p<0.01). 

Such an effect of the backrest inclination angle was observed under all excitation magnitudes. 

The Rnl_ilm and PCilm of the vertical apparent mass at the seat pan increased with the increase of 

backrest inclination angle, yet the effects of backrest inclination on the quantities of the 

nonlinearity at both the seat pan and backrest were insignificant (p>0.05; Table 3.5). 

Table 3.5 The median values of the Rnl_ilm and PCilm of the vertical apparent masses of 12 

subjects under single-axial vertical vibration, and statistical significance (p-value, Friedman) of the 

effect of backrest inclination angles on them 

Quantities indicating the degree of the 
nonlinearity 

Median value of the quantities at 
different backrest inclination 

angles p-value 

0° 10° 20° 

Rnl_ilm of in-line vertical apparent mass at 
seat pan  

1.14 1.16 1.19 ns 

Rnl_ilm of in-line vertical apparent mass at 
backrest 

1.21 1.18 1.19 ns 

PCilm of in-line vertical apparent mass at seat 
pan  

-1.76% 3.62% 6.27% ns 

PCilm of in-line vertical apparent mass at 
backrest 

15.45% 13.47% 4.79% ns 

 

3.3.3.2 The effect of the excitation magnitude 

The increase of vertical excitation magnitude led to a decrease of the fundamental resonance 

frequency of the vertical apparent masses at the seat pan and backrest (Figure 3.10). Such an effect 

on the apparent mass at the seat pan was significant (p<0.05) when the backrest was upright or 

inclined by 10° but was insignificant (p>0.05) when the backrest inclination angle was 20°. For the 

resonance frequency of the apparent mass at the backrest, the effect of the excitation magnitude 

was significant (p<0.05) with all backrest inclination angles. The moduli associated with the 

resonance frequency of the apparent mass, both at the seat pan and backrest, tended to decrease 

when the magnitude of excitation increased (Figure 3.10). Such an effect was significant (p<0.05) 

when the angle of backrest inclination was 0 or 20°. Furthermore, the increase of the vertical 

excitation magnitude affected the PCbr significantly (p<0.05; Table 3.6). 
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Figure 3.10 Median in-line vertical apparent mass at the seat pan and backrest: the effect of 

the magnitude of vertical excitation 

Table 3.6 The median values of the Rnl_br and PCbr of the fore-aft apparent masses of 12 

subjects under single-axial vertical vibration, and statistical significance (p-value, Friedman) of the 

effect of fore-aft excitation magnitude on them 

Quantities indicating the degree of the 
nonlinearity 

Median value of the quantities at 
different vertical excitation 

magnitudes (r.m.s.) p-value 

0.25 ms-2 0.5 ms-2 1.0 ms-2 

Rnl_br of in-line vertical apparent mass at seat 
pan  

0.75 0.75 0.82 ns 

Rnl_br of in-line vertical apparent mass at 
backrest 

0.89 0.92 0.94 ns 

PCbr of in-line vertical apparent mass at seat 
pan  

-213.89% -327.41% -276.09% ns 

PCbr of in-line vertical apparent mass at 
backrest 

14.12% 12.96% 16.69% * 

 

3.4 Discussion 

3.4.1 The effect of the backrest inclination angle 

In the lateral and vertical direction, the change of the apparent masses generally followed the 

similar trend when the backrest inclination angle increased from 0° to 20°. However, the changes 
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of the fore-aft apparent masses were found to be inconsistent when the inclination angle increased 

from 0° to 10° and then to 20°. 

3.4.1.1 The effect of the backrest inclination angle on the in-line fore-aft apparent masses: 

an increase from 0° to 10° vs an increase from 10° to 20° 

The modulus of the in-line fore-aft apparent mass at the seat pan associated with the resonance 

frequency decreased, and the modulus associated with the resonance frequency around 6 Hz of 

the in-line fore-aft apparent mass at the backrest increased, when the backrest inclination angle 

increased from 0° to 10°. These phenomena are similar to those reported by Mandapuram et al. 

(2005) when the backrest angle increased from 0° to 12.5°. These results were possibly due to the 

increase of the body mass supported by the backrest and the decrease of that at the seat pan. The 

change of the resonance frequency of the in-line fore-aft apparent mass at the seat pan was less 

obvious in the current study compared to that reported by Mandapuram et al. (2005). Such a 

difference may be explained by the fact that in the study by Mandapuram et al. (2005) the 

participants adopted an erect posture with the support of an upright backrest but then sat with 

relaxed posture when the backrest was inclined by 12.5°. The stiffness of the human body would 

be greater with the erect posture than with the relaxed posture, which led to a more obvious 

decrease of the resonance frequency when the posture was changed from erect to relaxed.  

The phase of the in-line fore-aft apparent mass at the seat pan in the current study is shown in 

Figure 3.11, to better show the change of the biodynamic response in the vicinity of the resonance 

frequency in addition to the modulus (Figure 3.5). The slope of the phase curve decreased 

marginally when the backrest inclination angle increased from 0° ( ) to 10° ( ), which 

indicates that in the current study, the damping ratio of the human body and the seat system 

slightly increased. 

 

Figure 3.11 Median phase of the in-line fore-aft apparent mass at the seat pan under single-

axial fore-aft vibration: the effect of backrest inclination angle 
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On the other hand, when the backrest inclination angle further increased from 10° ( ) to 20° 

( ), the slope of the phase of the apparent mass at the seat pan increased marginally 

(Figure 3.11), indicating that the damping ratio of the human body and the seat pan system 

decreased.  

For the apparent mass at the backrest, Figure 3.5 shows that the modulus associated with the 

resonance frequency decreased with the increased inclination angle from 10° to 20°, despite more 

body mass supported by the backrest, which may suggest an increase of the damping ratio of the 

upper body and backrest system. Similar changes were found under all excitation magnitudes, 

which were in contrast with those when the backrest inclination angle increased from 0° to 10°. 

Considering the tendency of the sliding of the upper body against the backrest under fore-aft 

excitation when the backrest was inclined by an angle of as large as 20°, such a phenomenon may 

indicate that the effective damping of the upper body and backrest system would increase to 

maintain the posture and the contact with the backrest.  

In general, the changes of the fore-aft apparent masses at the backrest and seat pan show that the 

increase of the backrest inclination angle not only affected the apparent mass by means of altering 

the distribution of the body mass but also by affecting the damping of the human body and seat 

system. 

3.4.1.2 The effect of the backrest inclination angle on the in-line lateral apparent masses 

When the backrest inclination angle was 20°, the resonance of the in-line lateral apparent mass at 

the backrest near 2.5 Hz was less evident than that when the backrest was the upright or inclined 

by 10° under all excitation magnitudes, which may indicate a changed effective damping of the 

upper body and seat system. 

When the backrest inclination angle changed from 0° to 10°, the modulus of the in-line lateral 

apparent mass at the backrest between 1 and 10 Hz increased, which is similar to the observation 

reported by Mandapuram et al. (2012). In the current study, it further increased when the 

inclination angle of the backrest increased from 10° to 20°. The result indicated that with a series 

of increase of the backrest inclination angle, the interaction between the human body and the 

backrest increased, and since the backrest served as a source of excitation, the modulus of the in-

line lateral apparent mass of the human body tended to increase. 

3.4.1.3 The effect of the backrest inclination angle on the in-line vertical apparent masses  

Under the single-axial vertical vibration, the modulus associated with the resonance frequency of 

the vertical apparent mass at the backrest significantly increased while that at the seat pan 
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decreased when the backrest inclination angle increased, as a result of increased mass supported 

by the backrest. It was also found that the resonance frequencies of the in-line vertical apparent 

mass at both the seat pan and backrest tended to increase with the increase of the angle of the 

backrest inclination. These results are consistent with the results of previous studies (Toward and 

Griffin, 2009; Yang and Qiu, 2015; Liu and Qiu, 2021; Zhang et al., 2021) with one fixed excitation 

magnitude. In the current study, the effect of the backrest inclination angle on the in-line vertical 

apparent mass was also found under all three excitation magnitudes. 

3.4.2 The effect of the excitation magnitude 

Under single-axial fore-aft or lateral vibration, with the increase of the excitation magnitude, the 

fundamental resonance frequencies and the associated moduli of the in-line apparent masses at 

the seat pan and backrest in the same axis decreased when the backrest was upright. It is in 

agreement with previous studies (Mandapuram et al., 2005; Nawayseh and Griffin, 2005; Jalil and 

Griffin, 2008; Qiu and Griffin, 2012). In the current study, when the backrest was inclined by 10° 

(which is comparable with that reported by Mandapuram et al. (2005) with an inclination of 12.5°) 

and 20°, they also tended to decrease with the increased excitation magnitude.  

Similarly, the resonance frequencies of the in-line vertical apparent mass measured at the seat pan 

tended to decrease significantly with the increase of the vertical excitation magnitude when the 

backrest was upright. This is consistent with the results reported by Qiu and Griffin (2012), which 

was also observed when the backrest was inclined by 10° and 20° in the current study.  

In general, the nonlinearity of the biodynamic response due to the increase of the excitation 

magnitude in three translational axes should be considered both when the backrest was upright 

and when it was inclined by different angles. 

3.4.3 Interactive effect between the excitation magnitude and the backrest inclination 

angle 

3.4.3.1 The effect of backrest inclination angle on the degree of nonlinearity due to the 

change of the excitation magnitude 

It was found in the current study that with the increase of the backrest inclination angle, the PCilm 

of the modulus of the in-line fore-aft apparent mass at the backrest associated with the resonance 

frequency tended to increase (p<0.05, Table 3.1), i.e., the extent of the effect of the fore-aft 

excitation magnitude could be further affected by the backrest inclination angle. This may be 

attributed to the increased interaction between the human body and the backrest when the 
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backrest was inclined compared to that when the backrest was upright. With such an increased 

interaction, the excitation magnitude could better act on the apparent mass of the upper body, as 

the upper body was exposed to the vibration transmitted from the backrest. 

The change of the other indicators that represent the degree of the nonlinearity subject to the 

increased excitation magnitude (PCilm and Rnl_ilm) in the horizontal directions did not follow the same 

trend when the backrest inclination angle increased from 0° to 10° and then to 20°. This may be 

related to the fact that the change of the fore-aft apparent mass when the backrest inclination 

angle changed from 0° to 10° was quite different from that when the backrest inclination angle 

changed from 10° to 20° (Section 3.4.1.1). For the horizontal biodynamic response, the mechanism 

leading to the different biodynamic response (such as muscle activities) between different 

inclination angles may need to be investigated in the future. 

For the in-line vertical apparent mass, when the inclination angle of the backrest increased, the 

median values of PCilm and Rnl_ilm of that at the seat pan increased, and the PCilm of that at the 

backrest decreased. However, the effect of backrest inclination on neither of them was significant. 

Nevertheless, the PCilm and Rnl_ilm of each individual subject indeed varied with increased backrest 

inclination angles despite showing no general trend. This may suggest that other factors, such as 

the inter-subject variabilities, affect the interaction between the backrest inclination angle and the 

excitation magnitude. 

3.4.3.2 The effect of excitation magnitude on the change of the apparent mass due to the 

change of the backrest inclination angle 

The value of the PCbr of the fore-aft apparent mass at the backrest increased significantly with the 

increase of fore-aft excitation magnitude (Table 3.2). This could be explained that due to the 

increased effect of the excitation magnitude when the backrest was inclined (Section 3.4.3.1), the 

modulus associated with the resonance frequency measured under 1.0 ms-2 r.m.s. excitation with 

a backrest inclination angle of 20° was much smaller than that measured under 0.25 ms-2 r.m.s. 

excitation with the same backrest inclination angle; while with an upright backrest, the difference 

between the modulus measured with different excitation magnitudes was smaller. Because of this, 

the modulus associated with the resonance frequency measured under 1.0 ms-2 r.m.s. excitation 

with the backrest inclined by 20° was also much smaller than that measured under 1.0 ms-2 r.m.s. 

excitation with an upright backrest, so the PCbr at an excitation of 1.0 ms-2 r.m.s. was higher.  

Figure 3.12 further explains such a phenomenon more intuitively with the normalised moduli 

associated with the fundamental resonance frequency of the fore-aft apparent mass at the backrest 

under 0.25 and 1.0 ms-2 r.m.s. excitations and backrest inclination angles of 0° and 20°. The 
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normalisation was carried out by dividing each modulus with the modulus measured under 0.25 ms-

2 fore-aft and with the support of upright backrest. From Figure 3.12, the increase of PCbr when the 

excitation magnitude increased from 0.25 to 1.0 ms-2 r.m.s. excitation can be found. 

 

Figure 3.12 Bar chart of the normalised modulus of the fore-aft apparent mass at the backrest 

associated with the resonance frequency under different conditions 

On the other hand, the value of the PCbr of the lateral apparent mass at the seat pan decreased 

significantly with the increase of lateral excitation magnitude (Table 3.4), which may be explained 

from a reversed perspective: due to the increased body mass supported by the backrest and the 

increased interaction with the backrest, the effect of excitation magnitude on the apparent mass 

at the backrest increased, while that on the change of apparent mass at the seat pan became 

smaller.  

The PCbr of the vertical apparent mass at the backrest was significantly affected by the vertical 

excitation magnitude, while the effect of that on the PCbr and Rnl_br of the vertical apparent masses 

at the seat pan were insignificant (Table 3.6). This can be explained that with the increased backrest 

inclination angle, the modulus of vertical apparent mass at the backrest dramatically increased 

compared to that at the seat pan as a result of the increased body mass supported by the backrest 

(Figure 3.9), so the effect of the excitation magnitude on the PCbr at the backrest was more 

significant than that at the seat pan. 

3.5 Conclusions 

In the current study, the apparent masses at the seat pan and backrest were measured under single-

axial fore-aft, lateral and vertical excitation with various magnitudes and backrest inclination angles. 

The results showed that the nonlinearity of the human body due to the increase of the excitation 

magnitude, revealed by the decrease of the resonance frequencies of the in-line apparent masses 
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in all the three translational directions, existed not only when the backrest was upright but also 

when it was inclined by 10° or 20°.  

The angle of backrest inclination also affected the apparent mass measured at the seat pan and 

backrest in the three translational directions, which could be observed under various excitation 

magnitudes. With the increased backrest inclination angle, the human-body-and-backrest 

interaction increased. This led to the increase of the moduli associated with the resonance 

frequencies of the in-line lateral apparent masses at the seat pan and backrest, and the modulus 

associated with the resonance frequency of the in-line vertical apparent masses at the backrest. 

Meanwhile, the modulus associated with the resonance frequency of the in-line vertical apparent 

masses at the seat pan tended to decrease. The change of the fore-aft apparent masses did follow 

the same trend with a series of changes of the backrest inclination angle, and clear changes of the 

moduli took place when the backrest was inclined by 20° compared to that by 10°. This reveals the 

effect of the backrest inclination angle on the effective damping of the seat and human body system. 

The results of the current experimental study also show that interaction existed between the 

excitation magnitude and the backrest inclination angle. The degree of nonlinearity at the backrest 

due to the increased fore-aft and lateral excitation magnitude was significantly affected by the 

backrest inclination. Hence, when the dynamic performance of a vehicle seat is to be optimized for 

promoting the ride comfort, the effects of both the excitation magnitude and the inclination of 

backrest on the nonlinear response of the human body need to be taken into consideration.  
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Chapter 4 THE APPARENT MASS OF THE SEATED HUMAN 

BODY EXPOSED TO TRI-AXIAL TRANSLATIONAL 

VIBRATION: THE EFFECT OF THE EXCITATION 

MAGNITUDE AND THE BACKREST INCLINATION 

ANGLES 

4.1 Introduction 

In real life, an occupant seated in the vehicles is exposed to the Whole-Body Vibration (WBV) arising 

in multiple directions simultaneously, causing ride discomfort. Under dual-axial vibration, it has 

been found that the resonance frequency of the apparent mass in either vertical or fore-aft 

direction is affected by the excitation magnitude in the both x and z-axis (Qiu and Griffin, 2010; Qiu 

and Griffin, 2012; Zheng et al., 2012; Zheng et al., 2019). The apparent mass of the human body 

under tri-axial vibration has also been found to be different from that under single-axial vibration 

(Mansfield and Maeda, 2007; Mandapuram et al., 2012) by introducing additional excitation in the 

other two directions with a limited number of magnitudes. However, under tri-axial translational 

vibration, how the apparent mass of the seated human body in a certain direction is affected by a 

series of changes of the in-line and cross-axis excitation magnitude, and whether interactive effect 

exists between the excitation magnitudes in different directions, have rarely been reported.  

The occupant seated in the vehicle seat is often supported by an inclined backrest in real life. The 

backrest inclination has been found to affect the apparent masses under single-axial vibration, as 

discussed in Chapter 3. Nevertheless, how does the backrest inclination affect the apparent mass 

of the seated human body under tri-axial translational vibration, especially combined with a series 

of changes of the excitation magnitude in different axes, has not been reported.  

In this chapter, an experimental study was conducted by measuring the apparent masses in the x, 

y and z-axis at the seat pan and backrest under tri-axial excitation to investigate how would they 

be affected by the excitation magnitudes in the same direction and in the other two axes, as well 

as the backrest inclination angle. It was hypothesised that the resonance frequency of the apparent 

mass in each one of the axes would decrease with both the increased excitation magnitude in the 

same axis and that in the other two axes. It was also hypothesised that the change of the apparent 

mass due to the increase of excitation magnitude in the same axis would become smaller when the 

excitation magnitude in the other two directions increased, and vice versa. Additionally, it was 
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hypothesised that the effect of the backrest inclination angle on the apparent mass under tri-axial 

translational vibration would be similar to that under single-axial vibration, and it would interact 

with the effect of the mangitudes of the tri-axial excitation. 

4.2 Experimental method 

The assumptions for the experimental study introduced in this chapter are the same as those 

mentioned in Chapter 3. 

4.2.1 Apparatus and subjects 

The experimental set up and the subjects participating in this study were the same as those of the 

study presented in Chapter 3. 

4.2.2 Stimuli and backrest inclination 

In this experiment, 14 tri-axial random excitations were used. The magnitudes of the tri-axial 

excitations are shown in Table 4.1 together with the 9 single-axial excitations used in Chapter 3. 

Table 4.1 The matrices of the single- and tri-axial excitations 

Study on the in-line fore-aft 
apparent mass 

The excitation magnitude in x-axis (ms-2 r.m.s.) 

0.25 0.50 1.00 

The excitation magnitude 
in y and z-axis (ms-2 r.m.s.) 

0.00 ax ax ax 

0.50 ax+ay+az ax+ay+az ax+ay+az 

1.00 ax+ay+az ax+ay+az ax+ay+az 

Study on the in-line lateral 
apparent mass 

The excitation magnitude in y-axis (ms-2 r.m.s.) 

0.25 0.50 1.00 

The excitation magnitude 
in x and z-axis (ms-2 r.m.s.) 

0.00 ay ay ay 

0.50 ax+ay+az z - ax+ay+az 

1.00 ax+ay+az ax+ay+az - 

Study on the in-line vertical 
apparent mass 

The excitation magnitude in z-axis (ms-2 r.m.s.) 

0.25 0.50 1.00 

The excitation magnitude 
in x and y-axis (ms-2 r.m.s.) 

0.00 az az az 

0.50 ax+ay+az - ax+ay+az 

1.00 ax+ay+az ax+ay+az - 

 

In Table 4.1, the symbol “a” stands for the input acceleration, and the subscripts x, y and z represent 

the direction of the acceleration. The contents “ax”, “ay” and “az” represent the single-axial fore-
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aft, lateral and vertical excitations that was used in the experiment in Chapter 3 respectively, while 

“ax+ay+az” denotes a tri-axial excitation. The dashes (“-”) indicate the tri-axial excitations with 

identical magnitude in all three axes (0.5 or 1.0 ms-2), and these excitations were not repeated. 

The 14 tri-axial excitations were sorted in three groups. In each group, the in-line apparent mass in 

one of the three translational directions (x, y, or z-axis) was studied, and the excitation in the same 

axis was referred to as the excitation in the “primary-axis”, while the excitations in the other two 

axes were called the excitation in the “secondary-axes”. For the apparent mass in each direction, 

the excitation magnitude in the “primary-axis” varied between 0.25, 0.5 and 1.0 ms-2 r.m.s. To study 

the effect of the excitation magnitude in the “secondary-axes”, the apparent masses measured with 

single-axial excitations in Chapter 3 were also used to compare with the results measured with tri-

axial excitations in this chapter, as shown in Table 4.1. Then the magnitudes of the excitation in the 

two “secondary-axes” were fixed at an identical level of either 0 (which means a single-axial 

excitation), 0.5 or 1.0 ms-2 r.m.s. For example, to study the effects of the excitation magnitude in 

the “primary-axis” and the “secondary-axes” on the in-line fore-aft apparent mass, the excitation 

magnitude in the x-axis (“primary-axis”) varied between 0.25, 0.5 and 1.0 ms-2 r.m.s., while the 

magnitudes of excitation in the y and z-axis (“secondary-axes”) were both at 0, 0.5 or 1.0 ms-2 r.m.s.  

Each of the excitations lasted 60s over a frequency range between 0.5 and 40 Hz. For the 14 tri-

axial excitations, the inputs in different axes were generated independently and they were mutually 

uncorrelated. 

During the experiment, the subjects sat on the rigid seat with the support of the rigid backrest with 

three different inclination angles 0°, 10° and 20° backwards. Each subject was exposed to the 14 

tri-axial stimuli three times, each time under the support of the backrest with one of the three 

inclination angles, making the total number of the combinations of the test conditions to be 42. The 

order of the test conditions for each subject was randomized. 

4.2.3 Data analysis 

The forces and accelerations measured by the force-transducers and accelerometers at the 

backrest in the fore-aft and vertical directions were transformed using Eqs. (3.1) to (3.4) when the 

backrest was inclined, so that the directions of the forces and accelerations after the transformation 

were consistent with those in the coordinate system of the floor. 

The degree of the nonlinearity of the biodynamic response due to the increase of excitation 

magnitude in the “primary-axis” was quantified using Rnl_ilm and PCilm, which were defined in 

Eqs. (3.9) and (3.10). The degree of the nonlinearity of the biodynamic response due to the increase 
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of excitation magnitude in the “secondary-axes” was quantified using the indices Rnl_sec and PCsec 

respectively, which were defined as follows, where the abbreviation “sec” in the subscripts 

represents the “secondary-axes”: 

𝑅𝑛𝑙_𝑠𝑒𝑐 =
𝑓sec_0
𝑓sec_1

(4.1) 

𝑃𝐶𝑠𝑒𝑐 =
(𝐴𝑀sec_0 − 𝐴𝑀sec_1)

𝐴𝑀sec_0
× 100% (4.2) 

Where fsec_0 and fsec_1 are the fundamental resonance frequency of the apparent mass measured 

under excitation magnitude of 0 in the “secondary-axes” (i.e., under single-axial vibration) and 

under excitation magnitude of 1.0 ms-2 r.m.s. in the “secondary-axes”, respectively; AMsec_0 and 

AMsec_1 are the modulus associated with the fundamental resonance frequency of the apparent 

mass measured when the excitation magnitude in the “secondary-axes” were 0 and 1.0 ms-2 r.m.s., 

respectively. 

Friedman two-way analysis of variance was adopted to study among the 12 subjects the significance 

of the effects of the excitation magnitude in the “primary-axis”, in the “secondary-axes”, and the 

backrest inclination angle on the resonance frequency and the associated modulus of the tri-axial 

apparent mass. The effect of excitation magnitude in the “secondary-axes” and backrest inclination 

on the Rnl_ilm and PCilm, and the effect of excitation magnitude in the “primary-axis” on the Rnl_sec and 

PCsec were also tested by Friedman two-way analysis of variance. The definition of the null 

hypothesis and p-value are the same as those in Chapter 3. 

Under tri-axial excitation, if the acceleration measured at the seat pan and backrest in the three 

axes were mutually uncorrelated, then the apparent masses could be calculated using SISO method 

using Eq. (3.5). However, due to unavoidable crosstalk between the imposed motion produced by 

the vibrator, and the fact that the rigid seat was not ideally rigid in the reality, the excitations in the 

x, y and z-axis that were transmitted to the seated human body were not completely mutually 

uncorrelated. To estimate the apparent mass in either one of the three directions under tri-axial 

excitation more precisely, the components of an excitation correlated with the others should be 

eliminated. In this chapter, the seated human body was considered as a Multi-Input-Single-Output 

(MISO) system, and the apparent masses were calculated using a signal processing method based 

on the MISO system proposed by Bendat and Piersol (2011). The general principle of that method 

is to convert the original input and output system with partly correlated inputs into a new system 

with “conditioned” inputs that are uncorrelated with each other.  

Assuming that q inputs in the order a1, …, aq (with their corresponding Fourier transforms A1(f)…, 

Aq(f)) contribute to the output b in the original MISO system, see Figure 4.1: 
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Figure 4.1 Multiple-Input system for original inputs (Bendat and Piersol, 2011) 

In case these inputs are not mutually uncorrelated, the transfer functions between original inputs 

and the output 𝐻𝑖𝑏 (i=1, …, q) require converted calculation method by adjusting the original inputs. 

The converted MISO system is show in Figure 4.2: 

 

Figure 4.2 Multiple-Input system for conditioned inputs (Bendat and Piersol, 2011)  

Where the terms A1(f), A2.1(f)… Ai.(i-1)!(f),… Aq.(q-1)!(f) are the Fourier transforms of the conditioned 

inputs of the converted system., and for i=1, …,q, the subscript i.(i-1)! stands for the ith “conditioned” 

input, indicating that the linear effects of the inputs (a1, a2, …ai-1) with higher orders have been 

eliminated from the input ai, so that all the conditioned inputs are mutually uncorrelated. Then the 

transfer functions between conditioned inputs 𝐿𝑟𝑗, the transfer functions between the conditioned 

A
1
(f) 

A
2
(f) 

A
3
(f) 

A
i
(f) 

A
q
(f) 

H
1b
(f) 

H
2b
(f) 

H
3b
(f) 

H
ib
(f) 

H
qb
(f) 

Σ 

N(f) 

B(f) 

A
1
(f) 

A
2.1
(f) 

A
3.2!

(f) 

A
i.(i-1)!

(f) 

L
1b
(f) 

L
2b
(f) 

L
3b
(f) 

L
ib
(f) 

L
qb
(f) 

Σ 

N(f) 

B(f) 

A
q.(q-1)!

(f) 



Chapter 4 

64 

inputs and the output 𝐿𝑖𝑏  and the conditioned auto and cross spectral density function can be 

calculated as follows: 

𝐿𝑟𝑗 = 𝐺𝑟𝑗.(𝑟−1)! 𝐺𝑟𝑟.(𝑟−1)!⁄         𝑟 = 1,… , 𝑗 − 1; 𝑗 = 1,… , 𝑞 (4.3) 

𝐺𝑖𝑗.𝑟! = 𝐺𝑖𝑗.(𝑟−1)! − 𝐿𝑟𝑗𝐺𝑖𝑟.(𝑟−1)!                𝑖 > 𝑟, 𝑗 > 𝑟, 𝑖 ≠ 𝑗 (4.4) 

𝐺𝑗𝑗.𝑟! = 𝐺𝑗𝑗.(𝑟−1)! − |𝐿𝑟𝑗|
2
𝐺𝑟𝑟.(𝑟−1)!                                 𝑗 > 𝑟 (4.5) 

𝐺𝑖𝑏.𝑟! = 𝐺𝑖𝑏.(𝑟−1)! − 𝐿𝑟𝑏𝐺𝑖𝑟.(𝑟−1)!                                     𝑖 > 𝑟 (4.6) 

𝐿𝑖𝑏 = 𝐺𝑖𝑏.(𝑖−1)! 𝐺𝑖𝑖.(𝑖−1)!⁄                                          𝑖 = 1,… , 𝑞 (4.7) 

Finally, the transfer functions between original inputs and the output 𝐻𝑖𝑦 can be obtained as: 

𝐻𝑞𝑏 = 𝐿𝑞𝑏 (4.8) 

𝐻𝑖𝑏 = 𝐿𝑖𝑏 − ∑ 𝐿𝑖𝑗𝐻𝑗𝑏

𝑞

𝑗=𝑖+1

                            𝑖 = (𝑞 − 1),… ,1 (4.9) 

Additionally, the partial coherence between each conditioned input and the output 𝛾𝑖𝑏.(𝑖−1)!
2 , and 

the multiple coherence function between all the conditioned inputs and the output 𝛾𝑏:𝑞!
2  can be 

derived as follows: 

𝛾𝑖𝑏.(𝑖−1)!
2 = |𝐺𝑖𝑏.(𝑖−1)!|

2
(𝐺𝑖𝑖.(𝑖−1)!𝐺𝑏𝑏.(𝑖−1)!⁄ )   𝑖 = 1,… , 𝑞 (4.10) 

𝛾𝑏:𝑞!
2 =∑𝛾𝑖𝑦.(𝑖−1)!

2

𝑘

𝑖=1

                                           𝑖 = 1,… , 𝑞 (4.11) 

The partial and multiple coherence functions can provide information on the relative contribution 

of the different inputs to the output.  

4.3 Results 

4.3.1 In-line fore-aft apparent masses under tri-axial vibration 

4.3.1.1 The effect of the excitation magnitude in the “primary-axis” (x-axis)  

Figure 4.3 shows the effect of the magnitude of fore-aft excitation on the in-line fore-aft apparent 

masses at the seat pan and backrest. Under tri-axial vibration, the increase of the excitation 

magnitude in the x-axis led to a decrease of the fundamental resonance frequency of the in-line 

fore-aft apparent mass at the backrest (p<0.05 for 4 out of 6 tri-axial excitation conditions), similar 

to that under the single-axial vibration. The change in the modulus associated with the resonance 
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of the apparent mass at the backrest was not significant under most of the conditions (p>0.05 for 

5 out of 6 conditions). For the fore-aft apparent mass at the seat pan, the fundamental resonance 

frequency (p<0.05 for 4 out of 6 conditions) and the associated modulus (p<0.05 for all 6 conditions) 

tended to decrease with the increase of the fore-aft excitation magnitude under tri-axial excitation 

(Figure 4.3). 

 

Figure 4.3 Median in-line fore-aft apparent mass at the seat pan and backrest under different 

excitation magnitudes in y and z-axis (0, 0.5 or 1.0 ms-2 r.m.s.) and different backrest inclination 

angles (0 or 20°): the effect of the fore-aft excitation magnitude 

4.3.1.2 The effect of the excitation magnitude in “secondary-axes” (y and z-axis) 

The increased excitation magnitude in the “secondary-axes” (y and z-axis) led to a decrease of the 

resonance frequency of the in-line fore-aft apparent mass at the backrest (p<0.05 for 8 out of 9 

single and tri-axial excitation conditions), which is more noticeable when the backrest was inclined 

than when it was upright (Figure 4.4), especially when the fore-aft excitation magnitude was 

0.25 ms-2 r.m.s. Similarly, the resonance frequency of the in-line fore-aft apparent mass at the seat 

pan tended to decrease with the increased excitation magnitude in the “secondary-axes” (p<0.05 

for 8 out of 9 conditions).  
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Figure 4.4 Median in-line fore-aft apparent mass at the seat pan backrest under different x-

axis excitations (0.25 and 1.0 ms-2 r.m.s.) and different backrest inclination angles (0, 10° or 20°): 

the effect of the excitation magnitude in y and z-axis 

4.3.1.3 The effect of the inclination of backrest and interactive effects among the factors  

The effect of the backrest inclination angle on the in-line fore-aft apparent mass at the seat pan 

and backrest under tri-axial vibration was similar to that under single-axial fore-aft excitation.  

Interaction was found between the excitation magnitudes in the “primary-axis” and “secondary-

axes”, which are shown in Table 4.2 and Table 4.3. The values of Rnl_ilm of the fore-aft apparent mass 

at the seat pan (p<0.05 under all 3 backrest conditions) and backrest (p<0.05 when the backrest 

was upright and inclined by 10°) decreased with the increased excitation magnitude in the 

“secondary-axes”. On the other hand, the Rnl_sec of the fore-aft apparent mass at the seat pan 

(p<0.05 when the backrest was inclined by 10°and 20°) and backrest (p<0.05 under all 3 backrest 

conditions) decreased with the increase of excitation magnitude in the “primary-axis”.  
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Table 4.2 p-values of the effect of excitation magnitude in the “secondary-axes” on the 

indicators of the nonlinearity in the fore-aft direction due to the excitation magnitude in the 

“primary-axis” 

Degree of the nonlinearity due to the excitation magnitude 
in the “primary-axis” 

Backrest inclination angle 

0° 10° 20° 

Rnl_ilm of in-line fore-aft apparent mass at the seat pan  ** * ** 

Rnl_ilm of in-line fore-aft apparent mass at the backrest * * ns 

PCilm of in-line fore-aft apparent mass at the seat pan  * ** ns 

PCilm of in-line fore-aft apparent mass at the backrest ns ns * 

 

Table 4.3 p-values of the effect of excitation magnitude in the “primary-axis” on the 

indicators of the nonlinearity in the fore-aft direction due to the excitation magnitude in the 

“secondary-axes” 

Degree of the nonlinearity due to the excitation magnitude 
in the “secondary-axes” 

Backrest inclination angle 

0° 10° 20° 

Rnl_sec of in-line fore-aft apparent mass at the seat pan  ns ** ** 

Rnl_sec of in-line fore-aft apparent mass at the backrest * * * 

PCsec of in-line fore-aft apparent mass at the seat pan  * ** ns 

PCsec of in-line fore-aft apparent mass at the backrest * ns ns 

 

4.3.1.4 Multiple coherence 

Figure 4.5 shows the coherences between the excitations and the fore-and-aft force at the seat pan 

and backrest under different conditions. The coherence was calculated using Eq. (3.6) under single-

axial fore-aft excitation and using Eqs. (4.10) and (4.11) under tri-axial vibration. For the latter, the 

order of the input excitation was: x-axis (with the corresponding partial coherence γ2
1b), z-axis (with 

the corresponding partial coherence γ2
2b.1), and y-axis. 



Chapter 4 

68 

 

Figure 4.5 Coherence between the excitations and the fore-and-aft force at the seat pan and 

backrest calculated using SISO method under single-axial fore-aft vibration and those calculated 

using MISO method under tri-axial vibration 

The coherence under single-axial fore-aft excitation ( ) was generally at a high level over the 

frequency range below 20°, while under tri-axial excitation, the partial coherence γ2
1b between the 

fore-aft input and fore-aft force ( ) was lower. However, with additional partial coherence 

between the vertical input and fore-aft force, the sum of the coherence γ2
1b+γ2

2b.1 ( ) increased 

to a high level, while the further addition of the partial coherence only improved the multiple 

coherence ( ) marginally. Under tri-axial excitation, γ2
1b tended to increase with the increase 

of the excitation magnitude in the “primary-axis”. It also shows that when the backrest was inclined, 

the γ2
1b at the seat pan and the backrest were slightly smaller compared to their counterpart with 

upright backrest. 

4.3.2 In-line lateral apparent masses under tri-axial vibration 

4.3.2.1 The effect of the excitation magnitude in the “primary-axis” (y-axis)  

Under tri-axial vibration, the effect of the increase of the lateral excitation magnitude on the 

modulus of the in-line lateral apparent mass at the backrest at 0.75 Hz was significant under all tri-
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axial excitations (p<0.01). For the in-line lateral apparent mass at the seat pan, the fundamental 

resonance frequency between 1.5 and 2.5 Hz tended to decrease with the increase of the lateral 

excitation magnitude under all conditions (Figure 4.6; p<0.05).  

 

Figure 4.6 Median in-line lateral apparent mass at the seat pan and backrest under different 

excitation magnitudes in x and z-axis (0, 0.5 or 1.0 ms-2) and different backrest inclination angles (0 

or 20°): the effect of the lateral excitation magnitude 

4.3.2.2 The effect of the excitation magnitude in “secondary-axes” (x and z-axis) 

The increase of the excitation magnitude in the “secondary-axes” (x and z-axis) didn’t have a 

significant effect on the modulus of in-line lateral apparent masses at the backrest at 0.75 Hz under 

all the conditions (p>0.05).  

With the increase of the excitation magnitude in x and z-axis, the resonance frequency of the in-

line lateral apparent mass at the seat pan tended to decrease, especially when the lateral excitation 

magnitude was 0.25 ms-2 r.m.s. (Figure 4.7). Such an effect was only significant when the lateral 

excitation magnitude was 0.25 and 0.5 ms-2 r.m.s. (p<0.05). The modulus associated with the 

resonance decreased with the increased excitation magnitude in x and z-axis when the backrest 

was upright or inclined by 10° (Figure 4.7), especially when the lateral excitation magnitude was at 

a low level of 0.25 ms-2 r.m.s. (p<0.05 for all 3 backrest conditions). 
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Figure 4.7 Median in-line lateral apparent mass at the seat pan and backrest under different 

y-axis excitations (0.25 and 1.0 ms-2 r.m.s.) and different backrest inclination angles (0, 10° or 20°): 

the effect of the excitation magnitude in x and z-axis 

4.3.2.3 The effect of the inclination of backrest and interactive effects among the factors 

Under tri-axial excitation, the effect of the increase of the backrest inclination angle on the modulus 

of the in-line lateral apparent mass at the backrest at 0.75 Hz was significant under all excitations 

(p<0.05), and also led to an increase of the modulus associated with the resonance frequency of 

the in-line lateral apparent mass at the seat pan, similar to that under single-axial lateral excitation.  

Under single-axial lateral excitation, the effect of the increase of the backrest inclination angle on 

the modulus associated with the resonance frequency of the in-line lateral apparent mass at the 

seat pan was not significant for most cases (p<0.05 for only 1 out of 3 cases), while when the 

excitation magnitude in the x and z-axis was 0.5 or 1.0 ms-2 r.m.s., such an increase was significant 

for 5 out of 6 cases. 

The effect of the increase of the excitation magnitude in the “secondary-axes” on the Rnl_ilm of the 

lateral apparent mass at the seat pan was not significant (p>0.05) with upright backrest, but became 

significant (p<0.05) when the backrest was inclined by 20° (Table 4.4). On the other hand, the effect 

of the excitation magnitude in “primary-axis” on the Rnl_sec of the that apparent mass was significant 

(p<0.05) both when the backrest was upright and when it was inclined by 20°, see Table 4.5. 
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Table 4.4 p-values of the effect of excitation magnitude in the “secondary-axes” on the 

indicators of the nonlinearity in the lateral direction due to the excitation magnitude in the 

“primary-axis” 

Degree of the nonlinearity due to the excitation magnitude 
in the “primary-axis” 

Backrest inclination angle 

0° 10° 20° 

Rnl_ilm of in-line lateral apparent mass at the seat pan ns ns * 

PCilm of in-line lateral apparent mass at the seat pan ns ns ns 

 

Table 4.5 p-values of the effect of excitation magnitude in the “primary-axis” on the 

indicators of the nonlinearity in the lateral direction due to the excitation magnitude in the 

“secondary-axes” 

Degree of the nonlinearity due to the excitation magnitude 
in the “secondary-axes” 

Backrest inclination angle 

0° 10° 20° 

Rnl_sec of in-line lateral apparent mass at the seat pan ** ns ** 

PCsec of in-line lateral apparent mass at the seat pan ns ns ns 

 

4.3.2.4 Multiple coherence 

For the lateral forces measured under tri-axial excitation, the order of the input excitations was: y-

axis, x-axis, and z-axis. Figure 4.8 shows that under tri-axial excitation, the partial coherence γ2
1b 

between the lateral input and lateral force at the backrest ( ) was much lower compared to 

that under single-axial lateral excitation ( ). The input in the x and z-axis both played a non-

negligible role in the multiple coherence ( ) related to the lateral force at the backrest. On 

the other hand, their contribution to the multiple coherence of the lateral force at the seat pan was 

smaller. 
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Figure 4.8 Coherence between the excitations and the lateral force at the seat pan and 

backrest calculated using SISO method under single-axial lateral vibration and those calculated 

using MISO method under tri-axial vibration 

The addition of the excitation in the “secondary-axes” generally led to a decrease of the partial 

coherence γ2
1b, which increased with the increase of the excitation magnitude in the “primary-axis” 

under tri-axial excitation. The effect of the backrest inclination angle on the partial and multiple 

coherences was small. 

4.3.3 In-line vertical apparent masses under tri-axial vibration 

4.3.3.1 The effect of the excitation magnitude in the “primary-axis” (z-axis)  

Under tri-axial excitation, multiple local peaks existed in the modulus in the vicinity of the 

resonances of the in-line vertical apparent masses at the backrest and the seat pan (Figure 4.9), and 

the effect of the increase of the vertical excitation magnitude on the frequency of the fundamental 

resonance of the in-line vertical apparent mass at the backrest was relatively small.  

The resonance frequency of the in-line vertical apparent mass at the seat pan tended to decrease 

with the increase of the vertical excitation magnitude when the excitation magnitude in the x and 
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y-axis was 0.5 ms-2 r.m.s. or when the backrest was inclined (p<0.01). The effect of the vertical 

excitation magnitude under tri-axial vibration was not identifiable when the excitation magnitude 

in the x and y-axis was 1.0 ms-2 r.m.s. (p>0.05 for 2 out of 3 backrest inclination angles).  

 

Figure 4.9 Median in-line vertical apparent mass at the seat pan and backrest under different 

levels of excitation magnitudes in x and y-axis (0, 0.5 or 1.0 ms-2 r.m.s.) and different backrest 

inclination angles (0 or 20°): the effect of the vertical excitation magnitude 

4.3.3.2 The effect of the excitation magnitude in “secondary-axes” (x and y-axis) 

Figure 4.10 shows that, when the magnitude of the vertical excitation was 0.25 ms-2 r.m.s., the 

fundamental resonance frequency of the vertical apparent mass at the backrest tended to decrease 

with the increase of the magnitude of the excitations in the “secondary-axes” (x and y-axis). With a 

vertical excitation of 1.0 ms-2 r.m.s., the decrease of the fundamental resonance frequency was not 

clear, while the effect of the excitation magnitude in “secondary-axes” on such a frequency was 

significant under all 9 conditions (p<0.01). For the in-line vertical apparent mass at the seat pan, 

when the vertical excitation magnitude was 0.25 or 0.5 ms-2 r.m.s., the resonance frequency 

decreased slightly with the increase of the magnitude of the excitations in the “secondary-axes” 

(Figure 4.10), although not significant when the backrest was inclined by 20° (p>0.05). When the 

vertical excitation magnitude was 1.0 ms-2 r.m.s., the change of the resonance frequency due to the 

change of the magnitude of the excitations in the “secondary-axes” was very small but significant 

(p<0.05).  
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The effect of the excitation magnitude in the “secondary-axes” on the modulus associated with the 

resonance frequency was generally insignificant for that at the backrest (p>0.05 for 7 out of 9 cases) 

and the seat pan (p>0.05 for 8 out of 9 cases). 

 

Figure 4.10 Median in-line vertical apparent mass at the sear pan backrest under different z-

axis excitations (0.25 and 1.0 ms-2) and different backrest inclination angles (0, 10° or 20°): the effect 

of the magnitudes of x- and y-axis excitation 

4.3.3.3 The effect of the inclination of backrest and interactive effects among the factors 

With the increased backrest inclination angle, the change of the in-line vertical apparent mass at 

the backrest under tri-axial vibration in general followed the same trend as that under single-axial 

vertical excitation: the resonance frequency tended to increase and the associated modulus tended 

to increase (p<0.05). With the increased backrest inclination angle, the modulus associated with 

the fundamental resonance of the in-line vertical apparent mass at the seat pan tended to decrease 

under tri-axial vibration (p<0.01), similar to the observations under single-axial vertical excitation. 

Interactive effect existed between the magnitude of excitation in the “primary-axis” and that in the 

“secondary-axes”, which is shown in Table 4.6 and Table 4.7. The Rnl_ilm of the vertical apparent 

mass at the backrest was significantly affected by the excitation magnitude in the “secondary-axes” 

(p<0.05) at all 3 backrest inclination angles, which tended to decrease with the increased excitation 

magnitude of in the “secondary-axes” when the backrest was inclined. The effect of excitation 
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magnitudes in the “secondary-axes” on the PCilm of the vertical apparent mass at the backrest was 

significant when the backrest was upright or inclined by 10°.  

Table 4.6 p-values of the effect of excitation magnitude in the “secondary-axes” on the 

indicators of the nonlinearity in the vertical direction due to the excitation magnitude in the 

“primary-axis” 

Degree of the nonlinearity due to the excitation magnitude 
in the “primary-axis” 

Backrest inclination angle 

0° 10° 20° 

Rnl_ilm of in-line vertical apparent mass at the seat pan  ns * ns 

Rnl_ilm of in-line vertical apparent mass at the backrest * * * 

PCilm of in-line vertical apparent mass at the seat pan  ns ns ns 

PCilm of in-line vertical apparent mass at the backrest * * ns 

 

The increase of the excitation magnitude in the “primary-axis” generally led to a decrease of the 

Rnl_sec of the vertical apparent mass at both the seat pan and backrest, and such an effect was 

significant for that at the backrest when the backrest was inclined (Table 4.7, p<0.05). Its effect on 

the PCsec due to the increased excitation magnitude in the “secondary-axes” was not significant 

under all conditions. 

Table 4.7 p-values of the effect of excitation magnitude in the “primary-axis” on the 

indicators of the nonlinearity in the vertical direction due to the excitation magnitude in the 

“secondary-axes” 

Degree of the nonlinearity due to the excitation magnitude 
in the “secondary-axes” 

Backrest inclination angle 

0° 10° 20° 

Rnl_sec of in-line vertical apparent mass at the seat pan  ns ** ns 

Rnl_sec of in-line vertical apparent mass at the backrest ns ** ** 

PCsec of in-line vertical apparent mass at the seat pan  ns ns ns 

PCsec of in-line vertical apparent mass at the backrest ns ns ns 

 

The effect of the backrest inclination on the Rnl_ilm or PCilm of the vertical apparent masses was not 

significant under single-axial vertical excitation, but under tri-axial excitation, it was significant for 

the Rnl_ilm of the vertical apparent mass at the backrest with 0.5 ms-2 excitation in the “secondary-

axes”, and for the Rnl_ilm at the seat pan with 1.0 ms-2 excitation in the “secondary-axes”. 
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4.3.3.4 Multiple coherence 

For the vertical response, the order of the input excitations is: z-axis, x-axis, and y-axis. Figure 4.11 

shows that under tri-axial excitation, the partial coherence γ2
1b between the vertical input and 

vertical force at the backrest ( ) was much lower compared to that under single-axial vertical 

excitation ( ). The addition of partial coherence γ2
2b.1 due to the input in the x-axis led to 

dramatic increase of the summed-up coherence ( ). The contribution of the additional lateral 

input to the multiple coherence of the vertical apparent mass at the seat pan was smaller ( ). 

For the vertical apparent mass at the seat pan, the partial coherence γ2
1b was low when the 

excitation magnitude in the “secondary-axes” (1.0 ms-2) were much greater than that in the 

“primary-axis” (0.25 ms-2), but when the excitation magnitude in the “primary-axis” was 1.0 ms-2, 

that partial coherence was at a high level even under tri-axial excitation. 

The effect of the backrest inclination angle on the partial and multiple coherences was small.  

 

Figure 4.11 Coherence between the excitations and the vertical force at the seat pan and 

backrest calculated using SISO method under single-axial vertical vibration and those calculated 

using MISO method under tri-axial vibration 
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4.4 Discussion 

4.4.1 The effect of the excitation magnitude in the “primary-axis” under tri-axial vibration 

Under tri-axial vibration, the increase of the excitation magnitude in the “primary-axis” generally 

led to the decrease of the resonance frequency of the apparent mass in the same direction. This 

was found in all three translational directions with both upright and inclined backrest. It is 

consistent with the results reported in previous studies considering dual (Qiu and Griffin, 2012; 

Zheng et al., 2019) and tri-axial translational vibrations (Mansfield and Maeda, 2007; Mandapuram 

et al., 2012), and the latter was limited to the conditions with an upright backrest and a smaller 

number of excitation magnitudes. Such an effect of the excitation magnitude in the “primary-axis” 

has also been reported by an existing study considering combined vertical, lateral and roll excitation 

(Wu et al., 2021).  

The partial coherence between the force in each axis and the corresponding input in the same axis 

tended to become lower under tri-axial excitation compared to that under single-axial excitation. 

This can be explained that under tri-axial excitation, the part of the in-line input correlated with the 

excitation in the “secondary-axes” was eliminated using the MISO method, leading to a lower 

partial coherence compared to that under single-axial excitation.  

When the excitation magnitude in the “primary-axis” increased, such a partial coherence tended to 

increase. The further increase of excitation magnitude in the “primary-axis” could lead to an 

increase of the signal-to-noise ratio, if the excitation in the “secondary-axes” is regarded as “noise”. 

4.4.2 The effect of the excitation magnitude in the “secondary-axes” under tri-axial 

vibration 

In the current study, the increase of the excitation magnitude in the two “secondary-axes” led to a 

decrease of the resonance frequencies of the in-line fore-aft apparent masses at the seat pan and 

the backrest under tri-axial vibration. This is consistent with the results reported by Mansfield and 

Maeda (2007), which was conducted only with an upright backrest and two excitation magnitude 

levels (0.4 and 0.8 ms-2 r.m.s.) in each of the three translational axes. The results from the current 

study show that the nonlinearity of the fore-aft biodynamic response due to the increase of the 

excitation magnitude in “secondary-axes” could also be recognized when the backrest was inclined 

and with a series of changes of the excitation magnitudes in the “primary-axis”. Similarly, the 

resonance frequency of the vertical apparent mass was also affected by the excitation magnitudes 

in the “secondary-axes” with different backrest inclination angles. 
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It is worth mentioning that, compared to the results of the existing studies under combined fore-

aft and vertical excitations (Qiu and Griffin, 2012; Zheng et al., 2019), the effect of the excitation 

magnitude in the “secondary-axes” on the lateral apparent masses with tri-axial excitation was also 

found in the current study, especially when the lateral excitation magnitude was at a low level. 

Although the coupling of the dynamic response of the seated human body was mainly found in the 

x and z-axis, and the lateral response was less correlated with those in the x and z-axis, such a result 

indicates that the effect of the excitation magnitude in the x and z-axis on the lateral response 

should not be ignored when the human body was exposed to tri-axial vibration. 

When the vertical excitation magnitude was 0.25 ms-2 r.m.s. and when the excitation magnitudes 

in the x and y-axis were both 1.0 ms-2, the in-line vertical apparent mass at the seat pan exhibited 

two peaks with the similar modulus between 3 and 8 Hz under tri-axial vibration, instead of one 

that was identified under single-axial vertical excitation (Figure 4.9). This was found on 8 out of 12 

subjects, which may indicate that when the excitation magnitude in the “secondary-axes” was at a 

high level, the modes of the human body that were merged by the body damping may be activated 

by the excitation in the “secondary-axes”. 

4.4.3 The effect of the backrest inclination angle under tri-axial vibration 

The effect of the backrest inclination angle on in-line fore-aft apparent mass, which has been 

observed with single-axial fore-aft excitation, can also be found under tri-axial excitations. When 

the backrest was upright, multiple local peaks in the vicinity of the fundamental resonance 

frequency of the in-line fore-aft apparent masses at the backrest with the similar associated moduli 

was found, while when the backrest was inclined by 20°, the fundamental resonance became more 

distinct (Figure 4.3 and Figure 4.4). The coherence in the vicinity of the resonance frequency was 

found not to increase with the increased backrest inclination angle, so this was not likely to be 

attributed to the effect of the noise. The change in the moduli associated with the resonance 

frequency may be explained that when the backrest changed from upright to inclined condition, 

the interaction between the human body and the backrest increased. That may have led to a change 

of the body damping, which made some modes of the human body inactivated. The effect of the 

backrest inclination angle on the in-line lateral apparent masses under tri-axial vibration was also 

similar to that observed with single-axial lateral excitation.  

The effects of the backrest inclination angle on the lateral and vertical apparent masses under tri-

axial excitations were similar to those under single-axial excitations (Chapter 3). 

The effect of the increase of the backrest inclination angle on the multiple coherences was relatively 

small. Nevertheless, it could still be found in Figure 4.5 and Figure 4.11 that its effect on the multiple 
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coherences related to the force at the backrest was greater than that at the seat pan, which may 

be as a result of the increased of body mass supported by the backrest and the increased interaction 

between the upper human body and the backrest. 

4.4.4 Interactive effect between the influencing factors 

Interactive effect existed between two influencing factors: the excitation magnitude in the 

“primary-axis” and that in the “secondary-axes”, on the nonlinearity of the seated human body 

exposed to the tri-axial translational excitation. Figure 4.3, Figure 4.4, Figure 4.6, Figure 4.7, 

Figure 4.9, and Figure 4.10 show that for the apparent mass in either x, y, or z-axis, the effect of 

one of these two factors tended to become smaller when the value of the other factor increased. 

Such a finding is an expansion of the findings made by Qiu and Griffin (2012) and Zheng et al. (2019) 

that interaction existed between the excitation magnitudes under dual-axial fore-aft and vertical 

excitation, into the tri-axial excitation conditions.  

It can be found from Table 4.2 to Table 4.7 that the significant interactive effect between the 

excitation in different axes mostly existed on the fore-aft and vertical apparent masses, but rarely 

on the lateral apparent mass. This may be explained by the relatively strong coupling between the 

biodynamic response in the fore-aft and vertical direction, while that between the lateral response 

and those in other axes is smaller. 

Noticeably, the increase of the excitation magnitude in the y and z-axis led to a significant decrease 

of Rnl_ilm of the in-line fore-aft apparent mass at the seat pan (p<0.01) in the current study. On the 

other hand, it was reported that under dual-axis fore-aft and vertical excitation, the change of the 

resonance frequency of the in-line fore-aft apparent mass at the seat pan was hardly affected when 

the vertical excitation magnitude increased (Qiu and Griffin, 2012; Zheng et al., 2019). The 

difference between the results of the current and previous studies may be attributed to the 

additional lateral excitation under the tri-axial vibration, which was not present in the study by Qiu 

and Griffin (2012). Although the correlation between the lateral excitation and fore-aft response 

was low (Figure 4.5), its contribution to the overall magnitude of the excitation in three axes that 

affected the overall biodynamic response may still be not negligible.  

Furthermore, the effect of the excitation magnitude in the “primary-axis” on the degree of 

nonlinearity of the biodynamic response also varied among different backrest inclination angles. 

The increase of the backrest inclination angle significantly led to: 1) an increase of the PCilm of the 

in-line lateral apparent mass measured at the seat pan when the excitation magnitude in the 

“secondary-axes” was 1.0 ms-2 r.m.s.; 2) a decrease of the PCilm of the in-line vertical apparent mass 

at the seat pan when the excitation magnitude in the “secondary-axes” were 1.0 ms-2 r.m.s. The 
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significant change of these PCs may indicate that the backrest inclination angle affected the 

damping of the seated human body that was related to the nonlinearity.  

4.4.5 Relationship between the apparent masses and the overall excitation magnitude of 

tri-axial vibration 

It was concluded in Section 4.4.4 that the interactive effects existed between the excitation 

magnitude in the “primary-axis” and that in the “secondary-axes” in affecting the apparent masses 

in the x, y and z-axis. A higher level of excitation magnitude in the “primary-axis” tended to suppress 

the effect of the excitation magnitude in the “secondary-axes” and vice versa. Such phenomenon 

provides further evidence for the conclusion made by Mansfield and Maeda (2007) that under tri-

axial vibration, the resonance frequency of the apparent mass in any axis may be a function of the 

overall excitation magnitude in all the translational axes. The response of the human body to WBV 

with a high-level overall magnitude may have less potential for the further adjustment, then the 

effect of the increased excitation magnitude in any direction on the biodynamic response tended 

to be smaller. It is of interest to know how the overall excitation magnitude is related to the 

fundamental resonance frequency of the apparent mass, and which of the excitation magnitudes 

in the “primary-axis” or the “secondary-axes” played the more important role. To explore the 

different sensitivities of the human body to the WBV in different directions, the excitation 

magnitudes in different axes should be weighted for the calculation of the overall excitation 

magnitude.  

For the apparent mass in the direction under investigation, the overall weighted magnitude of the 

tri-axial translational excitation aoverall is defined in the current study based on that proposed by Wu 

et al. (2021), as follows: 

𝑎𝑜𝑣𝑒𝑟𝑎𝑙𝑙 = √𝑎𝑖𝑙𝑚
2 + 2 ∗ (𝑤𝑠𝑒𝑐𝑎𝑠𝑒𝑐)

2 (4.11) 

Where ailm, asec, and wsec represent the r.m.s. values of the excitation magnitude in the “primary-

axis” and the “secondary-axes”, and the weighting factor for the “secondary-axes” excitations 

respectively, assuming that the weighting factor of the excitation in the “primary-axis” is 1. This 

way, the effect of the excitation magnitude in the “secondary-axes” relative to that in the “primary-

axis” can be reflected by the value of wsec. For example, if wsec>1, then the excitation magnitude in 

the “secondary-axes” played more important role than that in the “primary-axis”. 

Assuming that the dependent variable, the resonance frequency resi (i=x, y, z) of the apparent mass 

at the seat pan in the x, y or z-direction, is linearly correlated with the independent variable, the 

weighted overall magnitude of the excitation (aoverall):  
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𝑟𝑒𝑠𝑖 = 𝐸1𝑎𝑜𝑣𝑒𝑟𝑎𝑙𝑙 + 𝐸0 (4.12) 

Where 𝐸1 and 𝐸0 are correlation coefficient (i.e., the slope of the linear regression function) and 

the constant, respectively. The null hypothesis is that 𝐸1 = 0, which is tested by the F-test of the 

overall significance of the regression model. When p<0.05, the null hypothesis is rejected.  

Then, the weighting factor of the excitation in the “secondary-axes” wsec can be determined by 

maximizing the mean value of the R2 of the linear regression analysis carried out on the 12 subjects 

using the same optimization method for the model calibration (Chapter 6). The optimized 

relationship between the dependent and independent variables are shown in Table 4.8. 

Table 4.8 The optimized relation between the resonance frequency of the apparent mass at 

the seat pan in x, y and z-direction and the weighted overall excitation magnitude with different 

backrest inclination angles 

Direction of the 
apparent mass at 

the seat pan 

Backrest 
inclination 

angle 

Weighting 
factor wsec 

Mean 
correlation 

coefficient E1 

Mean 
constant E0 

Mean 
R2 

Mean p-
value 

x 

0° 0.441 -1.066 4.874 0.551 ns 

10° 0.567 -1.038 4.919 0.591 ns 

20° 0.685 -1.017 4.547 0.639 * 

y 

0° 1.000 -0.644 2.143 0.472 ns 

10° 0.944 -0.760 2.520 0.708 ** 

20° 0.928 -0.581 2.406 0.636 * 

z 

0° 1.068 -0.585 5.915 0.516 ns 

10° 0.901 -0.678 5.946 0.509 ns 

20° 0.913 -0.727 5.956 0.497 ns 

 

Table 4.8 shows that the values of the weighting factors of the excitation magnitude in the 

“secondary-axes” wsec are generally much greater than 0, indicating that the effect of the magnitude 

of the excitation in the “secondary-axes” on the apparent masses was non-negligible. It also shows 

that the values of wsec for the lateral and vertical apparent masses are generally greater than those 

for the fore-aft apparent masses, indicating that the resonance frequency of the fore-aft apparent 

mass was less affected by the magnitude of the excitation in the “secondary-axes” compared to the 

lateral and vertical apparent mass. The value of wsec is greater than 1 in only 1 out of 9 cases, 

indicating that in most cases, the magnitude of excitation in the “primary-axis” affected the 

apparent masses in the same direction more than that in the “secondary-axes”, which is consistent 

with the previous studies under multi-axial excitations (Zheng et al., 2012; Zheng et al., 2019). 
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It is also noticed that the linear correlations between the resonance frequencies of the vertical 

apparent masses and the overall magnitude of excitation are not statistically significant (p>0.05), 

and the correlations related to the resonance frequencies of the horizontal apparent masses are 

only significant when the backrest was inclined. Besides, the values of the R2 are only around 0.5 in 

some (5 out of 9) cases. In the future, a nonlinear regression model or a linear regression model 

including the cross-correlation terms may need to be established, so that the relationship between 

the resonance frequency and the overall excitation magnitude can be studied more completely.  

4.4.6 MISO vs SISO method for the estimation of the apparent masses under tri-axial 

vibration 

Figure 4.12 shows the comparison of the in-line vertical apparent masses and the corresponding 

partial coherences of a certain subject calculated using conventional SISO method (Eq. (3.5)) and 

MISO method (Eqs. (4.10) and (4.11)) under tri-axial excitation with different magnitudes. When 

the excitation magnitude in z-axis (i.e., “primary-axis”) was greater than that in the x and y-axis (i.e., 

“secondary-axes”), the difference between the apparent masses calculated using both methods are 

very small (Figure 4.12, left). When the excitation magnitude in the “secondary-axes” was much 

greater than that in the “primary-axis”, the error of the SISO estimation becomes relatively greater 

(Figure 4.12, right). 

 

Figure 4.12 Comparison of the in-line vertical apparent masses and the corresponding 

coherences of a subject (1.77m, 67kg) at the seat pan estimated using MISO and SISO method under 

tri-axial vibration. Left: 0.5 ms-2 r.m.s. excitation in the x and y-axis, 1.0 ms-2 r.m.s. excitation in z-

axis; right: 1.0 ms-2 r.m.s. excitation in the x and y-axis, 0.25 ms-2 r.m.s. excitation in z-axis 
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Hence, the MISO method is beneficial for the estimation of the apparent mass under multi-axial 

vibration with unavoidable mutual correlation between the excitation in different axes. When the 

excitation magnitude in the “secondary-axes” were at a high level, the effect of such a correlation 

on the accuracy of the apparent mass estimation should not be ignored, and a more accurate 

estimation could be made by adopting the MISO method. 

4.5 Conclusions 

In the current study, the in-line apparent masses in the fore-aft, lateral and vertical directions were 

measured under tri-axial vibrations with various magnitudes and with different backrest inclination 

angles. The results show that with different backrest inclination angles, the resonance frequency or 

the associated modulus of the in-line apparent mass in any one of the translational axes could be 

affected by the increase of the excitation magnitude in both the “primary-axis” and the 

corresponding “secondary-axes”. The multiple coherence between the excitation in “primary-axis” 

and the force in the same direction tended to increase with the increase of excitation magnitude in 

the “primary-axis”, and decrease with the increase of that in the “secondary-axes”. 

Furthermore, interactive effects were found between the excitation magnitude in the “primary-

axis” and that in the “secondary-axes” on the apparent masses in all three translational directions. 

When the excitation magnitudes in the “secondary-axes” were at a relatively high level, the effect 

of the excitation magnitudes in the “primary-axis” on the nonlinearity of the biodynamic response 

would be smaller, and vice versa. The results of the linear regression analysis indicated that the 

resonance frequencies of the horizontal apparent masses at the seat pan were linearly related to 

the weighted overall magnitude of tri-axial excitation when the backrest was inclined. 

Under tri-axial vibration, the effect of the backrest inclination angle on the biodynamic response 

was similar compared to that with single-axial vibration. The backrest inclination could also have an 

impact on the effects of the excitation magnitude in the “primary-axis” or the corresponding 

“secondary-axes” on the changes of the apparent masses by affecting the effective damping of the 

human body and seat system. 

The results from the current study reveals that under tri-axial vibration, the biodynamic response 

of the human body is affected by the excitation magnitude in all the three axes as well as the 

backrest inclination. Hence, when the dynamic characteristics of the seat-occupant system in a tri-

axial vibrational environment are to be studied, the effects of the excitation magnitudes in all the 

directions and the backrest inclination angle need to be taken into consideration at the same time. 
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Chapter 5 THE TRANSMISSION OF TRI-AXIAL VIBRATION 

THROUGH THE SUSPENSION-SEAT-OCCUPANT 

SYSTEM: THE EFFECT OF THE EXCITATION 

MAGNITUDE AND THE BACKREST INCLINATION 

ANGLE 

5.1 Introduction 

Suspension seats are widely used in heavy vehicles to attenuate the vibration transmitted to the 

seated occupant. The performance of the suspension seat depends on the dynamic behaviour of 

the seat and the seated human body, both of which exhibit nonlinear behaviour with the change of 

the excitation magnitude. The resonance frequency of the transmissibility of suspension seats in 

the vertical direction has been found to decrease with the increased magnitude of single-axial 

vertical excitation when loaded with inert masses and with seated occupants (Qiu, 2017). The 

vibration in the horizontal directions also affects the ride comfort of the seated occupant, especially 

in heavy vehicles (Chaudhary et al., 2015; Rao et al., 2018; Johnson et al., 2019). However, many 

previous laboratory studies of the suspension seat transmissibility and dynamic modelling of the 

suspension seat have been limited to single-axial vertical excitation. How the seat-occupant system 

behaves under tri-axial vibration and how the transmissibility of the suspension seat in each 

direction is affected by the excitation magnitudes in different axes have not been reported.  

It has been reported that the backrest inclination affected the apparent mass of the seated human 

body (Toward and Griffin, 2009; Yang and Qiu, 2015; Zhang et al., 2021) and the transmission of the 

fore-aft vibration to the backrest of a vehicle seat (Jalil and Griffin, 2007). The effect of the backrest 

inclination on the transmissibility of a suspension seat at the seat pan and backrest under tri-axial 

vibration remains to be explored. 

In this chapter, the transmissibilities of the suspension mechanism, and those of the suspension 

seat with rigid masses and seated subjects in vertical, fore-and-aft, and lateral directions were 

measured in an experimental study with multi-axial translational vibration. How the vibration 

magnitude and the backrest inclination angle affected the transmissibilities were studied. It is 

hypothesised that under tri-axial vibration, the resonance of the seat transmissibilities in one 

direction would be affected by increase of the excitation magnitude in the same direction, and 

further affected by the additional excitations in the other two axes. It is further hypothesised that 
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the increase of the angle of backrest inclination would affect the seat transmissibility measured at 

the backrest, especially in the vertical and the fore-aft directions. 

5.2 Experimental method 

In this experimental study, it is assumed that the effect of the constrain of the seat belt on the 

results is small enough to be ignored. 

5.2.1 Apparatus 

This experimental study was approved by the Faculty of Engineering and Physical Sciences Ethics 

Committee at the University of Southampton. The experiment was carried out on the same 6-axis 

motion simulator as the one introduced in Chapters 3. A passive air-suspension seat to be tested 

was mounted at the centre of the simulator (Figure 5.1).  

 

Figure 5.1 The suspension seat, the SIT-pads (blue) and single-axial accelerometers (circled) 

used in this study 

Three single-axial Entran ECGS-DO10/V10 accelerometers were mounted at the seat base to 

measure the excitation in three translational directions. For the measurement of the 

transmissibilities of the suspension mechanism, another three accelerometers of the same type 

were mounted on the top plate of the suspension mechanism to measure the acceleration in three 

translational directions. For the measurement of the transmissibilities of the suspension seat (with 

loaded inert mass or with the seated subject), two tri-axial SIT-pads were fixed at the seat pan and 

the backrest, respectively, to measure the local acceleration in the x, y and z-axis. The SIT-pad at 

the seat pan was positioned at the centre of the seat pan under the ischial tuberosity of the seated 
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subjects, and the SIT-pad at the backrest was located at the centre of the backrest, 43cm above the 

seat pan surface when the backrest was upright.  

The stroke of the suspension mechanism was 14 cm. Before each test started, the height of the 

suspension top plate was adjusted after the inert mass was loaded or the subject was seated, so 

that the static equilibrium position of the suspension top plate was located at the middle of the 

suspension travel. This was intended to avoid the contact between the suspension mechanism and 

the end-stop buffers at the top and bottom of the suspension mechanism, which could cause shock 

input to the seat pan that is beyond the scope of the current study. The measured data were 

recorded and processed using HVLab data acquisition system with a sampling rate of 512 samples 

per second and with an anti-aliasing filter set at 50 Hz.  

5.2.2 Stimuli and backrest inclination 

In this experiment, 23 excitations were introduced: 9 single-axial random excitations that were the 

same as those introduced in Chapter 3, and 14 tri-axial random excitations that were the same as 

those introduced in Chapter 4. Each of the excitations had a duration of 60 seconds over a 

frequency range between 0.5 and 40 Hz. The magnitudes of the single- and tri-axial excitations were 

the same as those shown in Table 4.1. Similar to the experimental study presented in Chapter 4, 

the excitations were sorted in three groups in the current study. In each group, the in-line seat 

transmissibility in one of the three translational axes was studied, and the excitation in the same 

axis was referred to as excitation in the “primary-axis”, while the excitation in the other two axes 

was called the excitation in the “secondary-axes”. All the excitation signals were generated 

independently.  

For the measurement of seat transmissibility with subjects, the backrest inclination angles varied 

between 0°, 10° and 20°. Each subject was exposed to the 23 excitations three times, each time 

under the support of the backrest with one of the three inclination angles, making the total number 

of the excitations that a subject experienced throughout the experiment to be 69.  

5.2.3 Inert masses and subjects 

Prior to the tests with human subjects, inert masses were loaded on the suspension mechanism 

and the complete suspension seat to measure the transmissibilities of the suspension and the seat. 

First, the seat-pan-and-backrest assembly (with a total mass of 18.8 kg) was removed from the seat, 

leaving the suspension mechanism alone to be fixed on the simulator. Then the inert mass 

contained in a rigid box was secured on the top plate of the suspension mechanism (Figure 5.2). 

The mass of the inert mass varied between 45 kg, 60 kg and 75 kg. The mass of rigid box was 18.8 kg, 
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identical to the total mass of the seat-pan-and-backrest assembly. This makes the total mass 

supported by the suspension mechanism during the measurement of the suspension 

transmissibility the same as that during the measurement of the complete seat transmissibility. The 

suspension mechanism was applied with all the 23 excitations, and the transmissibilities of the 

suspension mechanism in three directions were measured. 

After the experiment on the suspension mechanism, the seat-pan-and-backrest assembly were 

mounted back, and the same inert masses (45 kg, 60 kg or 75 kg) without the rigid box were secured 

on the seat pan of the complete seat (Figure 5.2). The transmissibilities of the suspension seat at 

the seat pan and backrest were then measured under all the 23 excitations. During the 

measurement on the suspension seat with loaded inert mass, the backrest was kept in the upright 

position.  

 

Figure 5.2 Suspension mechanism (left) and the complete seat (right) loaded with inert mass 

After the experiment using the inert masses, twelve male subjects aged between 24 and 43 years 

old (with a mean age of 29.1 years old) participated in this experiment. The stature of the subjects 

ranged from 1.65 to 1.85 m (mean stature: 1.78 m) and the weights of them ranged from 56.2 to 

96.6 kg (mean weight: 78.1 kg). Nine out of these twelve subjects also participated in the 

experimental studies introduced in Chapters 3 and 4. During this experiment, the subjects were 

secured with the seat belt, and they were asked to sit in a relaxed posture against the backrest 

when the backrest is upright or inclined. They were asked to rest their hands on the lap and rest 

their feet on the footrest (Figure 5.3).  

For each inert mass and each subject, the order of the excitations was randomized. 
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Figure 5.3 One subject seated in the suspension seat with upright backrest 

5.2.4 Data analysis 

The accelerations measured by the SIT-pad at the backrest in the fore-aft and vertical directions 

were transformed in the same way as described in Eqs. (3.1) to (3.4) so that the accelerations after 

the transformation are in the same direction as the x or z-axis in the coordinate systems of the seat 

pan and the floor.  

For the single-axial excitations, the in-line transmissibilities at the seat pan and backrest were 

calculated using the SISO method as that adopted in Chapter 3: 

𝑇𝑅𝑖𝑗 =
𝐺𝑎𝑗𝑎𝑖𝑗

𝑠

𝐺𝑎𝑗
(5.1) 

Where TRij stands for the transmissibility measured at the seat pan (when i=s) or the backrest (when 

i=b), aj represents the input acceleration in a translational direction (j=x or y or z), 𝑎𝑖𝑗
𝑠  represents a 

measured acceleration at the seat pan or at the backrest after transformation to the seat pan 

coordinate system, 𝐺𝑎𝑗𝑎𝑖𝑗
𝑠  represents the cross-spectra between aj and 𝑎𝑖𝑗

𝑠 , and Gaj represents the 

auto-spectra of aj. Under tri-axial vibration, the MISO method described in Chapter 4 was used to 

calculate the seat transmissibilities in this study. 

The seat effective amplitude transmissibility (SEAT) offers a general measure of the seat 

performance in terms of the attenuation of the vertical vibration over the whole spectrum of the 

vibration inputs. The SEAT value is defined as the ratio of the weighted root-mean square value of 

the vertical acceleration measured at the seat pan (awseat) to that measured at the seat base (awfloor) 

according to ISO 10326-1:2016 as follows: 
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𝑆𝐸𝐴𝑇 = 𝑎𝑤𝑠𝑒𝑎𝑡 𝑎𝑤𝑓𝑙𝑜𝑜𝑟⁄ (5.2) 

The degree of nonlinearity due to the changed excitation magnitude in the “primary-axis”, reflected 

by the change of the transmissibility of the seat with seated subject, was quantified using Rnl_ilmTR 

and PCilmTR, which are defined as follows: 

𝑅𝑛𝑙_𝑖𝑙𝑚𝑇𝑅 =
𝑓𝑇𝑅0.25
𝑓𝑇𝑅1.0

(5.3) 

𝑃𝐶𝑖𝑙𝑚𝑇𝑅 =
(𝑇𝑅0.25−𝑇𝑅1.0)

𝑇𝑅0.25
× 100% (5.4)

Where the abbreviation “TR” in the subscripts indicates the change of the seat transmissibility; 

fTR0.25 and fTR1.0 are the fundamental resonance frequency of the seat transmissibility measured 

when the excitation magnitude in the “primary-axis” was 0.25 and 1.0 ms-2 r.m.s., respectively; 

TR0.25 and TR1.0 are the modulus associated with the fundamental resonance frequency of the seat 

transmissibility measured under excitation magnitude of 0.25 and 1.0 ms-2 r.m.s. in the “primary-

axis”, respectively.  

Friedman two-way analysis of variance was adopted to study the significance of the effect of the 

excitation magnitudes or the angle of the backrest inclination on the seat transmissibilities among 

the 12 subjects. The definitions of null hypothesis and p-value are the same as in Chapter 3. 

Spearman's rank correlation coefficient was used to study the correlation between the resonances 

of the seat transmissibilities at the seat pan and backrest in each direction that were located in the 

same frequency range. The null hypothesis of the Spearman's rank correlation test was that there 

was zero correlation between them. 

5.3 Results 

5.3.1 Transmissibilities of the suspension mechanism with inert masses under tri-axial 

vibration 

The in-line fore-aft transmissibility of the suspension mechanism exhibited a fundamental 

resonance in the vicinity of 7 Hz. When the 75 kg inert mass was loaded, a second resonance could 

be identified between 27 and 32 Hz (Figure 5.4). When the magnitude of single-axial fore-aft 

excitation was 0.25 ms-2 r.m.s., the transmissibility exhibited two peaks instead of one in the vicinity 

of 7 Hz. The fundamental resonance frequency was hardly affected by the magnitudes of excitation. 

The second resonance frequency tended to decrease with the increase of the fore-aft excitation 

magnitude.  
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Figure 5.4 In-line fore-aft transmissibility of the suspension mechanism measured with inert 

masses under single- and tri-axial vibration: the effect of the fore-aft excitation magnitude 

The in-line lateral transmissibility of the suspension mechanism exhibited two resonances below 

40 Hz: the fundamental resonance between 5.25 and 6.5 Hz and the second resonance between 21 

and 25 Hz. With the increase of the lateral excitation magnitude, both resonance frequencies 

tended to decrease, but the decrease was less evident when the excitation magnitude in x and z-

axis were 1.0 ms-2 r.m.s. (Figure 5.5). 

 

Figure 5.5 In-line lateral transmissibility of the suspension mechanism measured with inert 

masses under single- and tri-axial vibration: the effect of the lateral excitation magnitude 
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The in-line vertical transmissibility of the suspension mechanism exhibited one fundamental 

resonance between 2.25 and 12 Hz (Figure 5.6), which decreased dramatically with the increase of 

the vertical excitation magnitude, especially under single-axial vertical excitation. When the 

excitation magnitudes in x and y-axis were 1.0 ms-2 r.m.s., the decrease was smaller.  

 

Figure 5.6 In-line vertical transmissibility of the suspension mechanism measured with three 

inert masses under single- and tri-axial vibration: the effect of the vertical excitation magnitude 

5.3.2 Transmissibilities of the suspension seat with loaded inert masses under tri-axial 

vibration 

5.3.2.1 Fore-aft transmissibility at the seat pan of the suspension seat with loaded inert 

masses  

When the suspension seat was loaded with inert masses, the in-line fore-aft transmissibility at the 

seat pan exhibited a fundamental resonance between 3.5 and 4.75 Hz, a second resonance 

between 11 and 13 Hz and a third resonance between 18.5 and 23.75 Hz (Figure 5.7). With the 

increase of the fore-aft excitation magnitude, the frequencies of all three resonance frequencies 

tended to decrease, which was more obvious under single-axial fore-aft excitation than under tri-

axial excitation. 

With the increase of the excitation magnitude in the “secondary-axes” (y and z-axis), the 

fundamental resonance frequency of the in-line fore-aft transmissibility at the seat pan tended to 

decrease slightly (Figure 5.8, only the data up to 10 Hz is shown for clarity), especially when loaded 
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with the 75kg inert mass and when the vertical excitation magnitude was 0.25 ms-2. When the 

vertical excitation magnitude was 1.0 ms-2 r.m.s., such an effect was much smaller. 

 

Figure 5.7 In-line fore-aft transmissibility at the seat pan measured with three inert masses 

under single- and tri-axial vibration: the effect of the fore-aft excitation magnitude 

 

Figure 5.8 In-line fore-aft transmissibility at the seat pan measured with three inert masses 

under single- and tri-axial vibration: the effect of excitation magnitude in the “secondary-axes” 
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5.3.2.2 Lateral transmissibility at the seat pan of the suspension seat with loaded inert 

masses  

The modulus of the in-line lateral transmissibility at the seat pan exhibited a fundamental 

resonance between 3.75 and 5.25 Hz, a second resonance between 15 and 15.25 Hz and a third 

resonance between 24.25 and 26.75 Hz when the seat was loaded with inert mass (Figure 5.9). With 

the increase of the lateral excitation magnitude, the moduli associated with all three resonance 

frequencies generally tended to decrease.  

The excitation magnitude in the “secondary-axes” hardly affected the fundamental resonance of 

the in-line lateral transmissibility at the seat pan. 

 

Figure 5.9 In-line lateral transmissibility at the seat pan measured with three inert masses 

under single- and tri-axial vibration: the effect of the magnitude of the lateral excitation 

5.3.2.3 Vertical transmissibility at the seat pan of the suspension seat with loaded inert 

masses  

When loaded with inert masses, the in-line vertical transmissibility at the seat pan generally 

exhibited a fundamental resonance between 2.25 and 9.75 Hz (Figure 5.10). With the increase of 

the vertical excitation magnitude, the fundamental resonance frequency and the associated 

modulus tended to decrease. Figure 5.11 shows that when the vertical excitation magnitude was 

0.25 ms-2, the increase of the excitation magnitude in the “secondary-axes” (x and y-axis) led to an 

obvious decrease of the resonance frequency of the in-line vertical transmissibility at the seat pan. 
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When the vertical excitation magnitude was 1.0 ms-2 r.m.s., the effect of the excitation magnitude 

in the “secondary-axes” was very small. 

 

Figure 5.10 In-line vertical transmissibility at the seat pan measured with three inert masses 

under single- and tri-axial vibration: the effect of the magnitude of the vertical excitation 

 

Figure 5.11 In-line vertical transmissibility at the seat pan measured with three inert masses 

under single- and tri-axial vibration: the effect of excitation magnitude in the “secondary-axes” 
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5.3.3 Transmissibility of the suspension seat with seated subject in the horizontal directions 

under tri-axial vibration 

Figure 5.12 shows the horizontal transmissibilities at the seat pan and backrest of the suspension 

seat with the seated subjects under combined 0.5 ms-2 fore-aft, 0.5 ms-2 lateral and 0.5 ms-2 (r.m.s.) 

vertical excitation (the legend of this figure is the same as that of Figure 3.4). Despite the inter-

subject variabilities, both the in-line fore-aft transmissibility at the backrest and at seat pan with 

seated subjects generally exhibited three resonances below 40 Hz, respectively: at around 3 Hz, 

between 12 and 20 Hz, and between 30 and 40 Hz. The in-line lateral transmissibilities at the seat 

pan and backrest generally exhibited three resonances at around 1.5 Hz, 10 Hz, and 22 Hz, 

respectively. The moduli associated with the fundamental resonance frequency of the lateral 

transmissibilities at the seat pan and backrest were much smaller compared to those at the second 

and third resonance frequencies. 

 

Figure 5.12 The seat transmissibilities in the horizontal directions with 12 subjects and the 

corresponding median transmissibilities (bold black curve) under tri-axial excitation with magnitude 

of 0.5 ms-2 r.m.s. in the x, y and z-axis. Left: fore-aft transmissibilities; right: lateral transmissibilities. 

The median seat transmissibilities will be used to demonstrate the general characteristics of the tri-

axial seating dynamics in the following sections, as they are capable of representing the general 

commonalities of the transmissibilities measured with different subjects. The transmissibilities with 
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the seated subject in the horizontal directions up to 20 Hz will be shown in the following figures to 

demonstrate the effect of the influencing factors more clearly. 

5.3.3.1 Fore-aft transmissibilities of the suspension seat with seated subject under tri-axial 

vibration 

With the increase of the fore-aft excitation magnitude, the frequency of the fundamental 

resonance of the fore-aft transmissibility at the backrest tended to decrease under both single-and 

tri-axial excitation (p<0.05 for 7 out of 9 test conditions), and under tri-axial excitation, the change 

of the fundamental resonance frequency became very small (Figure 5.13). The frequency of the 

second resonance also decreased with the increase of the fore-aft excitation magnitude.  

For the transmissibility at the seat pan, the fundamental resonance frequency (p<0.05 for 8 out of 

9 test conditions) tended to decrease with the increase of the fore-aft excitation magnitude, and 

when the seat-occupant system was exposed to tri-axial vibration, such decrease became less 

obvious. The decrease of the second resonance frequency with increased fore-aft excitation 

magnitude was only obvious under single-axial fore-aft excitation. 

 

Figure 5.13 Median in-line fore-aft seat transmissibility measured with subjects under single-

axial and tri-axial vibration: the effect of the fore-aft excitation magnitude  

Figure 5.14 shows that, the increase of the excitation magnitude in the y and z-axis also led to a 

decrease of the fundamental resonance frequency and the associated modulus of the fore-aft 
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transmissibilities at the backrest and the seat pan (p<0.05 when the fore-aft excitation magnitude 

was 0.25 and 0.5 ms-2 r.m.s.). With the increased excitation magnitude in the y and z-axis, the 

modulus associated with the second resonance frequency of the transmissibility at the backrest 

tended to increase, and the second resonance frequency of that at the seat pan tended to decrease, 

which were only obvious when the fore-aft excitation magnitude was 0.25 ms-2 r.m.s. 

 

Figure 5.14 Median in-line fore-aft seat transmissibility measured with subjects under single-

axial and tri-axial vibration: the effect of the excitation magnitude in the “secondary-axes” 

The fundamental resonance frequencies of the transmissibilities at the backrest (p>0.05) and seat 

pan (p<0.05 when the excitation magnitude was 0.25 and 0.5 ms-2 r.m.s.) slightly increased with the 

increase of the backrest inclination angle under single-axial excitation (Figure 5.15). With tri-axial 

excitation, such an effect was not significant. 
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Figure 5.15 Median in-line fore-aft seat transmissibilities at the backrest and seat pan with 

subjects under single-axial and tri-axial vibration: the effect of the angle of backrest inclination 

5.3.3.2 Lateral transmissibilities of the suspension seat with seated subject under tri-axial 

vibration 

The fundamental resonances of the lateral transmissibilities at the seat pan and backrest were 

hardly affected by the excitation magnitudes or the backrest inclination angle. 

Figure 5.16 shows that the second resonance frequency of the lateral transmissibility at the seat 

pan (p<0.05 when the excitation magnitude in x and z-axis were 0 or 0.5 ms-2 r.m.s.) and that at the 

backrest (p<0.01 under all conditions) both tended to decrease with the increase of the lateral 

excitation magnitude. When the excitation magnitude in x and z-axis were 1.0 ms-2 r.m.s., the 

changes of the resonance frequencies due to the increase of lateral excitation magnitude were very 

small. 
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Figure 5.16 Median in-line lateral seat transmissibility measured with subjects under single-

axial and tri-axial vibration: the effect of the lateral excitation magnitude 

Figure 5.17 shows that the second resonance frequencies of the in-line lateral transmissibilities at 

the backrest (p<0.05 under all conditions) and the seat pan (p<0.05 for 8 out of 9 conditions) tended 

to decrease with the increase of the excitation magnitude in x and z-axis. However, when the lateral 

excitation magnitude was 1.0 ms-2 r.m.s., such a decrease was relatively small. The modulus 

associated with the second resonance at the seat pan also tended to increase with the increase of 

the magnitude of “secondary-axes” excitations (p<0.05 for 7 out of 9 conditions). Figure 5.18 shows 

that the moduli associated with the second resonances of the in-line lateral transmissibilities at the 

seat pan and backrest decreased with the increased backrest inclination angle (p<0.05).  
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Figure 5.17 Median in-line lateral seat transmissibility measured with subjects under single-

axial and tri-axial vibration: the effect of the excitation magnitude in the “secondary-axes” 

 

Figure 5.18 Median in-line lateral seat transmissibilities at the backrest and seat pan with 

subjects under single-axial and tri-axial vibration: the effect of the angle of backrest inclination 
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5.3.4 Vertical transmissibilities of the suspension seat with seated subject under tri-axial 

vibration 

The in-line vertical transmissibility at the backrest of the suspension seat with seated subject 

generally exhibited a fundamental resonance between 2.25 and 3.75 Hz and a second resonance 

between 10 and 20 Hz when the vertical excitation was 0.25 ms-2 r.m.s. (Figure 5.19). The in-line 

vertical transmissibility at the seat pan of the suspension seat with seated subject generally 

exhibited a fundamental resonance between 2 and 5 Hz (Figure 5.19), and under single-axial 

vertical excitation, a second resonance existed in the vicinity of 20 Hz when the vertical excitation 

magnitude was 0.25 ms-2 r.m.s. The fundamental and second resonance frequencies of the vertical 

transmissibility at the backrest, and the fundamental resonance frequency of the in-line vertical 

transmissibility at the seat pan tended to decrease with the increase of the vertical excitation 

magnitude (p<0.01).  

 

Figure 5.19 Median in-line vertical transmissibility of the suspension seat measured with 

subjects under single-axial and tri-axial vibration: the effect of the vertical excitation magnitude 

For clarity, only the transmissibilities up to 20 Hz will be shown in the following figures to show the 

effect of the excitation magnitude in the “secondary-axes” (x and y-axis). Figure 5.20 shows that 

the fundamental resonance frequency of the vertical transmissibility at the backrest tended to 

decrease with the increase of the excitation magnitude in the “secondary-axes” under all conditions 

(p<0.05). When the vertical excitation magnitude was 0.25 ms-2 r.m.s., the modulus associated with 
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the second resonance frequency tended to decrease with the increase of the excitation magnitude 

in the “secondary-axes”.  

With the increase of the excitation magnitude in the x and y-axis, the fundamental resonance 

frequency of the in-line vertical transmissibility at the seat pan tended to decrease (p<0.01 for 6 

out of 9 conditions). The 6 conditions in which such an effect was significant included those with 

upright backrest or when the vertical excitation magnitude was 0.25 ms-2 r.m.s. The modulus 

associated with the fundamental resonance of the vertical transmissibility at the seat pan 

decreased significantly under all conditions. When the vertical excitation magnitude was 1.0 ms-2 

r.m.s., the effect of the excitation magnitude in the x and y-axis on the vertical transmissibilities at 

the seat pan and backrest became smaller compared to that under 0.25 ms-2 r.m.s. vertical 

excitation (Figure 5.20). 

 

Figure 5.20 Median in-line vertical transmissibility at the backrest of the suspension seat 

measured with subjects under single-axial and tri-axial vibration: the effect of the magnitude of the 

excitation in the “secondary-axes” (x and y-axis) 

The excitation magnitude in different axes also affected the SEAT value of the suspension seat in 

the vertical direction (Figure 5.21). With the increase of the vertical excitation magnitude, the SEAT 

value tended to become smaller. When the vertical excitation magnitude was 0.25 ms-2 r.m.s., the 

SEAT value measured with 1.0 ms-2 r.m.s. excitation in the “secondary-axes” was greater compared 

to that measured under single-axial vertical excitation. When the vertical excitation magnitude was 

0.5 or 1.0 ms-2 r.m.s., the SEAT value tended to increase with the increase of the excitation 
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magnitude in the “secondary-axes”. The effects of the excitation magnitude in the “primary-axis” 

and “secondary-axes” on the vertical SEAT value of the suspension seat were both significant under 

all conditions (p<0.01). 

 

Figure 5.21 Median SEAT value measured with subjects under single-axial and tri-axial vibration: 

the effect of the excitation magnitude in the “secondary-axes” (x and y-axis) 

The increase of the backrest inclination angle generally led to an increase of the modulus associated 

with the fundamental resonance of the in-line vertical transmissibility at the backrest under all 

excitations (p<0.01; Figure 5.22, only the transmissibilities up to 10 Hz are shown for clarity). The 

modulus associated with the fundamental resonance of the in-line vertical transmissibility at the 

seat pan also increased with the increase of the backrest inclination angle under 0.25 ms-2 r.m.s. 

single-axial vertical excitation (p<0.05). Under tri-axial excitations, the effect of the backrest 

inclination angle on the in-line vertical transmissibility at the seat pan was small.  

Furthermore, the effect of backrest inclination angle on the vertical SEAT value was generally small 

and, in most cases, insignificant (p<0.05 only for 3 out of 9 excitations). 
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Figure 5.22 Median in-line vertical transmissibility of the suspension seat measured with 

subjects under single-axial and tri-axial vibration: the effect of the angle of backrest inclination 

5.4 Discussion 

5.4.1 The transmission of the vertical vibration through the suspension-seat-occupant 

system 

The resonance frequency of the in-line vertical transmissibility of the suspension mechanism loaded 

with inert masses tended to decrease with the increase of the vertical excitation magnitude, which 

is consistent with the result reported by Qiu (2017). The in-line vertical transmissibility of the 

suspension seat pan with the loaded inert mass generally exhibited two resonances below 40 Hz, 

while the vertical transmissibility of the suspension mechanism only exhibited one resonance below 

40 Hz. The existence of the second resonance may be related to the dynamic characteristic of the 

seat cushion. Both the in-line vertical transmissibilities at the seat pan and the backrest with the 

seated subject exhibited a fundamental resonance between 2 and 5 Hz, which is consistent with 

the results reported by Qiu (2017). As the human body is a highly-damped system, the modulus 

associated with fundamental resonance frequency of the seat transmissibility with the subject was 

lower compared to those with the loaded inert mass.  
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5.4.2 The transmission of horizontal vibration through the suspension-seat-occupant 

system 

There have been no previous laboratory studies reporting the transmission of the horizontal 

vibration through the suspension-seat-occupant system via measuring the transmissibilities of the 

suspension mechanism and suspension seat in the horizontal directions. Figure 5.23 shows the 

comparison of the fore-aft and lateral transmissibilities measured on the suspension mechanism 

with inert mass (60 kg+18.8 kg=78.8 kg), the complete seat with inert mass (60 kg) and the 

complete seat with a seated subject (with a body mass of 78.6 kg). The subject was chosen for the 

comparison as the body mass supported by the seat pan was close to 60 kg (Qiu, 2012; Qiu, 2017). 

Thus, the total mass supported by the suspension mechanism in these three conditions are 

comparable. The seat transmissibilities shown in this figure are measured with upright backrest. It 

can be found in Figure 5.23 that the transmissibilities measured with the suspension mechanism, 

the seat with loaded inert mass and the seat with seated subjects were quite different from each 

other. 

  

Figure 5.23 Comparison of the horizontal transmissibilities of the suspension mechanism with 

78.8 kg inert mass, the transmissibility the suspension seat at the seat pan with 60 kg inert mass, 

and the transmissibility the suspension seat at the seat pan with 78.6 kg subject under single and 

tri-axial vibration 
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5.4.2.1 Transmission of the horizontal vibration through the suspension mechanism 

The in-line fore-aft transmissibility of the suspension mechanism loaded with inert masses 

exhibited a fundamental resonance below 40 Hz (Figure 5.4), while the in-line lateral 

transmissibility of the suspension mechanism with loaded inert masses exhibited two resonances 

below 40 Hz under some of the test conditions (Figure 5.5). The fundamental resonance frequency 

of the fore-aft transmissibility of the suspension mechanism and that of the lateral transmissibility 

were similar, which may be related to a same vibration mode of the suspension mechanism. When 

the excitation magnitude in the fore-aft direction increased, the change of the fundamental 

resonance frequency of the fore-aft transmissibility of the suspension was small (Figures 5.4). 

Hence, the suspension mechanism can be regarded as a linear system in the fore-aft direction below 

10 Hz. 

5.4.2.2 Transmission of the horizontal vibration through the suspension seat with loaded 

inert mass 

Figure 5.23 shows that the resonance frequencies of the horizontal transmissibilities of the 

suspension seat with inert masses ( ) are generally smaller compared to those of the 

suspension mechanism ( ). This may be due to the dynamic behaviour of the seat pan cushion. 

With the loaded inert mass, the in-line fore-aft transmissibility of the suspension seat at the seat 

pan exhibited two resonances below 20 Hz, while the fore-aft transmissibility of the suspension 

mechanism exhibited one fundamental resonance in the same region (Figure 5.23). Similarly, the 

in-line lateral transmissibility of the suspension seat at the seat pan loaded with inert mass 

exhibited two resonances below 20 Hz while that of the suspension mechanism exhibited one 

(Figure 5.23). The existence of the extra resonances of the fore-aft and lateral transmissibilities of 

the suspension seat loaded were possibly related to the dynamic properties of the seat pan cushion. 

5.4.2.3 Transmission of the horizontal vibration through the suspension seat with seated 

subject 

With the loaded inert mass, the fundamental resonance frequencies of in-line fore-aft and lateral 

transmissibilities of the suspension seat were both at around 5 Hz, and the associated moduli were 

greater than 2, whereas the moduli at the fundamental resonance frequencies of the fore-aft and 

lateral transmissibility at the seat pan of the suspension seat was close to 1 when the subject was 

seated ( , Figure 5.23). Such a difference may be attributed to the biodynamic properties of 

the seated human body, such as the relatively high-level damping of the seated human body, and 

the interaction between the human body and the seat cushion. 
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5.4.3 The effect of the excitation magnitude on the transmissibilities of the suspension seat 

under tri-axial translational vibration 

5.4.3.1 The effect of the excitation magnitude in the “primary-axis” 

The increased excitation magnitude in each axis generally led to the decrease of the resonance 

frequencies of the seat transmissibility with loaded inert mass and that with seated subject in the 

same axis. Such a softening behaviour of the suspension-seat-occupant system was observed both 

under single-axial and tri-axial vibration, and both with upright backrest and inclined backrest. 

With the increase of the vertical excitation magnitude, the SEAT value tended to decrease 

dramatically. This can be explained that when the vertical excitation magnitude increased, the 

suspension mechanism could better overcome the lock-up effect due to the friction and come to 

play, so the performance of the suspension seat in terms of the vibration attenuation in the vertical 

direction got improved. 

5.4.3.2 The effect of the excitation magnitude in the “secondary-axes” 

The transmissibilities of the suspension mechanism in the horizontal directions were hardly 

affected by the excitation magnitude in the “secondary-axes”. It was found that with the increase 

of the excitation magnitude in the x and y-axis, the resonance frequency of the vertical 

transmissibility of the suspension mechanism tended to decrease. For example, with the 45kg inert 

mass, when the vertical excitation magnitude was 0.25 ms-2 r.m.s., the resonance frequency was 

10 Hz when the excitation magnitude in the x and y-axis was 0, 8.25 Hz when that excitation 

magnitude was 0.5 ms-2 r.m.s., and 5.75 Hz when that excitation magnitude was 1.0 ms-2 r.m.s. This 

suggests that under tri-axial excitation with relatively high-level magnitude in the “secondary-axes”, 

the suspension mechanism may also overcome the lock-up effect to some extent, even if the 

vertical excitation magnitude was at a relatively low level (e.g., 0.25 ms-2 r.m.s.). The friction that 

led to the lock-up effect may be in both vertical and horizontal directions. 

The effect of the excitation magnitude in the “secondary-axes” on the transmissibilities of the 

suspension seat loaded with inert mass in different axes was different. The effect of the excitation 

magnitude in the x and z-axis on the lateral transmissibility was small. The effect of the excitation 

magnitude in the y and z-axis on the fundamental resonance frequency of the fore-aft 

transmissibility of the suspension seat with inert mass was evident when the inert mass was 75 kg 

and with 0.25 ms-2 r.m.s. fore-aft excitation (Figure 5.8). The effect of the excitation magnitude in x 

and y-axis on the vertical transmissibility of the seat with inert mass was also found to be evident 

when the vertical excitation magnitude was 0.25 ms-2 r.m.s. (Figure 5.11). These phenomena 

indicate that the seat cushion played an important role in the nonlinearity of the suspension seat 
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in the fore-aft and vertical direction. Similar to the human body, the dynamics of the suspension 

seat in the fore-aft and vertical directions may also be partly coupled due to its structure. For 

example, the connection between the backrest and the seat pan allowed the rotational motion of 

the backrest around the y-axis. 

The effect of the excitation magnitude in the “secondary-axes” was also found on the 

transmissibilities of the suspension seat in all three directions with the seated subjects. For example, 

the resonances of the in-line fore-aft transmissibilities at the seat pan and backrest of the 

suspension seat with seated subjects were found to be affected by the excitation magnitude in 

“secondary-axes”, especially when the fore-aft excitation magnitude was at a relatively low level. 

This was related to the nonlinearity of both the suspension seat and the seated human body in the 

fore-aft direction. Similar effects of the excitation magnitude in “secondary-axes” have also been 

found with the lateral seat transmissibilities. It was mainly attributed to the nonlinearity of the 

seated human body and the interaction between the seat and human body, as the lateral 

transmissibility of the suspension seat with loaded inert mass was only marginally affected by the 

excitation magnitude in the “secondary-axes”. 

With the seated subject, when the backrest was upright and exposed to single-axial vertical 

vibration, the fundamental resonance frequency of the in-line vertical transmissibility at the 

backrest was highly correlated with that at the seat pan (p<0.05, Spearman). This indicates that 

they may be related to a same mode of the seat-occupant system. Under tri-axial vibration, the 

correlation between the fundamental resonance frequency of the vertical transmissibility at the 

backrest and that at the seat pan became insignificant under some of the excitation magnitudes, 

such as when the of excitation magnitudes in the x, y and z-axis were all 1.0 ms-2 (p>0.05, Spearman). 

This indicates that the excitation in the “secondary-axes” affected the coupling of the dynamic 

response of the seat-occupant system at the seat pan and at the backrest.  

The SEAT value of the suspension seat in the vertical direction was also affected by the excitation 

magnitude in the “secondary-axes” (x and y-axis). When the excitation magnitude in the x and y-

axis increased, the SEAT value tended to increase when the magnitude of the vertical excitation 

was 0.5 and 1.0 ms-2 r.m.s. This may be explained that when the excitation magnitude in the x and 

y-axis increased, the motion of the seated human body in the vertical direction would tend to 

increase due to coupling of the biodynamic response in the vertical and fore-aft direction (see 

Chapter 3). With high-level excitation magnitude in the x-axis, the motion of the seated human 

body in the vertical di-rection may have increased due to such a coupling, so the vertical 

acceleration measured at the seat pan would increase. As the vertical acceleration at the seat base 

remained unchanged, the SEAT-value would increase.  
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5.4.4 The effect of the backrest inclination angle on the transmissibilities of the suspension 

seat under tri-axial translational vibration 

The backrest inclination angle was found to affect the in-line fore-aft transmissibilities both at the 

seat pan and backrest of the suspension seat in the current study when the subject was seated. 

When the backrest inclination angle increased, the modulus of the in-line fore-aft transmissibility 

at the backrest above 10 Hz tended to decrease, suggesting an increase of the system damping in 

the frequency range above 10 Hz. Similarly, the moduli associated with the second resonance of 

the in-line lateral transmissibility at the backrest of the suspension seat with subject decreased with 

the increased backrest inclination angle. These results may be attributed to the increased 

interaction between the human body and the backrest with the increase of the backrest inclination 

angle, which means that the damping of the backrest cushion and the human body could play a 

more important role in affecting the transmissibility at the backrest.  

In the current study, when the backrest was upright, the correlation between the frequency of the 

fundamental resonance of the in-line fore-aft transmissibility at the seat pan and that at the 

backrest was found to be significant (p<0.05, Spearman) only in 3 out of 9 conditions with different 

excitation magnitudes, while when the backrest was inclined by 10° and 20°, that correlation was 

found to be significant in 12 out of 18 conditions. This may be explained that when the backrest 

was inclined, the coupling between the backrest and the upper human body was stronger, while 

that between seat pan and the human body was still at a high level. So, the correlation between 

the fundamental resonance of the fore-aft transmissibility at the seat pan and that at the backrest 

was significant in more conditions compared to that when the backrest was upright. 

The backrest inclination angle also affected the transmission of the vertical vibration through the 

suspension-seat-occupant system. The modulus associated with the resonance of the in-line 

vertical transmissibility at the backrest tended to increase with the increase of the backrest 

inclination angle. Such an increase may be due to the fact that the backrest served as a source of 

excitation to the seated human body, and the vertical excitation applying to the human body from 

the backrest would increase with the increase of the backrest inclination angle. On the other hand, 

the increase of the backrest inclination angle only led to a slight increase of the fundamental 

resonance frequency of the in-line vertical transmissibility at the seat pan, especially when the 

vertical excitation magnitude was 0.5 or 1.0 ms-2 r.m.s. The change of the seat transmissibility at 

the seat pan and backrest with the increased backrest inclination may be related the change of the 

vertical apparent masses at the seat pan and backrest (Chapter 3 and 4), but was also affected by 

the dynamic behaviour of the seat cushion and the suspension mechanism. When the excitation 

magnitude at the seat base was low, the suspension mechanism was locked-up due to the friction, 
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and the vibration transmitted from the seat base to the seat cushion was not much altered by the 

suspension mechanism at low frequency (Qiu, 2017). So, the dynamic behaviour of the human body 

and the seat cushion played an important role in determining the dynamic behaviour of the seat-

occupant system. Under excitation with high-level magnitudes, the lock-up effect was overcome 

and the dynamic characteristic of the suspension-seat-occupant system was largely depending on 

the dynamic behaviour of the suspension mechanism (Qiu, 2017). Meanwhile, the effect of the 

change in the apparent mass of the human body due to the change of the backrest inclination angle 

became smaller. 

5.4.5 Interactive effects among the influencing factors on the suspension seat 

transmissibilities under tri-axial translational vibration 

Similar to the biodynamic response, interactive effects also existed between the excitation 

magnitude in the “primary-axis” and that in the “secondary-axes” on the resonances of the 

transmissibilities of the suspension seat. For example, Table 5.1 and Table 5.2 show the effect of 

the excitation magnitudes in x and y-axis and the angle of backrest inclination on the degree of the 

nonlinearity, i.e., the Rnl_ilmTR and PCilmTR, of the in-line vertical transmissibility of the suspension seat 

at the seat pan with the seated subject.  

Table 5.1 Median value (12 subjects) of Rnl_ilmTR of the in-line vertical transmissibility of the 

suspension seat at the seat pan with different excitation magnitudes in x and y-axis and different 

backrest inclination angles, and the statistical significance of the effects (p-value, Friedman) of the 

excitation magnitudes in x and y-axis and the angle of backrest inclination 

Median value of Rnl_ilmTR 

Backrest inclination angles p-value 
(effect of 
backrest 

inclination) 
0° 10° 20° 

excitation 
magnitude in x 

and y-axis 
(r.m.s.) 

0 ms-2 2.375 2.375 2.500 ns 

0.5 ms-2 -0.125 0 -0.250 ns 

1.0 ms-2 0 0 0 ns 

p-value (effect of the excitation 
magnitude in x and y-axis) ** ** **  
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Table 5.2 Median value (12 subjects) of PCilmTR of the in-line vertical transmissibility of the 

suspension seat at the seat pan with different excitation magnitudes in x and y-axis and dfferent 

backrest inclination angles, and the statistical significance of the effects (p-value, Friedman) of the 

excitation magnitudes in x and y-axis and the angle of backrest inclination 

Median value of PCilmTR 

Backrest inclination angles p-value 
(effect of 
backrest 

inclination) 
0° 10° 20° 

excitation 
magnitude in x 

and y-axis 
(r.m.s.) 

0 ms-2 10.093% 9.804% 12.835% ns 

0.5 ms-2 -5.558% -5.875% -4.331% ns 

1.0 ms-2 2.905% 2.376% 2.109% ns 

p-value (effect of the excitation 
magnitude in x and y-axis) ** ** **  

 

Table 5.1 and Table 5.2 show that, with the increase of the excitation magnitudes in x and y-axis, 

the value of the Rnl_ilmTR and PCilmTR at the seat pan tended to decrease, and such an effect was 

significant (p<0.05) under all backrest inclination angles. Such an interaction between the excitation 

magnitudes in different directions on the seating dynamics may be attributed to the dynamics of 

both the suspension seat and the seated human body, as both of them was found to be affected by 

the excitation magnitudes in both the “primary-axis” and “secondary-axes”. The effect of the 

backrest inclination angle on the Rnl_ilmTR and PCilmTR of the vertical transmissivity at the seat pan was 

not significant. 

For the seat transmissibility at the backrest in the vertical direction, the effect of the excitation 

magnitude in the “secondary-axes” on the Rnl_ilmTR and PCilmTR was similar to those at the seat pan, 

and was significant under all backrest inclination angles. Nevertheless, the effect of backrest 

inclination angle was found to be significant in 2 out of 6 cases (instead of non-significant for all 

cases), which indicates that the backrest inclination affected the seating dynamics at the backrest 

significantly in more cases than that at the seat pan. This indicates the importance of the increased 

interaction between the backrest and the seated human body when the backrest inclination angle 

increased. 

The interaction between the excitation magnitudes in different directions was also found in the 

transmissibilities of the suspension seat in the horizontal directions. The decrease of the resonance 

frequencies due to the increase of the fore-aft excitation magnitude under tri-axial vibration 

became smaller compared to that under single-axial fore-aft excitation. The effect of the of lateral 
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excitation magnitude on the resonance frequencies of the lateral transmissibilities of the 

suspension seat was also affected by the excitation magnitude in “secondary-axes”.  

In general, the in-line transmissibility of the suspension seat in either of the three axes was a 

function of the excitation magnitudes in all the three translational axes. This behaviour is related 

to the dynamic characteristics of both the suspension seat and the seated human body. 

5.5 Conclusion 

In the current study, the in-line fore-aft, lateral and vertical transmissibilities of the suspension 

mechanism, the suspension seat with loaded inert mass, and the suspension seat with the seated 

subject were measured under single and tri-axial excitations with various excitation magnitudes 

and with different backrest inclination angles. The results show that similar to the widely studied 

vertical excitation, the transmission of the horizontal vibration through the suspension-seat-

occupant system was also affected by the dynamic characteristics of the suspension mechanism, 

the seat cushion, and the seated human body.  

It was found that with the seated occupant, the resonance of the suspension seat transmissibility 

in either one of the translational axes was affected by both the excitation magnitude in the same 

axis and that in the other additional two axes. The increase of the excitation magnitude in either 

axis would suppress the effect the excitation magnitude in the other two axes on the seat 

transmissibility, and vice versa. Furthermore, the angle of backrest inclination tended to affect the 

moduli associated with the resonance frequencies of the seat transmissibilities measured at the 

backrest.  

The results from the current study indicates that when optimizing the dynamic properties of a 

suspension seat, which will be applied in a tri-axial vibrational environment, the effects of the 

excitation magnitudes in all three directions and the inclination of the backrest on the seating 

dynamics should be included in the criteria. 
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Chapter 6 BIODYNAMIC MODELLING OF THE SEATED 

HUMAN BODY EXPOSED TO TRI-AXIAL 

TRANSLATIONAL VIBRATION 

6.1 Introduction 

The apparent mass of the human body has been widely investigated to understand the response of 

the seated human body to the WBV and the effect of the influencing factors such as the excitation 

magnitudes via experimental studies (Mansfield et al., 2006; Qiu and Griffin, 2012; Zheng et al., 

2019; Wu et al., 2021) under single- and multi-axis excitations. However, the experimental studies 

of the biodynamic response are time and expense consuming in terms of the set-up and conduction 

of the tests. A complementary method to study the biodynamic response to WBV is by developing 

models of the human body, including finite element (FE) models (e.g., Kitazaki and Griffin, 1997; Liu 

et al., 2015; Dong et al., 2020), multi-body models (e.g., Qiu and Griffin, 2011; Desai et al., 2018), 

and lumped parameter models (LPMs) (e.g., Wei and Griffin, 1998; Marzbanrad et al., 2016). 

Compared to the other two modelling methods, the multi-body biodynamic models appear to be 

more capable of representing the anatomy of the human body than lumped parameter models, 

and more computationally effective than FE models. 

Although the WBV in three translational axes has important effect on the ride comfort in many 

heavy vehicles, most of the existing multi-body models of the human body were developed to 

predict the apparent masses of the human body in the vertical and/or fore-aft directions (Kim et al., 

2011; Zheng et al., 2011; Zhang et al., 2015; Desai et al., 2021a). However, biodynamic responses 

not only include those inside the sagittal plane but also involve the motion and responses outside 

the sagittal plane. So, the conventional one and two-dimensional models are not sufficient. Wu et 

al. (2022) developed a model of the seated human body exposed to combined roll, lateral and 

vertical excitation while the fore-aft excitation was not taken into consideration. A model suitable 

for studying biodynamics of the human body under tri-axial translational vibration still needs to be 

developed.  

In this chapter, a three-dimensional multi-body model of the seated human body is developed, 

which included mass elements representing different body segments. The model was verified and 

calibrated using the apparent masses at the seat pan and backrest in the x, y and z-axis measured 

when the human body is exposed to tri-axial translational vibration. The experimental data 

obtained with different excitation magnitudes and backrest inclination angles were used for the 
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model calibration. With the calibrated model, parameter sensitivity analysis was carried out. 

Additionally, the modal properties of the human body and the characteristic of the apparent masses 

were studied.  

6.2 Modelling method 

For the biodynamic model of the seated human body presented in this chapter, the following 

assumptions have been made: 

1) The human body can be represented by a linear model under a certain excitation magnitude 

and a certain backrest inclination angle; 

2) The dynamic apparent masses of the whole human body can be represented using the rigid 

multi-body system including the following body segments: pelvis, the thighs, the lower legs, the 

abdomen, the upper torso including arms, and the head with neck; 

3) The vibration input at the feet is much smaller than that at the seat pan and backrest; 

4) The vibration inputs to the human body at the seat pan and backrest of the rigid seat are 

identical; 

5) The human body model is symmetric around the sagittal plane. 

6) The rigid bodies of the multi-body system perform small oscillations around the corresponding 

equilibrium position; 

7) The contact between the human body and the rigid seat can be represented by pairs of linear 

spring and damper four contact points between the seat pan and pelvis, between the seat pan 

and thighs, between the backrest and abdomen, between the backrest and upper torso, 

respectively. 

6.2.1 Structure of the model 

The human body model proposed in this chapter is supported by the rigid seat (Figure 6.1). The 

rigid seat comprises of two rigid bodies (the seat pan Bs and the backrest Bb), which is rigidly 

connected and always share the same motion. Both of them have three degrees of freedom (DoFs) 

in x, y, and z-axis. They transmit the excitation to the seated human body. 

The human body model consists of six rigid bodies: the pelvis B1, the thighs B2, the lower legs B3, 

the abdomen B4, the upper torso including arms B5, and the head with neck B6 (Figure 6.1). The feet 

were not modelled based on the assumption that the influence of the vibration input on the 

apparent masses at the seat pan and backrest is small. Each of the bodies Bi (i=1, …, 6) has four 

degrees of freedom (DoFs), i.e., three translational DoFs in the x, y, z-axis, and a rotational DoF 

around y-axis. The centres of mass of the rigid bodies Bi (i=1, …, 6, s, b) are denoted with Oi. The 
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origin of the global coordinate system O is at the middle of the intersection line of the seat pan 

upper surface and the backrest front surface.  

 

Figure 6.1 Schematic diagram of the model of the human body (with rigid seat). Red ⨂ 

symbols: The mass centres of the rigid bodies Oi (i=1, …, 6, s, b); Green point : Origin point of the 

global coordinate system O; Black points : the contact points between the rigid masses 

representing the body parts and those representing the seat parts (C1s, C2s, C4b, C5b); Blue points : 

the contact points between the rigid masses representing the body parts (A12, A23, A14, A45, A56). Left: 

side view (the direction of the y-axis is pointing into the paper); right: front view (the direction of 

the x-axis is pointing out of the paper). 

The contact points between the rigid masses representing the body parts and those representing 

the seat parts are denoted using the letter C with different subscripts. The contact points between 

the rigid bodies representing the body parts are denoted using the letter A with different subscripts. 

Note that the sizes of the contact points are exaggerated to highlight their positions. 

For each of the contact points, the subscript denotes the two rigid bodies that it connects. The body 

parts B1 and B2 are in contact with Bs at the contact points C1s and C2s, respectively, and B4 and B5 

are in contact with Bb at the contact points C4b and C5b, respectively. The body part B1 is connected 

with B2 and B4 at the contact points A12 and A14, respectively. The body part B2 is also connected 

with B3 at the contact point A23. The body part B4 is connected with B5 at the contact point A45, and 

the body part B5 is connected with B6 at the contact point A56.  

The unit vector of the global coordinate system is expressed as 𝑵 = [𝒏𝑥 𝒏𝑦 𝒏𝑧]𝑇 , and the 

rotated unit vector �̌� = [�̌�𝑥 �̌�𝑦 �̌�𝑧]𝑇  denotes the unit vectors of the coordinate systems of 

some of the rigid bodies when the backrest is inclined by an angle of α (i=4, 5, 6, b). The unit vectors 
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of the coordinate systems of the rigid bodies are expressed as 𝑵𝒊 = [𝒏𝑖𝑥 𝒏𝑖𝑦 𝒏𝑖𝑧]𝑇 (i=1, …, 6, s, 

b), which are defined as follows: 

𝑵𝒊 =

{
 
 

 
 

𝑵, (𝑖 = 𝑠)

�̌� = 𝑻𝑏𝑟(𝛼)𝑵, (𝑖 = 𝑏)

𝑻𝑝𝑖𝑡𝑐ℎ(𝜃𝑖)𝑵, (𝑖 = 1, 2, 3)

𝑻𝑝𝑖𝑡𝑐ℎ(𝜃𝑖)�̌� = 𝑻𝑝𝑖𝑡𝑐ℎ(𝜃𝑖)𝑻𝑏𝑟(𝛼)𝑵, (𝑖 = 4, 5,6)

 

Where 𝑻𝑏𝑟(𝛼) = [
cos𝛼 0 sin𝛼
0 1 0

−sin𝛼 0 cos𝛼
] , and 𝑻𝑝𝑖𝑡𝑐ℎ(𝜃𝑖) = [

cos 𝜃𝑖 0 −sin 𝜃𝑖
0 1 0

sin𝜃𝑖 0 cos 𝜃𝑖

] ≅ [
1 0 −𝜃𝑖
0 1 0
𝜃𝑖 0 1

] 

(Linearization as 𝜃𝑖  is small and in radians). Tpitch denotes the transformation matrix of the 

coordinates relative to the global coordinate system subject to the pitch motion, and Tbr denotes 

the transformation matrix related to the inclination of backrest. 

The excitations are assumed to be applied to the human body segments at the contact points 

between the seat pan and the human body (C1s and C2s) as well as between the backrest and the 

human body (C4b and C5b). There are three pairs of translational springs and dampers in the x, y, and 

z-axis, respectively, for each of the contact points named with letter “C”. For each contact point 

named with letter “A”, four pairs of springs and dampers, three in the x, y, and z-axis and one 

around the y-axis, are allocated. The forces between the human body segments are modelled as 

linear spring and damping forces in the x, y, z-axis and around the y-axis. The rotational spring and 

damping forces are proportional to the relative rotational angle and the angular velocity, 

respectively. 

6.2.2 Calculation of the motions and forces 

The coordinates of the mass centres in the global coordinate system can be expressed in general as 

follows: 

𝑶𝑖
𝑂 = 𝑶𝑖𝑠𝑡𝑎𝑡

𝑂 +𝑶𝑖𝑑𝑦𝑛
𝑂 = [𝑥𝑖0 𝑦𝑖0 𝑧𝑖0]

𝑇 + [𝑥𝑖 𝑦𝑖  𝑧𝑖]
𝑇 (6.1) 

Where 𝑶𝑖𝑠𝑡𝑎𝑡
𝑂  represents the coordinate of the centre of mass of Bi (i=1, …, 6, s, b) in the global 

coordinate system at static state and 𝑶𝑖𝑑𝑦𝑛
𝑂  represents the dynamic motions of the body Bi in the 

global coordinate system. The superscript o in the symbol 𝑂𝑖
𝑂  indicates that the mass centre of each 

body Bi is defined in the global coordinate system. On the other hand, the origin of the local 

coordinate system of each body is fixed at the centre of the mass of the same body.  

The relative displacement between the bodies expressed in the global coordinate system can then 

be derived with the coordinates of the points and the transformation matrices. For example, the 

relative displacement between the bodies B1 and B2 (𝒍12
𝑂 ) is: 
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𝒍12
𝑂 = 𝑶2

𝑂 + 𝑨12
𝐵2𝑻𝑝𝑖𝑡𝑐ℎ(𝜃2) − [𝑶1

𝑂 + 𝑨12
𝐵1𝑻𝑝𝑖𝑡𝑐ℎ(𝜃1)] (6.2) 

Where the superscript of the contact point represents the rigid body, in whose coordinate system 

the coordinate of the contact point is defined. For example, B2 in the symbol 𝑨12
𝐵2  indicates that the 

coordinate of the contact point A12 is defined in the local system of the rigid body B2, while the 

superscript B1 in the symbol 𝑨12
𝐵1  indicates that the coordinate of the contact point A12 is defined in 

the local system of the rigid body B1.  

The relative displacements between the bodies B2 and B3 (𝒍23
𝑂 ), and between the bodies B1 and B4 

(𝒍14
𝑂 ) are derived similarly (see Appendix C). Taking the inclination angle of the backrest 𝛼  into 

consideration, the relative displacement between the bodies B4 and B5 𝒍45
𝑂  is: 

𝒍45
𝑂 = 𝑶5

𝑂 + 𝑨45
𝐵5𝑻𝑝𝑖𝑡𝑐ℎ(𝜃5)𝑻𝑏𝑟(𝛼) − [𝑶4

𝑂 + 𝑨45
𝐵4𝑻𝑝𝑖𝑡𝑐ℎ(𝜃4)𝑻𝑏𝑟(𝛼)] (6.3) 

And the relative displacement between the bodies B5 and B6 (𝒍56
𝑂 ) is derived similarly. 

The relative displacements between the bodies representing the segments of the human body and 

the seat pan or backrest are also derived similarly. It is defined that 𝑶𝑠𝑠𝑡𝑎𝑡
𝑂 = 𝑶𝑏𝑠𝑡𝑎𝑡

𝑂 = [0 0 0]𝑇, 

i.e., the mass centres of the seat pan and backrest are set to the origin for the ease of calculation. 

Similarly, it is defined that [𝑥𝑠 𝑦𝑠 𝑧𝑠]
𝑇 = [𝑥𝑏 𝑦𝑏 𝑧𝑏]

𝑇 , that is, the excitation at the seat pan and 

backrest are the same when expressed in the global coordinate system. 

Then the relative displacement between the bodies B1 and Bs (𝒍1𝑠
𝑂 ) is: 

𝒍1𝑠
𝑂 = 𝑶𝑠

𝑂 + 𝑪1𝑠
𝐵𝑠 − [𝑶1

𝑂 + 𝑪1𝑠
𝐵1𝑻𝑝𝑖𝑡𝑐ℎ(𝜃1)] (6.5) 

The relative displacement between the bodies B2 and Bs (𝒍2𝑠
𝑂 ) is derived similarly. The relative 

displacement between the bodies B4 and Bb (𝒍4𝑏
𝑂 ) is transformed from the coordinate system 

associated with the backrest to the global coordinate system, so the inclination of the backrest 

needs to be included: 

𝒍4𝑏
𝑂 = 𝑶𝑏

𝑂 + 𝑪4𝑏
𝐵𝑏𝑻𝑏𝑟(𝛼) − [𝑶4

𝑂 + 𝑪4𝑏
𝐵4𝑻𝑝𝑖𝑡𝑐ℎ(𝜃4)𝑻𝑏𝑟(𝛼)] (6.6) 

And the relative displacement between the bodies B5 and Bb (𝒍5𝑏
𝑂 ) is derived similarly.  

The derivatives of the relative displacements, i.e., the relative velocities, are also derived, for 

example, the relative velocity between the bodies B1 and B4 (�̇�14
𝑂 ): 

�̇�14
𝑂 = �̇�4

𝑂 +𝑨14
𝐵4𝑻𝑝𝑖𝑡𝑐ℎ(�̇�4)𝑻𝑏𝑟(𝛼) − [�̇�1

𝑂 + 𝑨14
𝐵1𝑻𝑝𝑖𝑡𝑐ℎ(�̇�1)] (6.7) 
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Note that each of the contact or contact points may be expressed with the superscript indicating in 

which local coordinate system are they described, e.g., for the contact point A12 between B1 and B2, 

𝑨12
𝐵1  and 𝑨12

𝐵2  represent the coordinate of the point in the local coordinate system of B1 and B2, 

respectively. As the relative positions of the origins of the local coordinate systems are known, the 

coordinates of a contact or contact points in either local coordinate systems of the two bodies that 

is connected by it can be derived when its coordinates in the other local coordinate systems is 

determined, as shown in Table 6.1: 

Table 6.1 The coordinates of the contact points expressed in different coordinate systems 

Contact point 
Coordinates in one local 

coordinate system 
Coordinates in the other local coordinate 

system 

C1s 𝑪1𝑠
𝐵1 = [𝑥𝐶1𝑠

𝐵1 , 𝑦𝐶1𝑠
𝐵1 , 𝑧𝐶1𝑠

𝐵1 ] 𝑪1𝑠
𝐵𝑠 = 𝑪1𝑠

𝐵1 +𝑶1𝑠𝑡𝑎𝑡
𝑂 −𝑶𝑠𝑠𝑡𝑎𝑡

𝑂  

C2s 𝑪2𝑠
𝐵2 = [𝑥𝐶2𝑠

𝐵2 , 𝑦𝐶2𝑠
𝐵2 , 𝑧𝐶2𝑠

𝐵2 ] 𝑪2𝑠
𝐵𝑠 = 𝑪2𝑠

𝐵2 +𝑶2𝑠𝑡𝑎𝑡
𝑂 −𝑶𝑠𝑠𝑡𝑎𝑡

𝑂  

C4b 𝑪4𝑏
𝐵4 = [𝑥𝐶4𝑏

𝐵4 , 𝑦𝐶4𝑏
𝐵4 , 𝑧𝐶4𝑏

𝐵4 ] 𝑪4𝑏
𝐵𝑏 = 𝑪4𝑏

𝐵4 + (𝑶4𝑠𝑡𝑎𝑡
𝑂 −𝑶𝑏𝑠𝑡𝑎𝑡

𝑂 )𝑻𝑏𝑟
𝑇 (𝛼) 

C5b 𝑪5𝑏
𝐵5 = [𝑥𝐶5𝑏

𝐵5 , 𝑦𝐶5𝑏
𝐵5 , 𝑧𝐶5𝑏

𝐵5 ] 𝑪5𝑏
𝐵𝑏 = 𝑪5𝑏

𝐵5 + (𝑶5𝑠𝑡𝑎𝑡
𝑂 −𝑶𝑏𝑠𝑡𝑎𝑡

𝑂 )𝑻𝑏𝑟
𝑇 (𝛼) 

A12 𝑨12
𝐵1 = [𝑥𝐴12

𝐵1 , 𝑦𝐴12
𝐵1 , 𝑧𝐴12

𝐵1 ] 𝑨12
𝐵2 = 𝑨12

𝐵1 +𝑶1𝑠𝑡𝑎𝑡
𝑂 −𝑶2𝑠𝑡𝑎𝑡

𝑂  

A23 𝑨23
𝐵2 = [𝑥𝐴23

𝐵2 , 𝑦𝐴23
𝐵2 , 𝑧𝐴23

𝐵2 ] 𝑨23
𝐵3 = 𝑨23

𝐵2 +𝑶2𝑠𝑡𝑎𝑡
𝑂 −𝑶3𝑠𝑡𝑎𝑡

𝑂  

A14 𝑨14
𝐵4 = [𝑥𝐴14

𝐵4 , 𝑦𝐴14
𝐵4 , 𝑧𝐴14

𝐵4 ] 𝑨14
𝐵1 = 𝑨14

𝐵4𝑻𝑏𝑟(𝛼) + 𝑶4𝑠𝑡𝑎𝑡
𝑂 −𝑶1𝑠𝑡𝑎𝑡

𝑂  

A45 𝑨45
𝐵5 = [𝑥𝐴45

𝐵5 , 𝑦𝐴45
𝐵5 , 𝑧𝐴45

𝐵5 ] 𝑨45
𝐵4 = 𝑨45

𝐵5 + (𝑶5𝑠𝑡𝑎𝑡
𝑂 −𝑶4𝑠𝑡𝑎𝑡

𝑂 )𝑻𝑏𝑟
𝑇 (𝛼) 

A56 𝑨56
𝐵6 = [𝑥𝐴56

𝐵6 , 𝑦𝐴56
𝐵6 , 𝑧𝐴56

𝐵6 ] 𝑨56
𝐵5 = 𝑨56

𝐵6 + (𝑶6𝑠𝑡𝑎𝑡
𝑂 −𝑶5𝑠𝑡𝑎𝑡

𝑂 )𝑻𝑏𝑟
𝑇 (𝛼) 

The coordinates of the contact point between the pelvis and the seat pan C1s, and that between the 

upper torso and backrest C5b, were calibrated within a small range around the centre position of 

the SIT-pad as in the experimental study presented in Chapter 3. The coordinates of the contact 

point between the thighs and the seat pan C2s, and that between the abdomen and the backrest 

C4b, were calibrated within a small range around the centre position of the contact area between 

B2 and the seat pan, and that between B4 and the backrest, respectively. Similarly, the coordinates 

of the contact points A12, A23, …, A56 were calibrated within a small range around the centre position 

of the contact area between the two bodies they connected. Note that for each contact point, one 

of the three coordinates was fixed without calibration as the contact point had to be on the surface 

of the seat. 
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The forces between the rigid bodies are then modelled as linear spring and damping forces in the 

x, y and z-axis at the contact points. For example, the stiffness and damping in the x-axis are 

represented by kxij or cxij, respectively, where the first letter of the subscript represents the direction 

of the spring or damper, and the rest of the subscripts i and j indicates the numbering of the bodies 

that the spring or damper connects. The springs and dampers in other directions are defined 

similarly, see Table 6.2. 

Table 6.2 Definition of the springs and dampers in the human body model 

Contact 
point 

Spring Damper Direction 
The pair of rigid bodies 
that the point connects 

C1s 

kx1s cx1s x-axis 

B1 and Bs ky1s cy1s y-axis 

kz1s cz1s z-axis 

C2s 

kx2s cx2s x-axis 

B2 and Bs ky2s cy2s y-axis 

kz2s cz2s z-axis 

C4b 

kx4b cx4b x-axis 

B4 and Bb ky4b cy4b y-axis 

kz4b cz4b z-axis 

C5b 

kx5b cx5b x-axis 

B5 and Bb ky5b cy5b y-axis 

kz5b cz5b z-axis 

A12 

kx12 cx12 x-axis 

B1 and B2 
ky12 cy12 y-axis 

kz12 cz12 z-axis 

kp12 cp12 around y-axis 

A23 

kx23 cx23 x-axis 

B2 and B3 
ky23 cy23 y-axis 

kz23 cz23 z-axis 

kp23 cp23 around y-axis 

A14 

kx14 cx14 x-axis 

B1 and B4 
ky14 cy14 y-axis 

kz14 cz14 z-axis 

kp14 cp14 around y-axis 
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Table 6.2 (Continued) 

Contact 
point 

Spring Damper Direction 
The pair of rigid bodies 
that the point connects 

A45 

kx45 cx45 x-axis 

B4 and B5 
ky45 cy45 y-axis 

kz45 cz45 z-axis 

kp45 cp45 around y-axis 

A56 

kx56 cx56 x-axis 

B5 and B6 
ky56 cy56 y-axis 

kz56 cz56 z-axis 

kp56 cp56 around y-axis 

The forces between the bodies in the biodynamic model proposed in this chapter is proportional to 

the relative displacements (or their derivatives) between the bodies and are obtained by 

multiplying the relative displacements (and velocities) in each axis with the corresponding stiffness 

(or damping). The translational force between the bodies B1 and B2 (𝒇12
𝑂 ) is: 

𝒇12
𝑂 = 𝒍12

𝑂 [

𝑘𝑥12
𝑘𝑦12

𝑘𝑧12

] + �̇�12
𝑂 [

𝑐𝑥12
𝑐𝑦12

𝑐𝑧12

] = [𝑓12(𝑥) 𝑓12(𝑦) 𝑓12(𝑧)]𝑵 (6.8) 

The translational force between the bodies B2 and B3 (𝒇23
𝑂 ) and the translational force between the 

bodies B1 and B4 (𝒇14
𝑂 ), between the bodies B1 and Bs (𝒇1𝑠

𝑂 ), between the bodies B2 and Bs (𝒇2𝑠
𝑂 ) are 

derived similarly.  

The derivation of the translational force between the bodies B4 and B5 (𝒇45
𝑂 ) includes the backrest 

inclination angle: 

𝒇45
𝑂 = 𝒍45

𝑂 𝑻𝑏𝑟
𝑇 (𝛼) [

𝑘𝑥45
𝑘𝑦45

𝑘𝑧45

] + �̇�45
𝑂 𝑻𝑏𝑟

𝑇 (𝛼) [

𝑐𝑥45
𝑐𝑦45

𝑐𝑧45

] 

= [𝑓45(𝑥) 𝑓45(𝑦) 𝑓45(𝑧)]�̌� (6.9) 

Where the symbol 𝑓 represents the forces in the coordinate system of the inclined backrest. The 

translational force between the bodies B4 and Bb (𝒇4𝑏
𝑂 ) is derived similarly. The translational force 

between the bodies B5 and B6 (𝒇56
𝑂 ) is: 

𝒇56
𝑂 = [𝑓56(𝑥) 𝑓56(𝑦) 𝑓56(𝑧)]�̌� (6.10) 
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The translational force between the bodies B5 and Bb (𝒇5𝑏
𝑂 ) is derived similarly. The rotational forces 

between the bodies are calculated by multiplying the differences (or the deviation of them) 

between the angles of the bodies. 

6.2.3 Equations of motion of the model 

With the forces between the rigid bodies, the equations of motion of the bodies representing the 

human body Bi (i=1, …, 6) can be derived. For example, for the rigid body B1, four equations of 

motion in three translational directions and around the y-axis are derived as: 

𝑚1�̈�1 = 𝑓12(𝑥) + 𝑓14(𝑥) + 𝑓1𝑠(𝑥) (6.11) 

𝑚1�̈�1 = 𝑓12(𝑦) + 𝑓14(𝑦) + 𝑓1𝑠(𝑦) (6.12) 

𝑚1�̈�1 = 𝑓12(𝑧) + 𝑓14(𝑧) + 𝑓1𝑠(𝑧) (6.13) 

𝐼1�̈�1 = 𝑘𝑝12(𝜃2 − 𝜃1) + 𝑐𝑝12(�̇�2 − �̇�1) + 𝑘𝑝14(𝜃4 − 𝜃1) + 𝑐𝑝14(�̇�4 − �̇�1) 

+𝑨12
𝐵1 × [𝑓12(𝑥) 𝑓12(𝑦) 𝑓12(𝑧)] [

0
1
0
] + 𝑨14

𝐵1 × [𝑓14(𝑥) 𝑓14(𝑦) 𝑓14(𝑧)] [
0
1
0
] 

+𝑪1𝑠
𝐵1 × [𝑓1𝑠(𝑥) 𝑓1𝑠(𝑦) 𝑓1𝑠(𝑧)] [

0
1
0
] (6.14) 

For the rigid body B2 to B6, the equations of motion are derived similarly (see Appendix C). 

6.2.4 Parameters of the model 

The parameters in this model include the backrest inclination angle; the masses, moments of inertia, 

and dimensions of the bodies; the coordinates of the mass centres of the bodies and the contact 

points; and the stiffness and damping between the bodies. They can be divided into two categories: 

the (before the calibration) pre-determined parameters, and the parameters to be calibrated.  

The values of the pre-determined parameters can be obtained without model calibration by 

referring to the literature reporting the anthropometric data or by taking measurements, including: 

1) The backrest inclination angle α (0°, 10° or 20°);  

2) The masses of the rigid bodies representing the human body segments mi (i=1, …, 6);  

3) The length, width and height of the rigid bodies representing the human body segments lxi, lyi 

and lzi (i=1, …, 6) except for lz3 (the height of the body B3);  

4) The coordinates of the centres of the mass of the rigid bodies 𝑂𝑖
𝑂 (i=1, …, 6); 

5) The moment of inertia of these rigid bodies around y-axis Ii (i=1, …, 6); and  

6) Some of the coordinates of the contact points. 
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6.2.4.1 The masses of the rigid bodies 

The masses mi of the rigid bodies Bi (i=1, …, 6) are related to the masses of the body segments that 

they are representing. Assume that the total mass of the human body is mtotal, then the masses of 

the rigid bodies are: m1=0.12mtotal, m2=0.17mtotal, m3=0.03mtotal, m4=0.26mtotal, m5=0.11mtotal, 

m6=0.08mtotal. They are determined based on the published anthropometric data (Dempster and 

Gaughran, 1967) and are adjusted within the range or with small deviation relative to the constrains 

given by the literature above. It should be pointed out that the mass of the seated human body 

supported by the seat is roughly 80% of the total mass of the human body (Qiu, 2017), so the sum 

of the masses of the rigid bodies is smaller than mtotal. This is partly due to the fact that part of the 

masses of the lower legs and those of the feet are not supported by the seat, but by the floor.  

6.2.4.2 The dimensions of the rigid bodies representing the human body segments 

The lengths (lxi), widths (lyi), and heights (lzi) of the rigid bodies are their dimensions in the x, y and 

z-axis, respectively. Assume that the height of the human body is H, then the dimensions of the 

rigid bodies Bi (i=1, …, 6) are defined as in Table 6.3, which are determined based on the published 

anthropometric data of the corresponding body segments (Dempster and Gaughran, 1967). Note 

that bodies B1 to B5 are cuboids, while the head and neck of the human body is represented by body 

B6 which is an ellipsoid with its semiaxes equal to half of lx6, ly6 and lz6, respectively. The actual height 

of the body B3, lz3, still remains to the determined within a range (0.1H to 0.24H) via calibration, as 

it is not directly corresponding to the full length of the leg (0.24H) in the published data. The actual 

dimensions of the subjects were used for the parameter optimization when the apparent masses 

of the same subject were used for model calibration. 

Table 6.3 Dimensions of the rigid bodies 

Order of 
body 

Length lxi Width lyi Height lzi 

1 lx1=0.12H ly1=0.195H lz1=0.1H 

2 lx2=0.24H ly2=0.195H lz2=0.1H 

3 lx3=0.1H ly3=0.195H To be calibrated 
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Table 6.3 (Continued) 

Order of 
body 

Length lxi Width lyi Height lzi 

4 lx4=0.1H ly4=0.195H lz4=0.17H 

5 lx5=0.1H ly5=0.195H lz5=0.16H 

6 lx6=0.09H ly6=0.09H lz6=0.155H 

Figure 6.2 shows the dimensions of the rigid bodies of the human body model in a more intuitive 

way. 

 

Figure 6.2 Schematic diagram of the dimensions of the rigid bodies of the human body model 

6.2.4.3 Coordinates of the mass centres and moments of inertia of the rigid bodies 

With the dimensions shown in Figure 6.2, the coordinates of the mass centres xi0, yi0, zi0 of the rigid 

bodies Bi (i=1, …, 6) in three directions, and the moments of inertia of them (about the y-axis) Ii can 

be derived as shown in Table 6.4, based on the relative position of the mass centres provided by 

the existing literature (Dempster and Gaughran, 1967; Contini, 1972; Park et al., 1999; Nikolova and 

Toshev, 2007): 
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Table 6.4 Coordinates of the mass centres and moments of inertia of the rigid bodies 

Order of 
body 

Coordinate in x-axis 
(xi0) 

Coordinate in 
y-axis (yi0) 

Coordinate in z-axis 
(zi0) 

Moment of inertia 
about y-axis (Ii) 

1 x10=0.5*0.12H y10=0 z10=0.5*0.1H 
I1=1/12*m1[(0.12H)2+(0.
1H)2] 

2 x20=0.12H+0.43*0.24H y20=0 z20=0.5*0.1H 
I2=1/12*m2[(0.24H)2+(0.
1H)2] 

3 
x30=0.12H+0.24H 
+0.5*0.1H 

y30=0 z30=0.1H-0.5*lz3 
I3=1/12*m3[(lz3)2 

+(0.1H)2] 

4 
x40=(0.1Hcosα 
+0.5*0.16H)*-sinα 
+0.05Hcosα 

y40=0 
z40=(0.1Hcosα 
+0.5*0.16H) 
*cosα+0.05Hsinα 

I4=1/12*m4[(0.1H)2 

+(0.16H)2] 

5 
x50=(0.1Hcosα+0.16H+
0.5*0.17H) 
*-sinα+0.05Hcosα 

y50=0 
z50=(0.1Hcosα+0.16
H+0.5*0.17H)*cosα+
0.05Hsinα 

I2=1/12*m2[(0.1H)2 

+(0.17H)2] 

6 
x60=(0.1Hcosα+0.33H+
0.5*0.155H) 
*-sinα+0.05Hcosα 

y60=0 
z60=(0.1Hcosα+0.33
H+0.5*0.155H)cosα+
0.05Hsinα 

I6=1/20*m6[(0.09H)2+(0.
155H)2] 

Furthermore, some of the coordinates of the contact points are pre-determined according to the 

dimensions of the bodies before the calibration of the model, see Table 6.5, since they are located 

on the contact surface of the rigid bodies when the bodies are at the static position.  

Table 6.5 Pre-defined coordinates of some of the contact points 

Contact points Coordinates Contact points Coordinates 

C1s 𝑧𝐶1𝑠
𝐵1 = 0.5 ∗ (−0.1𝐻) A12 𝑥𝐴12

𝐵1 = 0.5 ∗ (0.12𝐻) 

C2s 𝑧𝐶2
𝐵2 = 0.5 ∗ (−0.1𝐻) A23 𝑥𝐴23

𝐵2 = 0.5 ∗ (0.24𝐻) 

C4b 𝑥𝐶4𝑏
𝐵4 = 0.5 ∗ (−0.1𝐻) A14 𝑧𝐴14

𝐵4 = 0.5 ∗ (−0.16𝐻) 

C5b 𝑥𝐶5𝑏
𝐵5 = 0.5 ∗ (−0.1𝐻) A45 𝑧𝐴45

𝐵5 = 0.5 ∗ (−0.17𝐻) 

  A56 𝑥𝐴56
𝐵6 = 𝑦𝐴56

𝐵6 = 0 

  A56 𝑧𝐴56
𝐵6 = 0.5 ∗ 0.155𝐻 
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The values of the rest of the parameters of the model are to be calibrated, including all the stiffness 

and damping at the contact points between the rigid bodies (as listed in Table 6.2), some of the 

coordinates of the contact points (𝑥𝐶1𝑠
𝐵1 , 𝑦𝐶1𝑠

𝐵1 , 𝑥𝐶2𝑠
𝐵2 , 𝑦𝐶2𝑠

𝐵2 , 𝑥𝐶4𝑏
𝐵4 , 𝑦𝐶4𝑏

𝐵4 , 𝑥𝐶5𝑏
𝐵5 , 𝑦𝐶5𝑏

𝐵5 , 𝑦𝐴12
𝐵1 , 𝑧𝐴12

𝐵1 , 𝑦𝐴23
𝐵2 , 𝑧𝐴23

𝐵2 , 

𝑦𝐴14
𝐵4 , 𝑧𝐴14

𝐵4 , 𝑦𝐴45
𝐵5 , 𝑧𝐴45

𝐵5 ), and the height of the body B3, i.e., lz3. 

6.3 Model calibration 

The equations of motion of the rigid bodies can be written in the following form: 

𝑴�̈� + 𝑪�̇� + 𝑲𝑿 = 𝑪𝑠�̇�𝑠 +𝑲𝑠𝑿𝑠 (6.15) 

Where M, C, K represent the matrices of mass, damping and stiffness of the human body model, 

respectively, while Cs and Ks represent the damping and stiffness related to the vibration input at 

the seat-human body interface, respectively. Xs is the vector of vibration input: [xs, ys, zs]T, and X is 

the vector of the output motion of the body model: [x1, y1, z1, θ1, x2, y2, z2, θ2, x3, y3, z3, θ3, x4, y4, z4, 

θ4, x5, y5, z5, θ5, x6, y6, z6, θ6]T. 

The transfer function TR between X and Xs can then be derived: 

𝑻𝑅(𝜔) =
𝑿(𝜔)

𝑿𝑠(𝜔)
= (−𝑴𝜔2 + 𝑖𝜔𝑪 + 𝑲)−1(𝑖𝜔𝑪𝑠 +𝑲𝑠) (6.16) 

With the transfer function TR, the apparent masses of the seated human body could be derived. 

The in-line fore-aft apparent mass at the seat pan Msxx can be calculated as: 

𝑀𝑠𝑥𝑥 =
𝐅(𝑓1𝑠(𝑥) + 𝑓2𝑠(𝑥))

−𝜔2𝐅(𝑥𝑠)
 

=
𝑘𝑥1𝑠[1 − 𝑻𝑅(1,1) − 𝑻𝑅(4,1)𝑧𝐶1𝑠

𝐵1 ] + 𝑘𝑥2𝑠[1 − 𝑻𝑅(5,1) − 𝑻𝑅(8,1)𝑧𝐶2𝑠
𝐵2 ]

−𝜔2
 

+
𝑐𝑥1𝑠[1 − 𝑻𝑅(1,1) − 𝑻𝑅(4,1)𝑧𝐶1𝑠

𝐵1 ] + 𝑐𝑥2𝑠[1 − 𝑻𝑅(5,1) − 𝑻𝑅(8,1)𝑧𝐶2𝑠
𝐵2 ]

𝑗𝜔
(6.17) 

Where 𝑻𝑅(𝑎, 𝑏) represents the entry at the ath row and bth column of the matrix TR. 

The in-line lateral apparent mass at the seat pan Msyy, the in-line vertical apparent mass at the seat 

pan Mszz, the in-line fore-aft apparent mass at the backrest Mbxx, the in-line lateral apparent mass 

at the backrest Mbyy and the in-line vertical apparent mass at the backrest Mbzz can be calculated 

similarly (see Appendix C). 

The apparent masses in the x, y and z-axis measured at the seat pan and backrest, which are 

obtained in the experimental study described in Chapter 4 are used to calibrate the parameters of 
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this human body model. The calibration is carried out by minimizing the sum of the root mean 

square difference between the real and imaginary parts of the 6 apparent masses calculated using 

the model and their counterparts obtained via measurements during the experimental study 

described in Chapter 4. An error function 𝑔𝑒𝑟𝑟𝑜𝑟_𝑎𝑝𝑚𝑠(𝑓) is defined to quantify such a difference as 

follows: 

𝑔𝑒𝑟𝑟𝑜𝑟_𝑎𝑝𝑚𝑠(𝑓) = ∑ 𝑤𝑗

(

 
 
 
 
 √

∑ ((𝑅𝑒 (𝑀𝑗(𝑓𝑖)))
𝑐𝑎𝑙𝑐

− (𝑅𝑒 (𝑀𝑗(𝑓𝑖)))
𝑚𝑒𝑎𝑠

)
2

𝑛
𝑖=1

𝑛

+
√
∑ ((𝐼𝑚(𝑀𝑗(𝑓𝑖)))

𝑐𝑎𝑙𝑐
− (𝐼𝑚(𝑀𝑗(𝑓𝑖)))

𝑚𝑒𝑎𝑠
)
2

𝑛
𝑖=1

𝑛 )

 
 
 
 
 

𝑗=𝑠𝑥𝑥,𝑠𝑦𝑦,𝑠𝑧𝑧,
𝑏𝑥𝑥,𝑏𝑦𝑦,𝑏𝑧𝑧

(6.18) 

Where the subscripts calc and meas denotes the apparent masses calculated using the model and 

obtained via measurement, respectively. Re and Im stand for the real and imaginary parts of the 

apparent mass, and n is the total number of the frequency points. For the model of the seated 

human body, the calibration is carried out on the frequency range between 0.5 to 20 Hz with an 

interval of 0.25 Hz, making the total number of frequency points n=79. The subscript j distinguishes 

the direction and position of the apparent masses, and wj represents the weighting factors for 

different apparent masses that are adjusted to achieve an optimized result. The weighting factor 

wj was manually adjusted for each optimization problem as follows:  

1) the value of wj was set to be the same (e.g., 1) for each apparent mass.  

2) Then the optimization was carried out within a limited number of iterations, and the simulation 

results calculated using the outcome were compared with the measured counterparts.  

3) The apparent masses with greater error between the measured and simulated data were 

allocated with a greater value of the weighting factor wj’ (e.g., wj’=2*wj). 

4) Then the steps 2) and 3) were repeated until each of the six apparent masses was allocated 

with an individual weighting factor and a satisfactory result of the optimization was achieved. 

The Equations (6.2) to (6.17) are solved by generating programmes using MATLAB, which enables 

a user-defined function comprised with symbolic variables being solved without having to assign 

exact values to the variables. Thus, the expressions of the apparent masses can be derived which 

only consist of the variables. Then the expressions of the apparent masses were introduced in Eq. 

(6.18) together with the measured data to optimize the error function. 

To minimize the value of the error function 𝑔𝑒𝑟𝑟𝑜𝑟(𝑓), two optimization algorithms have been used. 

The first one is the “fmincon” function provided by MATLAB that is suitable for the minimization of 

linear and nonlinear multi-variable functions with constrains. Another algorithm is the generic 



Chapter 6 

129 

algorithm (GA), where a group of initial solutions to the optimization problem is randomly chosen 

and takes part in iterative processes, which is also available in MATLAB. In each iteration, the 

optimization function is evaluated and the more fit solutions are stochastically selected among all 

the given solutions (called “generation” in this iteration) and modified (recombined and randomly 

mutated) to form a new generation to be used in the next iteration of the algorithm (Whitley, 1994). 

Compared to the “fmincon” function, the GA is more beneficial in finding global optimization 

solutions, but less efficient in terms of convergence and speed. On the other hand, the “fmincon” 

function is more suitable for in-depth optimization inside a local area, and is much dependent on 

the initial values.  

To make use of the benefits of both algorithms, two optimization methods have been adopted to 

calibrate the model. The first one uses the “fmincon” function only by randomly creating different 

initial solutions and carrying out optimizations with them using this function to obtain a number of 

candidate solutions, and the best solution is chosen among them. The second method is a 

combination of both algorithms. An initial solution is randomly created and adopted in the 

iterations in GA until a certain number of iterations (i.e., generations) is reached to find an 

intermediate solution which may possibly be located in a local area where the global optimum exists. 

Then this intermediate solution is adopted in the “fmincon” function to get the optimum faster. 

The two methods are repeated several times with different sets of initial solutions to get as better 

solution as possible. 

The comparison of the simulated apparent masses using the calibrated model and their counterpart 

measured during the experimental study under different conditions is shown in Figures 6.3 to 6.6. 

The results show that with different excitations, backrest inclination angles or different subjects, 

the model can generally achieve good agreement in terms of the apparent masses at the seat pan 

and backrest in all three translational directions. 



Chapter 6 

130 

  

Figure 6.3 The comparison between the measured ( ) and simulated ( ) apparent 

masses in the x, y and z-axis at the seat pan and backrest with a subject (1.76m in height and 90.8 kg 

in weight) under combined 0.5 ms-2 fore-aft, 0.5 ms-2 lateral, and 0.5 ms-2 (r.m.s.) vertical excitation 

and with an upright backrest 
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Figure 6.4 The comparison between the measured ( ) and simulated ( ) apparent 

masses with a subject (1.75m in height and 78.6 kg in weight) under combined 0.5 ms-2 fore-aft, 

0.5 ms-2 lateral, and 0.5 ms-2 (r.m.s.) vertical excitation and with an upright backrest 
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Figure 6.5 The comparison between the measured ( ) and simulated ( ) apparent 

masses with a subject (1.75m in height and 78.6 kg in weight) under combined 0.5 ms-2 fore-aft, 

1.0 ms-2 lateral, and 1.0 ms-2 (r.m.s.) vertical excitation and with an upright backrest 
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Figure 6.6 The comparison between the measured ( ) and simulated ( ) apparent 

masses with a subject (1.75m in height and 78.6 kg in weight) under combined 0.5 ms-2 fore-aft, 

1.0 ms-2 lateral, and 1.0 ms-2 (r.m.s.) excitation vibration and with a backrest inclined by 20° 

6.4 Modal analysis 

After the calibration, modal analysis was performed on the model of the seated human body to 

investigate on the relationship between the modes represented by the model and the resonances 

in the apparent masses. To find the undamped free vibration modal properties of the model is to 

find the solution to the following formula derived from Eq. (6.15): 

𝑑𝑒𝑡|𝑴(2𝜋𝑖𝑓)2 +𝑲| = 0 (6.19) 

Where det stands for the determinant of the matrix 𝑴(2𝜋𝑖𝑓)2 +𝑲. The solutions of Eq. (6.19) are 

the eigenvalues of this matrix, which can be used to calculate the undamped natural frequencies of 

the human body, while the mode shape can be obtained according to the eigenvectors of the matrix. 

The analysis on the case with a subject of 1.75m and 78.6kg body weight exposed to tri-axial 

vibration with excitation magnitudes of 0.5 ms-2 r.m.s. in the x, y and z-axis and upright backrest is 

shown in Figure 6.7. There are four modes found below 10 Hz detected with the natural frequencies 

0.84, 1.89, 2.88 and 5.76 Hz, respectively. They are corresponding to the four peaks of the fore-aft, 



Chapter 6 

134 

lateral and vertical apparent masses, which are shown in Figure 6.7 in sequence. The four 

corresponding mode shapes are shown in Figure 6.8. 

 

Figure 6.7 The resonance frequencies in the apparent masses that are related to the modes 

 

 

  

Figure 6.8 The mode shapes of a subject of 1.75m and 78.6kg body weight exposed to tri-axial 

vibration with excitation magnitudes of 0.5 ms-2 r.m.s. in the x, y and z-axis. (Black: undeformed 

mode shape; red: deformed mode shape) 
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Figure 6.8 shows that the first mode (0.84 Hz) is related to the lateral motion of the upper body and 

the head. For the second mode (1.89 Hz), all the body segments exhibit a lateral motion while the 

motion of the lower body is dominant. The third mode (2.88 Hz) is related to the pitch motion 

combined with the fore-aft motion of the human body where the motion of the lower body was 

greater than that of the upper body. The fourth mode (5.76 Hz) involves the combined fore-aft, 

vertical and pitch motion of all the body segments.  

6.5 Parameter sensitivity analysis 

The sensitivity analysis was carried out on the parameters of the human body model using the index 

matrix Ψ, with its element defined as follows (Ju and Mansour, 1987): 

𝛹𝑖𝑗 =
∆𝑅𝑖 𝑅𝑖⁄

∆𝑃𝑗 𝑃𝑗⁄
(6.20) 

Where Pj and ΔPj represent the jth (j=1, 2, …, 64) parameter being tested and the corresponding 

change of that parameter respectively; Ri represents the responses obtained with the calibrated 

parameter values (which are called the “reference values”), on which the effect of the change of 

parameters was to be examined. Eight responses related to the apparent masses in the x, y and z-

axis were chosen to test their sensitivity, with: 

1) i=1 being the resonance frequency of the fore-aft apparent mass at the seat pan;  

2) i=2 being the modulus associated with the resonance of the fore-aft apparent mass at the seat 

pan; 

3) i=3 being the resonance frequency of the fore-aft apparent mass at the backrest;  

4) i=4 being the modulus associated with the resonance of the fore-aft apparent mass at the 

backrest; 

5) i=5 being the resonance frequency of the vertical apparent mass at the seat pan;  

6) i=6 being the modulus associated with the resonance of the vertical apparent mass at the seat 

pan; 

7) i=7 being the resonance frequency of the lateral apparent mass at the seat pan; and  

8) i=8 being the modulus associated with the resonance of the lateral apparent mass at the seat 

pan. 

ΔRi represents the difference between the responses obtained with adopting the “reference values” 

of the parameters and adopting the changed values of the parameters. In the current study, four 

changed values of the parameters were tested, which were either ±25% or ±50% of the 

corresponding “reference values”, i.e., ΔPj/Pj=-0.5, -0.25, 0.25, and 0.5. For the analysis on each 
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parameter, the values of the other parameters were kept the same as their “reference values”. The 

greater the value of Ψij, the more sensitive is the response Ri to the parameter Pj.  

The sensitivity index Ψij defined in Eq. (6.20) can be rewritten as:  

𝛹𝑖𝑗 =
∆𝑅𝑖
∆𝑃𝑗

∙ (
𝑃𝑗

𝑅𝑖
) (6.21) 

As the Pj and Ri are obtained with the “reference values”, which are determined via model 

calibration, the value of (Pj/Ri) is a constant. So, the value of Ψij only depends on the value of 

(ΔPj/ΔRi). Assume that the dependent variable, the response (Ri), is linearly correlated with the 

independent variable, the parameter (Pj):  

𝑅𝑖 = 𝐸1𝑃𝑗 + 𝐸0 (6.22) 

Then the value of (ΔPj/ΔRi) can be determined by carrying out linear regression analysis, as the 

correlation coefficient E1 (i.e., the gradient of the line reflecting the relationship between Pj and Ri) 

equals to the values of (ΔPj/ΔRi).  

The resultant sensitivity matrix Ψ is a 8×64 matrix (with its elements including the fore-aft, lateral, 

vertical and pitch stiffness and damping: kx12, cx12, ky12, cy12, kz12, cz12, kp12, cp12, kx23, cx23, ky23, cy23, kz23, 

cz23, kp23, cp23, kx14, cx14, ky14, cy14, kz14, cz14, kp14, cp14, kx45, cx45, ky45, cy45, kz45, cz45, kp45, cp45, kx56, cx56, ky56, 

cy56, kz56, cz56, kp56, cp56, kx1s, cx1s, ky1s, cy1s, kz1s, cz1s, kx2s, cx2s, ky2s, cy2s, kz2s, cz2s, kx4b, cx4b, ky4b, cy4b, kz4b, 

cz4b, kx5b, cx5b, ky5b, cy5b, kz5b, cz5b, see Appendix D).  

It is found that the resonance frequency of the fore-aft apparent mass at the seat pan and the 

associated modulus were most sensitive to the fore-aft stiffness and damping between the seat 

and the seated human body (such as kx1s, cx1s and kx2s), and the pitch damping between the abdomen 

and the pelvis cp14. For the fore-aft apparent mass at the backrest, both the resonance frequency 

and the associated modulus were most sensitive to the fore-aft stiffness between the upper torso 

and the backrest kx5b.  

The resonance frequency of the lateral apparent mass at the seat pan is found to be most sensitive 

to the lateral stiffness between the thighs and the seat pan (ky2s) and the lateral damping between 

the pelvis and the thighs (cy12), while the modulus at the resonance frequency was also affected by 

the lateral stiffness and damping between the upper torso and the backrest ky4b and cy4b.  

The resonance frequency and the associated modulus of the vertical apparent mass at the seat pan 

are most sensitive to the pitch damping between the abdomen and the pelvis cp14. Besides, the fore-

aft stiffness and damping between the pelvis and the seat pan (kx1s and cx1s, respectively) also played 

an important role in affecting the vertical apparent mass. 
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6.6 Discussion 

6.6.1 Design of the model 

6.6.1.1 Consideration of the structure of the human body model  

The proposed model of the seated human body is represented by 6 rigid bodies. The part above the 

pelvis of the human body is represented by three rigid bodies: B6, B5 and B4 (Figure 6.1), which 

represent the head with neck, the upper torso with shoulders and arm, and the abdomen, 

respectively. This design is similar to the models developed by Zheng et al. (2011), Wu and Qiu 

(2020), and Desai et al. (2021a), suitable for the prediction of the biodynamic response. The part 

below the pelvis of the human body is represented by two rigid bodies in this model: the thighs (B2) 

and legs (B3). The contact between the feet and floor is not considered assuming that its effect on 

the apparent mass is relatively small. This is similar to the model reported by Zheng et al. (2011), 

while in the models proposed by Zhang et al. (2015) and Desai et al. (2021a), the thighs and legs 

were modelled separately, but the feet were also included, and the excitation from the floor to the 

feet was taken into consideration. In the model proposed by Wu and Qiu (2020), the thighs were 

represented by two rigid bodies on the left and right side, while the legs were not separately 

represented by rigid bodies, and the masses of the legs were included in the thighs. Such a design 

seems suitable for predicting the apparent masses of the human body exposed to combined vertical, 

lateral and roll vibration. In the current model, the legs were added as separate rigid bodies and 

the joints between the thighs and legs were included. This enables the coupling between the fore-

aft and vertical motion at the knee to be taken into consideration, when the body is exposed to 

combined fore-aft, lateral and vertical vibration. 

6.6.1.2 Determination of the model parameters  

The parameters of the current model can be divided into two categories. The first one comprises 

the parameters related to the mass and dimensions of the rigid bodies, including the coordinates 

of the mass centres and the moments of inertia of the bodies. The values of the these parameters 

are ultimately determined by two fundamental values: the weight (m) and height (H) of the human 

body based on the reported anatomy data (Dempster and Gaughran, 1967). Thus, the inter-subject 

variability can be taken into consideration for the current model by adopting different values of the 

parameters for different subjects according to their weight and height, which is similar to the 

method reported in some published literature (Kim et al., 2005; Zheng et al., 2011; Wu and Qiu, 

2020). For the model developed by Wu and Qiu (2020), the masses of the rigid bodies representing 

the body segments were not directly taken from the published data; instead, they were calibrated 
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within a range around the data, so that the differences due to the inter-subject variabilities among 

subjects with similar weight or height could be tolerated in such a range. In the model proposed in 

this chapter, the masses and dimensions of the rigid bodies are treated as pre-defined parameters 

taken from relevant literature and are kept as constants, so that the complexity of the model is 

reduced, and the effectiveness of the model is improved without loss of generality. Due to the lack 

of the universally available data of the moments of inertia for some body segments (e.g., the upper 

torso and the lumbar segments), the values of these parameters are calculated for different 

subjects, assuming that they can be represented by those of the cuboid or ellipsoid rigid bodies. 

This is similar to the method reported by Wu and Qiu (2020). 

The second category includes the parameters related to the joints connecting the rigid bodies, i.e., 

the coordinates of the contact points, and the stiffness and damping at these points. Most of the 

parameters in this category are to be calibrated except for some coordinates of the contact points 

that is determined by the dimension of the rigid bodies. The values of these parameters are rarely 

available in the literature due to the complexity of the human body and the difficulty to carry out 

measurements on the living human beings, so they are determined by the model calibration based 

on the measured apparent masses.  

6.6.2 Calibration of the model 

Relatively sharp changes of the phase of the measured vertical or horizontal apparent masses were 

observed at around 12 Hz under many conditions (Figures 6.3 to 6.6), while for the phase calculated 

using the human body model, such sharp changes do not exist. A similar observation has been 

reported by Wu and Qiu (2020). This phenomenon may be related to the low coherence in the same 

frequency range, which indicates some errors of the measurement or the estimation of the 

apparent mass. Additionally, the associated moduli of the apparent masses are also close to zero, 

where errors in the estimation of the phase of the apparent mass are more likely to take place, due 

to its sensitivity to small errors of the mass of the rigid seat during mass cancellation. 

Due to the existence of such difference between the simulated and measured phase of the 

horizontal apparent masses, the objective function of the optimization of this model is defined with 

respect to the real and imaginary parts of the apparent masses similar to that adopted by Wu and 

Qiu (2020) to reduce the effect of the possible errors in the estimation of the phase, rather than 

the conventional use of the moduli and phases of the apparent masses (Qiu and Griffin, 2011; Zheng 

et al., 2011) or merely the moduli of the apparent masses as reported by Marzbanrad et al. (2016) 

and Desai et al. (2021a). 
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6.6.3 Modal properties 

Most of the reported modal properties of the seated human body so far were obtained by the 

modal analysis with mathematical models. Four vibration modes below 10 Hz were identified with 

the current human body model. The first mode (at 0.84 Hz) appears to correspond to the resonance 

at around 1 Hz of the measured lateral apparent mass at the backrest (Figure 6.7) which involves 

the lateral motion of the human body, and its mode shape shows that the motion of the upper body 

is dominant. The second mode (at 1.89 Hz) corresponds to the fundamental resonance of the lateral 

apparent mass at the seat pan and the second resonance of that at the backrest. The mode shape 

at this frequency shows that the motion of the lower body is stronger than that of the upper body. 

The above two modes are comparable with those reported by Wu and Qiu (2020), although with 

slightly lower modal frequencies. This difference may be due to the fact that the modal analysis 

conducted by Wu and Qiu (2020) included the damping of the human body, and the modal 

frequencies and shapes they obtained were from the complex modes. 

The third (at 2.88 Hz) and fourth mode (at 5.76 Hz) involves the fore-aft, vertical and pitch motion 

of the human body, related to the fundamental resonance of the fore-aft apparent mass and that 

of the vertical apparent mass, respectively. The third mode is close to the mode at 2.81 Hz reported 

by Kitazaki and Griffin (1997). The fourth mode (at 5.76 Hz) detected from the current model is in 

general consistent with the widely reported modal resonance at around 5 Hz under vertical 

excitation (Kitazaki and Griffin, 1997; Zheng et al., 2011; Liu et al., 2015; Wu and Qiu, 2020), The 

small differences in the mode shapes of the current model and the reported ones may be attributed 

to the different structure and design of the model. For example, the current model includes three 

translational and one pitch DoFs for each rigid body, whereas the lateral DoF was missing in most 

of the models reported previously. 

6.6.4 Parameter sensitivity and values 

The results of the parameter sensitivity analysis show that the resonance frequencies and the 

associated moduli of the apparent masses in the x, y and z-axis of the developed model are most 

sensitive to the stiffness and damping between the human body and the rigid seat, such as the fore-

aft stiffness between the abdomen and the seat pan, which affected the resonance frequency of 

the fore-aft apparent mass the most (kx1s). Additionally, it is found that in the current model, the 

pitch damping between the abdomen and pelvis, cp14 played an important role in affecting the 

simulated vertical apparent mass, implying that the pitch motion of the pelvis made great 

contribution to the vertical apparent mass at the seat pan, which is consistent with the previous 

study (Kitazaki and Griffin, 1997). 
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The values of the model parameters for one subject exposed to tri-axial translational excitation with 

a magnitude of 0.5 ms-2 r.m.s. in each of the three axes (see Appendix D.2) is used as an example 

to compare with those reported in the previous models. For the current model, the value of kx1s is 

1.53E3 N/m, which is smaller compared to that reported by Desai et al. (2018) (3.45E5 N/m). Such 

a difference may be explained by the different excitations in the two models. The experimental 

data used to calibrate the model developed by Desai et al. (2018) was obtained under lower overall 

excitation magnitude (0.4 ms-2 r.m.s.) compared to that in the current study, leading to less 

softening of the human body. 

The resonance frequency and the associated modulus of the lateral apparent mass were much 

affected by the lateral damping between the seat and the abdomen cy12. The value of cy12 in the 

current model is 3.18E2 Ns/m, which is comparable with that of the model developed by Wu et al. 

(2022) (2.35E2 Ns/m). In the model presented in this chapter, the value of cp14 (9.82 Ns/m) that 

affected the vertical apparent mass is comparable with those reported by Matsumoto and Griffin 

(2001), and Nawayseh and Griffin (2009) (6.72 and 6 Ns/m, respectively). 

6.7 Conclusions 

In this chapter, a three-dimensional linear multi-body biodynamic model of seated human body 

exposed to tri-axial translational vibration was developed. The model was constructed with six rigid 

bodies representing the head and neck, upper torso, abdomen, pelvis, thighs, and leg, respectively. 

The model was calibrated using the apparent masses at the seat pan and backrest in three 

translational directions measured in the experimental study described in Chapter 4. The model was 

capable of capturing the biodynamic responses of different subjects under various experimental 

conditions, including multi-axis excitations with different magnitudes, and different backrest 

inclination angles. Four vibration modes of the seated human body were found from the modal 

analysis, corresponding to one resonance in the measured fore-aft apparent mass, two resonances 

in the measured lateral apparent mass, and one resonance in the measured vertical apparent mass, 

respectively. The modal frequencies and mode shapes are comparable with those reported 

previously. The contact stiffness or damping at the seat and human body interface and the pitch 

damping between the abdomen and the pelvis were found to affect the apparent masses predicted 

using the model the most. This model can be further combined with a model of the suspension seat 

to study the seating dynamics under tri-axial translational excitation.
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Chapter 7 DYNAMIC MODELLING OF THE SUSPENSION 

SEAT AND THE SEAT-OCCUPANT SYSTEM 

EXPOSED TO TRI-AXIAL TRANSLATIONAL 

VIBRATION 

7.1 Introduction 

On heavy vehicles, the effect of the WBV in multi-axis excitation on the ride comfort of the drivers 

and passengers is not to be underestimated. Most of the suspension seats currently used on the 

heavy vehicles or construction machinery are designed to attenuate the vertical vibration 

transmitted to the seated human body, whereas the suspension seat dynamics with horizontal 

excitations has not been often studied. The spectra of the vibration at the seat base of construction 

machinery are noticed to distribute in a relatively narrow frequency range (ISO 7096:2008), which 

requires the suspension seat to have its best performance of vibration attenuation in such a range. 

A mismatch of the seating dynamics (such as the resonance frequency of the seat-occupant system) 

with the excitation will significantly affect the WBV exposure of the seated human body and the 

ride comfort. Hence, how the seat-occupant system behaves under multi-axial excitation needs to 

be investigated.  

The existing experimental studies on the seating dynamics were primarily focus on the single-axis 

vertical excitation, and are limited by the tolerance of the human body to the high-dose exposure 

of WBV (e.g., Smith et al., 2008; Qiu, 2017). Many mathematical models of the suspension-seat-

occupant system in studying the seating dynamics have been proposed to overcome such 

limitations (e.g., Gunston et al., 2004; Qiu, 2012; Shahzad and Qiu, 2012; Olausson and Garme, 2015; 

Shukla et al., 2021, Yin et al., 2021). However, the majority of the developed models were designed 

to predict the vertical transmissibility of the suspension seat under single-axial vertical excitation, 

whereas a model capable of capturing the seat transmissibilities in both the vertical and horizontal 

directions under tri-axial vibration has not been reported. 

In this chapter, a multi-body model of the suspension seat including the suspension mechanism, 

the seat pan, and the backrest was developed and calibrated using the seat transmissibilities 

measured in the seat loaded with inert mass under tri-axial translational excitation. The initially 

calibrated suspension seat model was then integrated with the human body model developed in 

Chapter 6. The combined seat-occupant model was further calibrated using the tri-axial seat 
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transmissibilities measured in the experimental study described and discussed in Chapter 5. With 

the verified suspension-seat-human body model, parameter sensitivity analysis was also carried out 

to find the parameters that influence the seat transmissibility the most. 

7.2 Dynamic modelling of the suspension seat 

The suspension seat model is developed in the following procedure. First, a lumped parameter 

model of the suspension mechanism is developed and calibrated using the transmissibilities of the 

suspension mechanism in the x, y and z-axis measured under tri-axial vibration. Then the rigid 

bodies representing the seat cushion and backrest were added to the suspension mechanism model. 

The calibrated parameters of the suspension mechanism remained unchanged, and values of the 

rest of the parameters of the seat were determined via the calibration of the integrated seat model 

using the transmissibility of the suspension seat at the seat pan in three translational directions, 

which were measured with loaded inert masses under tri-axial vibration.  

For the suspension seat model presented in this chapter, the following assumptions have been 

made: 

1) The suspension seat is assumed to be a linear system under a certain excitation magnitude and 

backrest inclination angle; 

2) The dynamic transmissibility of the suspension seat can be captured using the rigid multi-body 

system including the following seat components: suspension top plate the supporting mass of 

the suspension mechanism, the seat pan cushion and the backrest; 

3) The rigid bodies representing the suspension seat perform small oscillations around the 

corresponding equilibrium position; 

4) The inert mass loaded on the suspension mechanism is assumed to be rigidly connected with 

the suspension top plate and move with the latter as a whole. 

5) The suspension seat is symmetric around the sagittal plane. 

6) The mass distribution of the human body when seated on the rigid seat is assumed to be the 

same as that when seated in the suspension seat. 

7.2.1 Design of the model of the suspension mechanism 

Consider a suspension mechanism loaded with an inert mass. The model of the suspension 

mechanism consists of three rigid bodies, which is shown in Figure 7.1. The body Bsp represents the 

combination of the sprung mass of the suspension top plate and the loaded inert mass. The sprung 

mass of the suspension top plate and the inert mass are assumed to be a unity and have the same 

motion (highlighted in orange in Figure 7.1). Each of the bodies Bl and Br represents half of the 
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combination of the unsprung mass (which is a small amount) of the suspension top plate and the 

supporting mass of the suspension mechanism (such as the scissors-linkage) on the left or right-

hand side. The left and right-hand side of the suspension mechanism are assumed to be symmetric, 

and the masses and dimensions of the bodies Bl and Br are assumed to be the same. In addition, for 

the ease of the derivation of the equations of motion, the floor supporting the suspension 

mechanism is also modelled as a rigid body Bf with infinite dimension and 3 translational DoFs. The 

centre of the floor is defined to be at the origin Of, which is located at the middle point of the line 

between the rear left corner and the rear right corner of the seat base. 

The bodies Bl and Br have 3 DoFs in the fore-aft, lateral and vertical directions each, whereas the 

body Bsp has 4 DoFs, including three translational DoFs in the x, y, and z-axis as well as a rotational 

DOF around the x-axis. 

 

Figure 7.1 Schematic diagram of the model of the suspension mechanism. Red ⨂ symbols: 

The mass centres of the rigid bodies Oi (i=l, r, sp, f); Green point: Origin point of the global 

coordinate system Of; Black points: the contact points between the floor and rigid bodies Bl and Br 

(Cfl and Cfr, respectively); Blue points: the contact points between the rigid bodies representing the 

structure of the suspension mechanism (Alsp and Arsp). Gray graphic: the springs and dampers in 

three translational directions between the floor and Bsp. Left: side view (the direction of the y-axis 

is pointing into the paper); right: front view (the direction of the x-axis is pointing out of the paper) 

The contact points between the rigid bodies Bl and Br and the floor are denoted as Cfl and Cfr, 

respectively. The body Bs is in contact with Bl and Br at the contact points Alsp and Arsp, respectively. 

The mass centres of the bodies are defined as Osp, Ol and Or, respectively, and the centre point Osp 

is at the geometry centre of the unity of the sprung mass of the suspension top plate and the inert 

mass.  

For the suspension mechanism model, the unit vectors of the coordinate systems of the rigid bodies 

are expressed as 𝑵𝒊 = [𝒏𝑖𝑥 𝒏𝑖𝑦 𝒏𝑖𝑧]𝑇 (i=l, r, s). The unit vectors are defined as follows: 
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𝑵𝒊 = {
𝑵, (𝑖 = 𝑙, 𝑟)

𝑻𝑟𝑜𝑙𝑙(𝛽𝑖)𝑵, (𝑖 = 𝑠𝑝)
 

Where 𝑻𝑟𝑜𝑙𝑙(𝛾𝑠𝑝) = [

1 0 0
0 cos𝛽𝑠𝑝 sin𝛽𝑠𝑝
0 −sin𝛽𝑠𝑝 cos𝛽𝑠𝑝

] ≅ [

1 0 0
0 1 𝛽𝑠𝑝
0 −𝛽𝑠𝑝 1

] (Linearization as 𝛽𝑠𝑝 is small and 

in radians) denotes the transformation matrix of the coordinates of body Bs relative to the global 

coordinate system subject to the roll motion. 

The excitations are assumed to be applied from the floor to the suspension mechanism at the 

contact points between the floor and the bodies Bl and Br (Cfl and Cfr, respectively). The top plate of 

the suspension mechanism was connected with the seat base not only with the cross-linkage on 

both sides, but also with the air spring and damper in reality. So, the body Bsp and the floor is also 

connected by the springs and dampers in three translational directions (Gray graphic in Figure 7.1).  

7.2.2 Equations of motion of the model of the suspension mechanism 

7.2.2.1 Displacements and forces of the suspension mechanism model 

The coordinates of the mass centres in the global coordinate system can be expressed using 

Eq. (6.1). Similar to the human body model developed in Chapter 6, the origin of the local 

coordinate system of each body in the suspension model is fixed at the mass centre of the same 

body.  

The relative displacement between the bodies Bf and Bl (𝒍𝑓𝑙
𝑂 ) is: 

𝒍𝑓𝑙
𝑂 = 𝑶𝑙

𝑂 + 𝑪𝑓𝑙
𝐵𝑙 − (𝑶𝑓

𝑂 + 𝑪
𝑓𝑙

𝐵𝑓) (7.1) 

The relative displacement between the bodies Bf and Br (𝒍𝑓𝑟
𝑂 ) is derived similarly. Taking the roll 

motion of the suspension top plate into consideration, the relative displacement between the 

bodies Bl and Bsp (𝒍𝑙𝑠𝑝
𝑂 ) is: 

𝒍𝑙𝑠𝑝
𝑂 = 𝑶𝑠𝑝

𝑂 + 𝑨𝑙𝑠𝑝
𝐵𝑠𝑝𝑻𝑟𝑜𝑙𝑙(𝛾𝑠𝑝) − (𝑶𝑙

𝑂 +𝑨𝑙𝑠𝑝
𝐵𝑙 ) (7.2) 

The relative displacement between the bodies Br and Bsp (𝒍𝑟𝑠𝑝
𝑂 ) is derived similarly.  

The relative displacement between the bodies Bf and Bsp can be directly written as: 

𝒍𝑓𝑠𝑝
𝑂 = [𝑥𝑠𝑝 − 𝑥𝑓 , 𝑦𝑠𝑝 − 𝑦𝑓 , 𝑧𝑠𝑝 − 𝑧𝑓] (7.3) 

The derivatives of the relative displacements, i.e., the velocities of the rigid bodies are derived using 

Eq. (6.7). 
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The coordinates of a contact or contact points in one local coordinate systems of the two bodies 

which it connects can be derived when its coordinates in the other local coordinate systems is 

determined, as shown in Table 7.1: 

Table 7.1 The coordinates of the contact points expressed in different coordinate systems 

Contact point 
Coordinates in one local 

coordinate system 
Coordinates in the other local 

coordinate system 

Cfl 𝑪𝑓𝑙
𝐵𝑙 = [𝑥𝐶𝑓𝑙

𝐵𝑙 , 𝑦𝐶𝑓𝑙
𝐵𝑙 , 𝑧𝐶𝑓𝑙

𝐵𝑙 ] 𝑪
𝑓𝑙

𝐵𝑓 = 𝑪𝑓𝑙
𝐵𝑙 + 𝑶𝑙𝑠𝑡𝑎𝑡

𝑂 −𝑶𝑓𝑠𝑡𝑎𝑡
𝑂  

Cfr 𝑪𝑓𝑟
𝐵𝑟 = [𝑥𝐶𝑓𝑟

𝐵𝑟 , 𝑦𝐶𝑓𝑟
𝐵𝑟 , 𝑧𝐶𝑓𝑟

𝐵𝑟 ] 𝑪
𝑓𝑟

𝐵𝑓 = 𝑪𝑓𝑟
𝐵𝑟 + 𝑶𝑟𝑠𝑡𝑎𝑡

𝑂 −𝑶𝑓𝑠𝑡𝑎𝑡
𝑂  

Alsp 𝑨𝑙𝑠𝑝
𝐵𝑠𝑝 = [𝑥𝐴𝑙𝑠𝑝

𝐵𝑠𝑝 , 𝑦𝐴𝑙𝑠𝑝
𝐵𝑠𝑝 , 𝑧𝐴𝑙𝑠𝑝

𝐵𝑠𝑝
] 𝑨𝑙𝑠𝑝

𝐵𝑙 = 𝑨𝑙𝑠𝑝
𝐵𝑠𝑝 + 𝑶𝑠𝑝𝑠𝑡𝑎𝑡

𝑂 −𝑶𝑙𝑠𝑡𝑎𝑡
𝑂  

Arsp 𝑨𝑟𝑠𝑝
𝐵𝑠𝑝 = [𝑥𝐴𝑟𝑠𝑝

𝐵𝑠𝑝 , 𝑦𝐴𝑟𝑠𝑝
𝐵𝑠𝑝 , 𝑧𝐴𝑟𝑠𝑝

𝐵𝑠𝑝 ] 𝑨𝑟𝑠𝑝
𝐵𝑟 = 𝑨𝑟𝑠𝑝

𝐵𝑠𝑝 + 𝑶𝑠𝑝𝑠𝑡𝑎𝑡
𝑂 −𝑶𝑟𝑠𝑡𝑎𝑡

𝑂  

 

The forces between the bodies are modelled as linear springs and dampers in three translational 

directions at the contact points Cfl, Cfr, Alsp, and Arsp. The stiffness and damping between the rigid 

bodies in either direction are represented by kqij or cqij, respectively, where the first letter of the 

subscript q represents the direction of the spring or damper (q=x, y, z), and the subscripts i and j 

indicates the numbering of the two bodies that the spring or damper connects (Table 7.2). 

Table 7.2 Definition of the springs and dampers in the model of the suspension mechanism 

Contact point Spring Damper Direction 
The pair of bodies that the 

point connects 

Cfl 

kxfl cxfl x-axis 

Bf and B1 kyfl cyfl y-axis 

kzfl czfl z-axis 

Cfr 

kxfr cxfr x-axis 

Bf and Br kyfr cyfr y-axis 

kzfr czfr z-axis 

Alsp 

kxlsp cxlsp x-axis 

Bl and Bsp kylsp cylsp y-axis 

kzlsp czlsp z-axis 

Arsp 

kxrsp cxrsp x-axis 

Br and Bsp kyrsp cyrsp y-axis 

kzrsp czrsp z-axis 
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Note that the values of some parameters are restricted that kxfl=kxfr, kyfl=kyfr, kzfl=kzfr, cxfl=cxfr, cyfl=cyfr, 

czfl=czfr, kxlsp=kxrsp, kylsp=kyrsp, kzlsp=kzrsp, cxlsp=cxrsp, cylsp=cyrsp, and czflp=czrsp, so that the roll motion of the 

body Bsp due to the vertical motion of the supporting masses Bl and Br only affects the lateral 

transmissibility of the suspension mechanism, which is in accordance with the test results. 

The spring and damping forces between the rigid bodies of the suspension mechanism model are 

derived by multiplying the relative displacements (and velocities) in each axis with the 

corresponding stiffness (or damping) respectively. For example, the force between the bodies Bf 

and Bl (𝒇𝑓𝑙
𝑂 ) is: 

𝒇𝑓𝑙
𝑂 = 𝒍𝑓𝑙

𝑂 [

𝑘𝑥𝑓𝑙
𝑘𝑦𝑓𝑙

𝑘𝑧𝑓𝑙

] + �̇�𝑓𝑙
𝑂 [

𝑐𝑥𝑓𝑙
𝑐𝑦𝑓𝑙

𝑐𝑧𝑓𝑙

] = [𝑓𝑓𝑙(𝑥) 𝑓𝑓𝑙(𝑦) 𝑓𝑓𝑙(𝑧)]𝑵 (7.4) 

The force between the bodies Bf and Br (𝒇𝑓𝑟
𝑂 ), the force between the bodies Bl and Bsp (𝒇𝑙𝑠𝑝

𝑂 ), the 

force between the bodies Br and Bsp (𝒇𝑟𝑠𝑝
𝑂 ), and the force between the bodies Bf and Bsp (𝒇𝑓𝑠𝑝

𝑂 ) are 

derived similarly. 

7.2.2.2 Equations of motion of the suspension mechanism model 

The equations of motion of the rigid bodies Bi (i=l, r, sp) can be derived using the forces between 

the bodies. 

For the rigid body Bl, the equations of motion are derived as: 

𝑚𝑙�̈�𝑙 = −𝑓𝑓𝑙(𝑥) + 𝑓𝑙𝑠𝑝(𝑥) (7.5) 

𝑚𝑙�̈�𝑙 = −𝑓𝑓𝑙(𝑦) + 𝑓𝑙𝑠𝑝(𝑦) (7.6) 

𝑚𝑙�̈�𝑙 = −𝑓𝑓𝑙(𝑧) + 𝑓𝑙𝑠(𝑧) (7.7) 

For the rigid body Br, the equations of motion are derived similarly.  

For the rigid body Bsp, an additional equation of motion is included representing the roll motion: 

𝑚𝑠𝑝�̈�𝑠𝑝 = −𝑓𝑙𝑠𝑝(𝑥) − 𝑓𝑟𝑠𝑝(𝑥) − 𝑓𝑓𝑠𝑝(𝑥) (7.8) 

𝑚𝑠𝑝�̈�𝑠𝑝 = −𝑓𝑙𝑠𝑝(𝑦) − 𝑓𝑟𝑠𝑝(𝑦) − 𝑓𝑓𝑠𝑝(𝑧) (7.9) 

𝑚𝑠𝑝�̈�𝑠𝑝 = −𝑓𝑙𝑠𝑝(𝑧) − 𝑓𝑟𝑠𝑝(𝑧) − 𝑓𝑓𝑠𝑝(𝑧) (7.10) 

𝐼𝑠𝑝�̈�𝑠𝑝 = −𝑨𝑙𝑠𝑝
𝐵𝑠𝑝 × {[𝑓𝑙𝑠𝑝(𝑥) 𝑓𝑙𝑠𝑝(𝑦) 𝑓𝑙𝑠𝑝(𝑧)]} [

1
0
0
] 
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−𝑨𝑟𝑠𝑝
𝐵𝑠𝑝 × {[𝑓𝑟𝑠𝑝(𝑥) 𝑓𝑟𝑠𝑝(𝑦) 𝑓𝑟𝑠𝑝(𝑧)]} [

1
0
0
] (7.11) 

7.2.2.3 Parameters of the suspension mechanism model 

By expanding the equations of motion, it is found that only the parameters including the stiffness 

and damping (Table 7.2), the masses of the rigid bodies, the moment of inertia of the rigid body Bsp, 

some of the dimensions of the rigid bodies, and the coordinates of the contact points Alsp and Arsp, 

are included in these equations.  

The dimensions of the rigid bodies included in the equations of the motion are the width (lysp) and 

height (lzsp) of the rigid body Bsp, and the widths of the bodies Bl and Br, i.e., lyl and lyr, respectively. 

The width (lysp) and height (lzsp) of the rigid body Bsp are determined based on the measured 

dimensions of the inert mass and the suspension top plate. The width of the sprung mass of the 

suspension top plate is assumed to identical to those of the inert mass, and the height of the sprung 

mass of the suspension top plate, lzp, is assumed to be the same as the height of the suspension top 

plate measured in reality. The widths of the bodies Bl and Br, i.e., lyl and lyr are assumed to be the 

same due to the symmetricity, which are determined by the measured width of the crossbar linkage 

of the suspension mechanism. Then the coordinates of the contact points are determined with 

regard to the determined dimensions of the rigid body Bsp.  

The values of the parameters mentioned above are determined before the model calibration. 

Table 7.3 shows the determined dimensions of the inert mass and the determined coordinates of 

the contact points of the suspension mechanism model when the inert mass loaded was 60kg as an 

example. 

Table 7.3 Determined dimensions of the inert mass and the determined coordinates of the 

contact points of the suspension mechanism model when the loaded with 60kg inert mass  

Dimensions Values (m) Contact points Coordinates (m) 

lysp 0.33 Alsp 𝑥𝐴𝑙𝑠𝑝
𝐵𝑠𝑝 = 0 

lzsp 0.33 Alsp 𝑦𝐴𝑙𝑠𝑝
𝐵𝑠𝑝 = −0.5(𝑙𝑦sp − 𝑙𝑦𝑙) 

lyl/lyr 0.03 Alsp 𝑧𝐴𝑙𝑠𝑝
𝐵𝑠𝑝 = −0.5𝑙𝑧sp 

lzp 0.15 Arsp 𝑥𝐴𝑟𝑠𝑝
𝐵𝑠𝑝 = 0 

  Arsp 𝑦𝐴𝑟𝑠𝑝
𝐵𝑠𝑝 = 0.5(𝑙𝑦sp − 𝑙𝑦𝑟) 

  Arsp 𝑧𝐴𝑟𝑠𝑝
𝐵𝑠𝑝 = −0.5𝑙𝑧sp 

 
The rest of the parameters whose values remain to be optimized and determined via calibration 

are: 
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1) All the stiffness and damping (Table 7.2),  

2) The masses of the rigid bodies Bsp and Bl (which is assumed to be identical to that of the body 

Br), which are represented by msp and ml, respectively. 

The values of the masses of the three rigid bodies are constrained by the following equation:  

𝑚𝑠𝑝 + 2𝑚𝑙 = (𝑚𝑝 + 2𝑚𝑙) + 𝑚𝑖𝑛 = 𝑚𝑚𝑒𝑐ℎ +𝑚𝑖𝑛 (7.12) 

Where mmech (which was 25.5kg) together with the inert mass min represent the total mass of the 

suspension mechanism and the mass of the loaded inert mass. Furthermore, the sprung mass of 

the suspension top plate, mp, is assumed to be taking relatively small proportion of the mass of the 

complete suspension mechanism and is hence calibrated within a small range. The moment of 

inertia Isp of the rigid body Bsp about the x-axis is calculated as follows: 

𝐼𝑠𝑝 =
1

12
𝑚𝑠𝑝 ((𝑙𝑦𝑠𝑝)

2
+ (𝑙𝑧𝑠𝑝)

2
) (7.13) 

7.2.3 Calibration of the suspension mechanism model 

The equations of motion of the rigid bodies can be written in the following form: 

𝑴𝑠𝑢𝑠𝑝�̈�𝑠𝑢𝑠𝑝 + 𝑪𝑠𝑢𝑠𝑝�̇�𝑠𝑢𝑠𝑝 +𝑲𝑠𝑢𝑠𝑝𝑿𝑠𝑢𝑠𝑝 = 𝑪𝑓�̇�𝑓 +𝑲𝑓𝑿𝑓 (7.14) 

Where Msusp, Csusp, Ksusp represent the matrices of mass, damping and stiffness of the model of the 

suspension mechanism, respectively, while Cf and Kf represent the damping and stiffness related to 

the vibration input at the floor, respectively. Xf is the vector of vibration input: [xf, yf, zf]T, and Xsusp 

is the vector of the output motion of the suspension mechanism model: [xl, yl, zl, xr, yr, zr, xsp, ysp, zsp, 

βsp]T. 

Then the transfer function TRsusp between Xsusp and Xf is: 

𝑻𝑅𝑠𝑢𝑠𝑝(𝜔) =
𝑿𝑠𝑢𝑠𝑝(𝜔)

𝑿𝑓(𝜔)
= (−𝑴𝑠𝑢𝑠𝑝𝜔

2 + 𝑖𝜔𝑪𝑠𝑢𝑠𝑝 +𝑲𝑠𝑢𝑠𝑝)
−1
(𝑖𝜔𝑪𝑓 +𝑲𝑓) (7.15) 

With the transfer function TRsusp, the transmissibilities of the suspension mechanism could be 

derived. Note that the transmissibilities of the suspension mechanism used to calibrate this model 

were measured at the interface between the suspension upper plate and the inert mass instead of 

at the mass centre of the inert-mass-and-top-plate assembly, so the lateral displacement of the 

measurement point should include both the pure lateral motion of the rigid body and the lateral 

motion that is due to the roll motion of the body Bsp. Then the transmissibilities of the suspension 

mechanism in three directions could hence be derived as:  
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{

𝑻𝑅𝑠𝑢𝑠𝑝𝑥 = 𝑻𝑅𝑠𝑢𝑠𝑝(7,1)

𝑻𝑅𝑠𝑢𝑠𝑝𝑦 = 𝑻𝑅𝑠𝑢𝑠𝑝(8,2)

𝑻𝑅𝑠𝑢𝑠𝑝𝑧 = 𝑻𝑅𝑠𝑢𝑠𝑝(9,3)

+ 0.5(𝑙𝑧𝑠𝑝 − 𝑙𝑧𝑝) ∙ 𝑻𝑅𝑠𝑢𝑠𝑝(10,2) (7.16) 

Where TRsusp(i,j) represents the element at the ith row and jth column in the 10*3 transfer function 

TRsusp. 

The calculated transmissibilities of the suspension mechanism in the x, y and z-axis, which are 

obtained in the experimental study described in Chapter 5 are used to calibrate the suspension 

mechanism model. The calibration is carried out by minimizing the value of the error function 

𝑔𝑒𝑟𝑟𝑜𝑟_𝑠𝑢𝑠𝑝(𝑓) is defined to quantify such a difference as follows: 

𝑔𝑒𝑟𝑟𝑜𝑟_𝑠𝑢𝑠𝑝(𝑓) = ∑ 𝑤𝑠𝑢𝑠𝑝𝑗
𝑗=𝑥,𝑦,𝑧

√
∑ ((𝑅𝑒 (𝑻𝑅𝑠𝑢𝑠𝑝𝑗(𝑓𝑖)))

𝑐𝑎𝑙𝑐

− (𝑅𝑒 (𝑻𝑅𝑠𝑢𝑠𝑝𝑗(𝑓𝑖)))
𝑚𝑒𝑎𝑠

)

2

𝑛
𝑖=1

𝑛
 

+ ∑ 𝑤𝑠𝑢𝑠𝑝𝑗
𝑗=𝑥,𝑦,𝑧

√
∑ ((𝐼𝑚(𝑻𝑅𝑠𝑢𝑠𝑝𝑗(𝑓𝑖)))

𝑐𝑎𝑙𝑐

− (𝐼𝑚(𝑻𝑅𝑠𝑢𝑠𝑝𝑗(𝑓𝑖)))
𝑚𝑒𝑎𝑠

)

2

𝑛
𝑖=1

𝑛
(7.17)

 

Where the subscripts calc and meas denotes the transmissibilities of the suspension mechanism 

calculated using the model and via measurement, respectively. Re and Im stand for the real and 

imaginary parts of the transmissibilities of the suspension mechanism, and n is the total number of 

the frequency points (n=119). The subscript j distinguishes the direction of the transmissibilities of 

the suspension mechanism, and 𝑤𝑠𝑢𝑠𝑝_𝑗  represents the weighting factors for different 

transmissibilities that are adjusted to achieve an optimized result. The model is then calibrated 

using the same method as described in Chapter 5. 

A good agreement between the measured and simulated transmissibilities of the suspension 

mechanism in three translational directions was achieved. Figures 7.2, for example, shows the 

comparison of the moduli and phases of the simulated transmissibilities of the suspension 

mechanism using the calibrated model ( )and their counterpart measured during the 

experimental study ( ).  
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Figure 7.2 The comparison between the transmissibilities of the suspension mechanism 

measured via experiment and calculated via simulation in the x, y and z-axis when loaded with an 

inert mass of 60 kg under combined 0.5 ms-2 fore-aft, 0.5 ms-2 lateral, and 0.5 ms-2 (r.m.s.) vertical 

excitation  

7.2.4 Design of the model of the suspension seat 

The model of the complete suspension seat was developed by first removing the inert mass from 

the suspension mechanism model and connecting the rigid bodies representing the seat cushion Bc 

and the backrest Bbr to the suspension top plate Bp, and then adding the rigid body representing 

the inert mass Bm, which is shown in Figure 7.3.  

Each of the bodies Bi (i=l, r, p) has 3 DoFs in the x, y, and z-axis, while each of the bodies Bc, Bm, and 

Bbr has 5 DoFs, including 3 translational DoFs in the x, y, z-axis, and 2 rotational DoFs around x and 

y-axis. The mass centres of the rigid bodies Bi (i= l, r, p, c, m, br) are denoted with Oi at the geometry 

centres. The origin of the global coordinate system Oseat is defined at the middle of the intersection 

line of the seat pan upper surface and backrest front surface when the backrest is upright 

(Figure 7.3). Note that the thickness of the backrest (i.e., the dimension of the backrest in the x-axis) 

is not ignored, so this intersection line is not at the left edge of the seat cushion. The body Bp is in 
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contact with Bl, Br and Bc at the contact points Alsp, Arsp, and Apc, respectively. The body Bc is in 

contact with Bm and Bbr at the contact points Acm and Acb, respectively.  

 

Figure 7.3 Schematic graph of the model of the suspension seat. Red ⨂ symbols: The mass 

centres of the rigid bodies Oi (i=l, r, p, c, m, br); Green point: Origin of the global coordinate system 

Oseat; Black points: the contact points between the floor and rigid bodies Bl and Br (Cfl and Cfr, 

respectively); Blue points: the contact points between the rigid bodies representing the suspension 

seat (Alsp, Arsp, Apc, Acm and Acb). Gray graphic: the springs and dampers in three translational 

directions between the floor and Bp. Left: side view; right: front view 

The unit vectors of the coordinate systems of the rigid bodies are expressed as 𝑵𝒊 =

[𝒏𝑖𝑥 𝒏𝑖𝑦 𝒏𝑖𝑧]𝑇 (i=l, r, p, c, m, br). All the unit vectors are defined as follows: 

𝑵𝒊 =

{
 
 
 
 
 

 
 
 
 
 [

𝒏𝑥
𝒏𝑦
𝒏𝑧
] , (𝑖 = 𝑙, 𝑟)

𝑻𝑟𝑜𝑙𝑙(𝛽𝑖) [

𝒏𝑥
𝒏𝑦
𝒏𝑧
] , (𝑖 = 𝑠)

𝑻𝑝𝑖𝑡𝑐ℎ(𝜃𝑖)𝑻𝑟𝑜𝑙𝑙(𝛽𝑖) [

𝒏𝑥
𝒏𝑦
𝒏𝑧
] , (𝑖 = 𝑐,𝑚)

𝑻𝑝𝑖𝑡𝑐ℎ(𝜃𝑖)𝑻𝑟𝑜𝑙𝑙(𝛽𝑖)𝑻𝑏𝑟(𝛼) [

𝒏𝑥
𝒏𝑦
𝒏𝑧
] , (𝑖 = 𝑏)

 

Where 𝑻𝑏𝑟(𝛼) = [
cos𝛼 0 sin𝛼
0 1 0

−sin𝛼 0 cos𝛼
] , 𝑻𝑟𝑜𝑙𝑙(𝛾𝑖) = [

1 0 0
0 cos𝛽𝑖 sin𝛽𝑖
0 −sin𝛽𝑖 cos𝛽𝑖

] ≅ [

1 0 0
0 1 𝛽𝑖
0 −𝛽𝑖 1

] , and 

𝑻𝑝𝑖𝑡𝑐ℎ(𝜃𝑖) = [
cos 𝜃𝑖 0 −sin 𝜃𝑖
0 1 0

sin 𝜃𝑖 0 cos 𝜃𝑖

] ≅ [
1 0 −𝜃𝑖
0 1 0
𝜃𝑖 0 1

]  (linearization as 𝛽𝑖  and 𝜃𝑖  are small and in 
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radians). Furthermore, with second-order linearization ( 𝛽𝑖𝜃𝑖 ≈ 0 ), it is simplified that 

𝑻𝑝𝑖𝑡𝑐ℎ(𝜃𝑖)𝑻𝑟𝑜𝑙𝑙(𝛽𝑖) ≅ [

1 0 −𝜃𝑖
0 1 𝛽𝑖
𝜃𝑖 −𝛽𝑖 1

] . Here, Troll denotes the transformation matrix of the 

coordinates relative to the global coordinate system subject to the roll motion, Tpitch denotes the 

transformation matrix of the coordinates relative to the global coordinate system subject to the 

pitch motion, and Tbr denotes the transformation matrix related to the inclination of backrest. As 

the test results of the seat transmissibilities with loaded inert masses were obtained with an upright 

backrest, the value of the backrest inclination angle α in the current seat model is 0°. 

Same as the suspension mechanism model, the excitations are assumed to be applied at the contact 

points Cfl and Cfr. The forces between the bodies representing the suspension mechanism are kept 

the same as defined in Section 7.2.2. In the complete seat model, the forces between the bodies 

Bp, Bc, Bm and Bbr are modelled as linear springs and dampers in three translational directions and 

around the x and y-axis at the contact points Apc, Acm, and Acb, respectively. 

7.2.5 Equations of motion of the suspension seat model 

7.2.5.1 Displacements and forces of the suspension seat model 

The coordinates of the mass centres in the global coordinate system can be expressed similar to 

Eq. (6.1). Substituting Bsp with Bp, the relative displacements between the bodies Bf and Bl, Bf and 

Br, Bl and Bp, Br and Bp and Bf and Bp are the same as those derived in Section 7.2.2. The rest of the 

relative displacements are derived as follows: 

Due to the additional pitch motion of the body Bc, the relative displacement between the bodies Bp 

and Bc (𝒍𝑝𝑐
𝑂 ) is: 

𝒍𝑝𝑐
𝑂 = 𝑶𝑐

𝑂 + 𝑨𝑝𝑐
𝐵𝑐𝑻𝑝𝑖𝑡𝑐ℎ(𝜃𝑐)𝑻𝑟𝑜𝑙𝑙(𝛽𝑐) − [𝑶𝑝

𝑂 +𝑨𝑝𝑐
𝐵𝑝𝑻𝑟𝑜𝑙𝑙(𝛽𝑝)] (7.18) 

The relative displacement between the bodies Bc and Bm (𝒍𝑐𝑚
𝑂 ) is: 

𝒍𝑐𝑚
𝑂 = 𝑶𝑚

𝑂 + 𝑨𝑐𝑚
𝐵𝑚𝑻𝑝𝑖𝑡𝑐ℎ(𝜃𝑚)𝑻𝑟𝑜𝑙𝑙(𝛽𝑚) − [𝑶𝑐

𝑂 +𝑨𝑐𝑚
𝐵𝑐 𝑻𝑝𝑖𝑡𝑐ℎ(𝜃𝑐)𝑻𝑟𝑜𝑙𝑙(𝛽𝑐)] (7.19) 

And the relative displacement between the bodies Bc and Bb (𝒍𝑐𝑏𝑟
𝑂 ) is derived similarly. The 

derivatives of the relative displacements, i.e., the velocities of the rigid bodies are also derived. 

The coordinates of each of the newly introduced contact points expressed in different local 

coordinate systems of the bodies that it connects are shown in Table 7.4. The contact points Cfl, Cfr, 

Alsp, Arsp, and their coordinates are the same as shown in Table 7.1.  
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The newly introduced springs and dampers in the suspension seat model are shown in Table 7.5. 

The springs and dampers at the contact points Cfl, Cfr, Alsp, Arsp are the same as shown in Table 7.2. 

Table 7.4 The coordinates of the introduced contact points expressed in different 

coordinate systems 

Contact point 
Coordinates in one local 

coordinate system 
Coordinates in the other local 

coordinate system 

Apc 𝑨𝑝𝑐
𝐵𝑐 = [𝑥𝐴𝑝𝑐

𝐵𝑐 , 𝑦𝐴𝑝𝑐
𝐵𝑐 , 𝑧𝐴𝑝𝑐

𝐵𝑐 ] 𝑨𝑝𝑐
𝐵𝑝 = 𝑨𝑝𝑐

𝐵𝑐 +𝑶𝑐𝑠𝑡𝑎𝑡
𝑂 −𝑶𝑝𝑠𝑡𝑎𝑡

𝑂  

Acm 𝑨𝑐𝑚
𝐵𝑚 = [𝑥𝐴𝑐𝑚

𝐵𝑚 , 𝑦𝐴𝑐𝑚
𝐵𝑚 , 𝑧𝐴𝑐𝑚

𝐵𝑚 ] 𝑨𝑐𝑚
𝐵𝑐 = 𝑨𝑐𝑚

𝐵𝑚 +𝑶𝑚𝑠𝑡𝑎𝑡
𝑂 −𝑶𝑐𝑠𝑡𝑎𝑡

𝑂  

Acb 𝑨𝑐𝑏𝑟
𝐵𝑏𝑟 = [𝑥𝐴𝑐𝑏𝑟

𝐵𝑏𝑟 , 𝑦𝐴𝑐𝑏𝑟
𝐵𝑏𝑟 , 𝑧𝐴𝑐𝑏𝑟

𝐵𝑏𝑟 ] 𝑨𝑐𝑏𝑟
𝐵𝑐 = 𝑨𝑐𝑏𝑟

𝐵𝑏𝑟𝑻𝑏𝑟(𝛼) + 𝑶𝑏𝑟𝑠𝑡𝑎𝑡
𝑂 −𝑶𝑐𝑠𝑡𝑎𝑡

𝑂  

 

Table 7.5 Definition of the introduced springs and dampers in the model of the suspension seat 

Contact 
point 

Spring Damper Direction 
The pair of rigid bodies that 

the point connects 

Apc 

kxpc cxpc x-axis 

Bp and Bc 

kypc cypc y-axis 

kzpc czpc z-axis 

krpc crpc around y-axis 

kppc cppc around x-axis 

Acm 

kxcm cxcm x-axis 

Bc and Bm 

kycm cycm y-axis 

kzcm czcm z-axis 

krcm crcm around y-axis 

kpcm cpcm around x-axis 

Acb 

kxcbr cxcbr x-axis 

Bc and Bbr 

kycbr cycbr y-axis 

kzcbr czcbr z-axis 

krcbr crcbr around y-axis 

kpcbr cpcbr around x-axis 
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Then the spring and damping forces between the rigid bodies of the suspension seat model are 

derived by multiplying the relative displacements (and velocities) in each axis with the 

corresponding stiffness (or damping), respectively. Substituting Bsp with Bp, the forces between the 

bodies Bf and Bl, Bf and Br, Bl and Bp, Br and Bp and Bf and Bp are the same as those derived in 

Section 7.2.2. For example, the translational force between the bodies Bp and Bc (𝒇𝑝𝑐
𝑂 ) is: 

𝒇𝑝𝑐
𝑂 = 𝒍𝑝𝑐

𝑂 [

𝑘𝑥𝑝𝑐
𝑘𝑦𝑝𝑐

𝑘𝑧𝑝𝑐

] + �̇�𝑠𝑐
𝑂 [

𝑐𝑥𝑝𝑐
𝑐𝑦𝑝𝑐

𝑐𝑧𝑝𝑐

] = [𝑓𝑝𝑐(𝑥) 𝑓𝑝𝑐(𝑦) 𝑓𝑝𝑐(𝑧)]𝑵 (7.20) 

The translational force between the bodies Bc and Bm (𝒇𝑐𝑚
𝑂 ) and the translational force between the 

bodies Bc and Bm (𝒇𝑐𝑏𝑟
𝑂 ) are derived similarly. 

7.2.5.2 Equations of motion of the suspension seat model 

The equations of motion of the rigid bodies Bi (i=l, r, p, c, m, br) can then be derived using the forces 

between the bodies. The equations of motion of the rigid bodies Bl and Br are the same as those 

derived in Section 7.2.2. For the rigid body Bc, the equations of motion in three translational axes 

and around the x and y-axis are derived as: 

𝑚𝑐�̈�𝑐 = −𝑓𝑝𝑐(𝑥) + 𝑓𝑐𝑚(𝑥) + 𝑓𝑐𝑏𝑟(𝑥) (7.21) 

𝑚𝑐�̈�𝑐 = −𝑓𝑝𝑐(𝑦) + 𝑓𝑐𝑚(𝑦) + 𝑓𝑐𝑏𝑟(𝑦) (7.22) 

𝑚𝑐�̈�𝑐 = −𝑓𝑝𝑐(𝑧) + 𝑓𝑐𝑚(𝑦) + 𝑓𝑐𝑏𝑟(𝑦) (7.23) 

𝐼𝑟𝑐�̈�𝑐 = −𝑘𝑟𝑝𝑐(𝛽𝑐 − 𝛽𝑝) − 𝑐𝑟𝑝𝑐(�̇�𝑐 − �̇�𝑝) + 𝑘𝑟𝑐𝑚(𝛽𝑚 − 𝛽𝑐) + 𝑐𝑟𝑐𝑚(�̇�𝑚 − �̇�𝑐) 

+𝑘𝑟𝑐𝑏𝑟(𝛽𝑏𝑟 − 𝛽𝑐) + 𝑐𝑟𝑐𝑏𝑟(�̇�𝑏𝑟 − �̇�𝑐) − 𝑨𝑝𝑐
𝐵𝑐 × {[𝑓𝑝𝑐(𝑥) 𝑓𝑝𝑐(𝑦) 𝑓𝑝𝑐(𝑧)]} [

1
0
0
] 

+𝑨𝑐𝑚
𝐵𝑐 × {[𝑓𝑐𝑚(𝑥) 𝑓𝑐𝑚(𝑦) 𝑓𝑐𝑚(𝑧)]} [

1
0
0
] + 𝑨𝑐𝑏𝑟

𝐵𝑐 × {[𝑓𝑐𝑏𝑟(𝑥) 𝑓𝑐𝑏𝑟(𝑦) 𝑓𝑐𝑏𝑟(𝑧)]} [
1
0
0
] (7.24) 

𝐼𝑝𝑐�̈�𝑐 = −𝑘𝑝𝑝𝑐𝜃𝑐 − 𝑐𝑝𝑝𝑐�̇�𝑐 + 𝑘𝑝𝑐𝑚(𝜃𝑚 − 𝜃𝑐) + 𝑐𝑝𝑐𝑚(�̇�𝑚 − �̇�𝑐) + 𝑘𝑝𝑐𝑏𝑟(𝜃𝑏𝑟 − 𝜃𝑐) 

+𝑨𝑐𝑚
𝐵𝑐 × {[𝑓𝑐𝑚(𝑥) 𝑓𝑐𝑚(𝑦) 𝑓𝑐𝑚(𝑧)]} [

0
1
0
] + 𝑨𝑐𝑏𝑟

𝐵𝑐 × {[𝑓𝑐𝑏𝑟(𝑥) 𝑓𝑐𝑏𝑟(𝑦) 𝑓𝑐𝑏𝑟(𝑧)]} [
0
1
0
] (7.25) 

The equations of motion of the rigid body Bp, Bm, and Bbr are derived similarly. 
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7.2.5.3 Parameters of the suspension seat model 

The masses of the bodies Bl and Br; the stiffness, damping and coordinates of the contact points 

that are linked with the bodies Bl and Br are determined in the suspension mechanism model in 

Section 7.2.3 are kept unchanged in the seat model.  

The masses and dimensions of the bodies Bp, Bc, Bm and Bbr are determined before model calibration 

via measurements. Figure 7.4 shows the dimensions (lxi, lyi and lzi) of the body Bi (i=p, c, m, br) when 

the seat was loaded with 60kg inert mass as an example. Then the moments of inertia, and the 

coordinates of the centres of the mass and the rest of the contact points are calculated based on 

the masses and dimensions of the bodies. Table 7.6 shows the masses mi (i=p, c, m, br) and the 

moments of inertia around x-axis Iri (i=p, c, m, br) and y-axis Ipi (i=c, m, br). Table 7.7 shows the 

coordinates of the centres of the mass 𝑂𝑖
𝑂 (i=p, c, m, br) and the coordinates of the contact points 

expressed in certain local axes.  

The values of the rest of the parameters, i.e., all the stiffness and damping listed in Table 7.5, need 

to be determined via the calibration of the suspension seat model.  

 

Figure 7.4 Dimensions of the rigid bodies Bp, Bc, Bm and Bbr of the suspension seat model (unit: m) 
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Table 7.6 The determined masses and the moments of inertia around x-axis and y-axis Ipi of 

the bodies Bp, Bc, Bm and Bbr of the suspension seat model 

Body Mass (kg) Moment of inertia around x-axis  Moment of inertia around y-axis  

Bp 𝑚𝑝 =3 𝐼𝑟𝑝 =
𝑚𝑝

12
[(𝑙𝑦𝑝)

2
+ (𝑙𝑧𝑝)

2
] Not applicable 

Bc 𝑚𝑐 =8.15 𝐼𝑟𝑐 =
𝑚𝑐

12
[(𝑙𝑦𝑐)

2
+ (𝑙𝑧𝑐)

2] 𝐼𝑝𝑐 =
𝑚𝑐

12
[(𝑙𝑥𝑐)

2 + (𝑙𝑧𝑐)
2] 

Bm 𝑚𝑚 =60 𝐼𝑟𝑚 =
𝑚𝑚

12
[(𝑙𝑦𝑚)

2
+ (𝑙𝑧𝑚)

2] 𝐼𝑝𝑚 =
𝑚𝑚

12
[(𝑙𝑥𝑚)

2 + (𝑙𝑧𝑚)
2] 

Bbr 𝑚𝑏𝑟 =10.53 𝐼𝑟𝑏𝑟 =
𝑚𝑏𝑟

12
[(𝑙𝑦𝑏𝑟)

2
+ (𝑙𝑧𝑏𝑟)

2] 𝐼𝑝𝑏𝑟 =
𝑚𝑏𝑟

12
[(𝑙𝑥𝑏𝑟)

2 + (𝑙𝑧𝑏𝑟)
2] 

Table 7.7 The determined coordinates of the centres of the mass 𝑂𝑖
𝑂  (i=p, c, m, br) and 

contact points of the suspension seat model 

Point Coordinate in x-axis Coordinate in y-axis Coordinate in z-axis 

𝑂𝑝
𝑂 𝑥𝑝0 = 0.5𝑙𝑥𝑝 − 0.5𝑙𝑥𝑏𝑟 𝑦𝑝0 = 0 𝑧𝑠0 = −𝑙𝑧𝑐 − 0.5𝑙𝑧𝑝 

𝑂𝑐
𝑂 𝑥𝑐0 = 0.5𝑙𝑥𝑐 − 0.5𝑙𝑥𝑏𝑟 𝑦𝑐0 = 0 𝑧𝑠0 = −0.5𝑙𝑧𝑐 

𝑂𝑚
𝑂  𝑥𝑐0 = 0.5𝑙𝑥𝑚 − 0.5𝑙𝑥𝑏𝑟 𝑦𝑚0 = 0 𝑧𝑠0 = 0.5𝑙𝑧𝑚 

𝑂𝑏𝑟
𝑂  𝑥𝑐0 = −0.5𝑙𝑥𝑏𝑟 − 0.5𝑙𝑧𝑏𝑟 sin 𝛼 𝑦𝑏𝑟0 = 0 𝑧𝑏𝑟0 = 0.5𝑙𝑧𝑏𝑟 cos𝛼 

𝐴𝑝𝑐 𝑥𝐴𝑝𝑐
𝐵𝑐 = 0 𝑦𝐴𝑝𝑐

𝐵𝑐 = 0 𝑧𝐴𝑝𝑐
𝐵𝑐 = −0.5𝑙𝑧𝑐 

𝐴𝑐𝑚 𝑥𝐴𝑐𝑚
𝐵𝑚 = 0 𝑦𝐴𝑐𝑚

𝐵𝑚 = 0 𝑧𝐴𝑐𝑚
𝐵𝑚 = −0.5𝑙𝑧𝑚 

𝐴𝑐𝑏𝑟 𝑥𝐴𝑐𝑏
𝐵𝑏 = 0 𝑦𝐴𝑐𝑏

𝐵𝑏 = 0 𝑧𝐴𝑐𝑏
𝐵𝑏 = −0.5𝑙𝑧𝑏𝑟 

7.2.6 Calibration of the model of the suspension seat 

The equations of motion of the rigid bodies can be written in the following form: 

𝑴𝑠𝑒𝑎𝑡_𝑖𝑛𝑒𝑟𝑡�̈�𝑠𝑒𝑎𝑡_𝑖𝑛𝑒𝑟𝑡 + 𝑪𝑠𝑒𝑎𝑡_𝑖𝑛𝑒𝑟𝑡�̇�𝑠𝑒𝑎𝑡_𝑖𝑛𝑒𝑟𝑡 +𝑲𝑠𝑒𝑎𝑡_𝑖𝑛𝑒𝑟𝑡𝑿𝑠𝑒𝑎𝑡_𝑖𝑛𝑒𝑟𝑡 = 𝑪𝑓�̇�𝑓 +𝑲𝑓𝑿𝑓 (7.26) 

Where Mseat_inert, Cseat_inert, and Kseat_inert represent the matrices of mass, damping and stiffness of the 

model of the suspension seat, respectively. Xseat_inert is the vector of the output motion of the 

suspension seat model: [xl, yl, zl, xr, yr, zr, xp, yp, zp, βp, xc, yc, zc, βc, θc, xm, ym, zm, βm, θm, xbr, ybr, zbr, βbr, 

θbr]T. The transfer function TRseat_inert between Xsp and Xf is derived as: 
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𝑻𝑅𝑠𝑒𝑎𝑡_𝑖𝑛𝑒𝑟𝑡(𝜔) =
𝑿𝑠𝑒𝑎𝑡_𝑖𝑛𝑒𝑟𝑡(𝜔)

𝑿𝑓(𝜔)
=

𝑖𝜔𝑪𝑓 +𝑲𝑓

−𝑴𝑠𝑒𝑎𝑡_𝑖𝑛𝑒𝑟𝑡𝜔
2 + 𝑖𝜔𝑪𝑠𝑒𝑎𝑡_𝑖𝑛𝑒𝑟𝑡 +𝑲𝑠𝑒𝑎𝑡_𝑖𝑛𝑒𝑟𝑡

(7.27) 

With the transfer function TRseat_inert, the transmissibilities of the suspension seat at the seat pan 

and backrest in three translational directions could be derived. Since the transmissibilities of the 

suspension seat used to calibrate this model were measured at the surface of the seat pan and 

backrest, the displacements of the measurement point should include both the translational 

motion at the centre of the mass and that due to the rotational motion. Then the transmissibilities 

of the suspension seat in three directions at the seat pan and backrest when loaded with inert mass 

could hence be derived as: 

{
 
 
 
 

 
 
 
 
𝑻𝑅𝑠𝑒𝑎𝑡_𝑖𝑛𝑒𝑟𝑡_𝑠𝑥 = 𝑻𝑅𝑠𝑒𝑎𝑡_𝑖𝑛𝑒𝑟𝑡(16,1) + 0.5𝑙𝑧𝑚𝑻𝑅𝑠𝑒𝑎𝑡_𝑖𝑛𝑒𝑟𝑡(20,1)

𝑻𝑅𝑠𝑒𝑎𝑡_𝑖𝑛𝑒𝑟𝑡_𝑠𝑦 = 𝑻𝑅𝑠𝑒𝑎𝑡_𝑖𝑛𝑒𝑟𝑡(17,2) − 0.5𝑙𝑧𝑚𝑻𝑅𝑠𝑒𝑎𝑡_𝑖𝑛𝑒𝑟𝑡(19,2)

𝑻𝑅𝑠𝑒𝑎𝑡_𝑖𝑛𝑒𝑟𝑡_𝑠𝑧 = 𝑻𝑅𝑠𝑒𝑎𝑡_𝑖𝑛𝑒𝑟𝑡(18,3)

𝑻𝑅𝑠𝑒𝑎𝑡_𝑖𝑛𝑒𝑟𝑡_𝑏𝑥 = 𝑻𝑅𝑠𝑒𝑎𝑡_𝑖𝑛𝑒𝑟𝑡(21,1) + 0.07𝑻𝑅𝑠𝑒𝑎𝑡_𝑖𝑛𝑒𝑟𝑡(25,1)𝑐𝛼

+0.05𝑻𝑅𝑠𝑒𝑎𝑡_𝑖𝑛𝑒𝑟𝑡(25,1)𝑠𝛼

𝑻𝑅𝑠𝑒𝑎𝑡_𝑖𝑛𝑒𝑟𝑡_𝑏𝑦 = 𝑻𝑅𝑠𝑒𝑎𝑡_𝑖𝑛𝑒𝑟𝑡(22,2) − 0.07𝑻𝑅𝑠𝑒𝑎𝑡_𝑖𝑛𝑒𝑟𝑡(24,2)

𝑻𝑅𝑠𝑒𝑎𝑡_𝑖𝑛𝑒𝑟𝑡_𝑏𝑧 = 𝑻𝑅𝑠𝑒𝑎𝑡_𝑖𝑛𝑒𝑟𝑡(23,3) + 0.07𝑻𝑅𝑠𝑒𝑎𝑡_𝑖𝑛𝑒𝑟𝑡(25,3)𝑠𝛼

−0.05𝑻𝑅𝑠𝑒𝑎𝑡_𝑖𝑛𝑒𝑟𝑡(25,3)𝑐𝛼

(7.28) 

The transmissibilities of the suspension seat at the seat pan and backrest in the x, y and z-axis when 

loaded with inert mass, which were obtained in the experimental study described in Chapter 5, are 

used to calibrate the suspension seat model. The calibration is carried out by minimizing the value 

of the error function 𝑔𝑒𝑟𝑟𝑜𝑟_𝑠𝑒𝑎𝑡𝑖𝑛𝑒𝑟𝑡(𝑓) is defined to quantify such a difference as follows: 

𝑔𝑒𝑟𝑟𝑜𝑟_𝑠𝑒𝑎𝑡𝑖𝑛𝑒𝑟𝑡(𝑓)

= ∑ 𝑤𝑠𝑒𝑎𝑡𝑖𝑛𝑒𝑟𝑡_𝑗
𝑗=𝑠𝑥,𝑠𝑦,𝑠𝑧,
𝑏𝑥,𝑏𝑦,𝑏𝑧

√∑ ((𝑅𝑒(𝑻𝑅𝑠𝑒𝑎𝑡_𝑖𝑛𝑒𝑟𝑡_𝑗(𝑓𝑖)))𝑐𝑎𝑙𝑐
− (𝑅𝑒(𝑻𝑅𝑠𝑒𝑎𝑡_𝑖𝑛𝑒𝑟𝑡_𝑗(𝑓𝑖)))𝑚𝑒𝑎𝑠

)
2

𝑛
𝑖=1

𝑛
 

+ ∑ 𝑤𝑠𝑒𝑎𝑡𝑖𝑛𝑒𝑟𝑡_𝑗
𝑗=𝑠𝑥,𝑠𝑦,𝑠𝑧,
𝑏𝑥,𝑏𝑦,𝑏𝑧

√∑ ((𝐼𝑚(𝑻𝑅𝑠𝑒𝑎𝑡_𝑖𝑛𝑒𝑟𝑡_𝑗(𝑓𝑖)))𝑐𝑎𝑙𝑐 − (𝐼𝑚(𝑻𝑅𝑠𝑒𝑎𝑡_𝑖𝑛𝑒𝑟𝑡_𝑗
(𝑓𝑖)))𝑚𝑒𝑎𝑠)

2
𝑛
𝑖=1

𝑛
(7.29) 

Where the subscript j distinguishes the position and direction of the transmissibilities of the 

suspension seat, and 𝑤𝑠𝑒𝑎𝑡𝑖𝑛𝑒𝑟𝑡_𝑗  represents the weighting factors for different seat 

transmissibilities that are adjusted to achieve an optimized result. The model is then calibrated 

using the same method as described in Chapter 5. 

Good agreements were achieved between the measured and simulated transmissibilities of the 

suspension seat at the seat pan and backrest in the x and z-axis (Figures 7.5), and the resonance 
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frequency and the associated modulus of the lateral transmissibilities (Figures 7.6). The 

transmissibilities of the suspension seat were obtained under the same excitation as that in 

Figure 7.2.  

  

Figure 7.5 The comparison between the measured ( ) and simulated ( ) 

transmissibilities of the suspension seat at the seat pan and backrest in the x and z-axis with loaded 

inert mass of 60kg under combined 0.5 ms-2 fore-aft, 0.5 ms-2 lateral, and 0.5 ms-2 (r.m.s.) vertical 

excitation  

  

Figure 7.6 The comparison between the measured ( ) and simulated ( ) 

transmissibilities of the suspension seat at the seat pan and backrest in the y-axis with loaded inert 
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mass of 60kg under combined 0.5 ms-2 fore-aft, 0.5 ms-2 lateral, and 0.5 ms-2 (r.m.s.) vertical 

excitation 

7.3 Dynamic modelling of the coupled suspension-seat-occupant system 

The assumptions for the suspension-seat-occupant model include those for the seated human body 

model (Section 6.2) and those for the suspension seat model (Section 7.2). Additionally, it is 

assumed that the coordinates of the contact points between the human body and the suspension 

seat at the seat pan and backrest are the same as those between the human body and the rigid 

seat, which were determined in Chapter 6. 

7.3.1 The coupling of the human body model and the suspension seat model 

The coupled suspension-seat-occupant model is shown in Figure 7.7. Note that it provides a side 

view, so Br and the connection points related to it are not shown. 

 

Figure 7.7 Schematic diagram of the model of the suspension-seat-occupant system. 
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The inert mass in the suspension seat model is removed. The model of the seated human body 

(developed in Chapter 6) is supported by the model of the suspension seat. The origin of the global 

coordinate system O is the same as that in the suspension seat model. This makes the coordinates 

of the mass centres of the rigid bodies and the contact points remain the same as those defined in 

the human body model and the suspension seat model. The masses, dimensions, and the numbers 

of DoF of the bodies Bi (i=1, 2, …6, l, r, p, c, br) are also kept the same as those defined in the 

corresponding original models. 

In this suspension-seat-occupant model, the symbols representing the rigid bodies, the mass 

centres, and the contact points related to the human body model and the suspension seat model 

are kept the same as those in Figure 6.1 and Figure 7.3, respectively, expect the four contact points 

between the seat and the human body. The rigid bodies B1 and B2 are in contact with Bc at the 

contact points Ac1 and Ac2, respectively, and the rigid bodies B4 and B5 are in contact with Bbr at the 

contact points Ab4 and Ab5, respectively.  

It is assumed that the mass distribution of the human body when seated on the rigid seat and the 

suspension seat are the same. However, due to the difference between the material of the 

suspension seat cushion and that of the rigid seat, the contact stiffness and damping between the 

seated human body and the suspension seat would be different from those between the human 

body and the rigid seat. Hence, the parameters related to the stiffness and damping at the contact 

points between the seat and the human body (see Table 7.8) are re-calibrated in the suspension-

seat-occupant model, while the values of the rest of the parameters are the kept the same as those 

in the human body model and the suspension seat model. 

Table 7.8 The introduced springs and dampers to be calibrated in the model of the 

suspension-seat-occupant model 

Contact point Spring Damper Direction 
The pair of rigid bodies that 

the point connects 

Ac1 

kxc1 cxc1 x-axis 

Bc and B1 
kyc1 cyc1 y-axis 

kzc1 czc1 z-axis 

kpc1 cpc1 around x-axis 
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Table 7.8 (Continued) 

Contact point Spring Damper Direction 
The pair of rigid bodies that 

the point connects 

Ac2 

kxc2 cxc2 x-axis 

Bc and B2 
kyc2 cyc2 y-axis 

kzc2 czc2 z-axis 

kpc2 cpc2 around x-axis 

Ab4 

kxb4 cxb4 x-axis 

Bbr and B4 
kyb4 cyb4 y-axis 

kzb4 czb4 z-axis 

kpb4 cpb4 around x-axis 

Ab5 

kxb5 cxb5 x-axis 

Bbr and B5 
kyb5 cyb5 y-axis 

kzb5 czb5 z-axis 

kpb5 cpb5 around x-axis 

7.3.2 Equations of motion of the model 

Due to the changed contact dynamics between the seated human body and the suspension seat at 

the contact points (Ac1, Ac2, Ab4 and Ab5), the relative displacements between the bodies connected 

by these points, the forces at these points and the equations of motion of the bodies that are 

connected with these contact points need to be re-defined and calculated. The equations of motion 

of the rest of the bodies, Bl, Br, Bp, B3 and B6 are kept the same as defined in Sections 6.2.3 and 7.2.3, 

respectively. 

The relative displacement between the bodies Bc and B1 (𝒍𝑐1
𝑂 ) is: 

𝒍𝑐1
𝑂 = 𝑶1

𝑂 + 𝑨𝑐1
𝐵1𝑻𝑝𝑖𝑡𝑐ℎ(𝜃1) − [𝑶𝑐

𝑂 + 𝑨𝑐1
𝐵𝑐𝑻𝑝𝑖𝑡𝑐ℎ(𝜃𝑐)𝑻𝑟𝑜𝑙𝑙(𝛽𝑐)] (7.30) 

The relative displacement between the bodies Bc and B2 (𝒍𝑐2
𝑂 ) derived similarly.  

The relative displacement between the bodies Bb and B4 (𝒍𝑏4
𝑂 ) is: 

𝒍𝑏4
𝑂 = 𝑶4

𝑂 + 𝑨𝑏4
𝐵4𝑻𝑝𝑖𝑡𝑐ℎ(𝜃4)𝑻𝑏𝑟(𝛼) − [𝑶𝑏

𝑂 + 𝑨𝑏4
𝐵𝑏𝑟𝑻𝑝𝑖𝑡𝑐ℎ(𝜃𝑏𝑟)𝑻𝑟𝑜𝑙𝑙(𝛽𝑏𝑟)𝑻𝑏𝑟(𝛼)] (7.31) 

The relative displacement between the bodies Bbr and B5 (𝒍𝑏5
𝑂 ) is derived similarly. 
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The spring and damping forces related to these relative displacements (and their derivations) are 

then derived. The translational force between the bodies Bc and B1 (𝒇𝑐1
𝑂 ) is: 

𝒇𝑐1
𝑂 = 𝒍𝑐1

𝑂 [

𝑘𝑥𝑐1
𝑘𝑦𝑐1

𝑘𝑧𝑐1

] + �̇�𝑐1
𝑂 [

𝑐𝑥𝑐1
𝑐𝑦𝑐1

𝑐𝑧𝑐1

] = [𝑓𝑐1(𝑥) 𝑓𝑐1(𝑦) 𝑓𝑐1(𝑧)]𝑵 (7.32) 

The translational force between the bodies Bc and B2 (𝒇𝑐2
𝑂 ) is derived similarly.  

The translational force between the bodies Bbr and B4 (𝒇𝑏4
𝑂 ) is: 

𝒇𝑏4
𝑂 = 𝒍𝑏4

𝑂 𝑻𝑏𝑟
𝑇 (𝛼) [

𝑘𝑥𝑏4
𝑘𝑦𝑏4

𝑘𝑧𝑏4

] + �̇�𝑏4
𝑂 𝑻𝑏𝑟

𝑇 (𝛼) [

𝑐𝑥𝑏4
𝑐𝑦𝑏4

𝑐𝑧𝑏4

] 

= [𝑓𝑏4(𝑥) 𝑓𝑏4(𝑦) 𝑓𝑏4(𝑧)]�̆� (7.33) 

The translational force between the bodies Bbr and B5 (𝒇𝑏5
𝑂 ) is derived similarly. Then the updated 

equations of motion of the rigid bodies B1, B2, B4, B5, Bc and Bbr in the suspension-seat-occupant 

model are derived similar to Eqs (6.11) to (6.14). 

7.3.3 Model calibration 

The equations of motion of the rigid bodies can be written in the following form: 

𝑴𝑠𝑒𝑎𝑡_𝑏𝑜𝑑𝑦�̈�𝑠𝑒𝑎𝑡_𝑏𝑜𝑑𝑦 + 𝑪𝑠𝑒𝑎𝑡_𝑏𝑜𝑑𝑦�̇�𝑠𝑒𝑎𝑡_𝑏𝑜𝑑𝑦 +𝑲𝑠𝑒𝑎𝑡_𝑏𝑜𝑑𝑦𝑿𝑠𝑒𝑎𝑡_𝑏𝑜𝑑𝑦 = 𝑪𝑓�̇�𝑓 +𝑲𝑓𝑿𝑓 (7.34) 

Where Mseat_body, Cseat_ body, and Kseat_ body represent the matrices of mass, damping and stiffness of 

the model of the suspension-seat-occupant system, respectively. Xseat_body is the vector of the output 

motion of the suspension seat model: [xl, yl, zl, xr, yr, zr, xp, yp, zp, βp, xc, yc, zc, βc, θc, xbr, ybr, zbr, βbr, 

θbr, x1, y1, z1, θ1, x2, y2, z2, θ2, x3, y3, z3, θ3, x4, y4, z4, θ4, x5, y5, z5, θ5, x6, y6, z6, θ6]T. Hence, the transfer 

function TRseat_body between Xsp and Xf is: 

𝑻𝑅𝑠𝑒𝑎𝑡_𝑏𝑜𝑑𝑦(𝜔) =
𝑿𝑠𝑒𝑎𝑡_𝑏𝑜𝑑𝑦(𝜔)

𝑿𝑓(𝜔)
=

𝑖𝜔𝑪𝑓 +𝑲𝑓

−𝑴𝑠𝑒𝑎𝑡_𝑏𝑜𝑑𝑦𝜔
2 + 𝑖𝜔𝑪𝑠𝑒𝑎𝑡_𝑏𝑜𝑑𝑦 +𝑲𝑠𝑒𝑎𝑡_𝑏𝑜𝑑𝑦

(7.35) 

With the transfer function TRseat_body, the transmissibilities of the suspension seat at the seat pan 

and backrest in three translational directions when the human body is seated could be derived. The 

transmissibilities of the suspension seat in three directions at the seat pan and backrest could hence 

be derived as: 



Chapter 7 

163 

{
 
 
 
 

 
 
 
 𝑻𝑅𝑠𝑒𝑎𝑡_𝑏𝑜𝑑𝑦_𝑠𝑥 = 𝑻𝑅𝑠𝑒𝑎𝑡_𝑏𝑜𝑑𝑦(21,1) + 𝒛𝐴𝑐1

𝐵1 ∗ 𝑻𝑅𝑠𝑒𝑎𝑡_𝑏𝑜𝑑𝑦(24,1)

𝑻𝑅𝑠𝑒𝑎𝑡_𝑏𝑜𝑑𝑦_𝑠𝑦 = 𝑻𝑅𝑠𝑒𝑎𝑡_𝑏𝑜𝑑𝑦(22,2)

𝑻𝑅𝑠𝑒𝑎𝑡_𝑏𝑜𝑑𝑦_𝑠𝑧 = 𝑻𝑅𝑠𝑒𝑎𝑡_𝑏𝑜𝑑𝑦(23,3) − 𝒙𝐴𝑐1
𝐵1 ∗ 𝑻𝑅𝑠𝑒𝑎𝑡_𝑏𝑜𝑑𝑦(24,3)

𝑻𝑅𝑠𝑒𝑎𝑡_𝑏𝑜𝑑𝑦_𝑏𝑥 = 𝑻𝑅𝑠𝑒𝑎𝑡_𝑏𝑜𝑑𝑦(37,1) + (𝒛𝐴𝑐1
𝐵1 𝑐𝛼 + 𝒙𝐴𝑐1

𝐵1 𝑠𝛼)𝑻𝑅𝑠𝑒𝑎𝑡_𝑏𝑜𝑑𝑦(40,1)

𝑻𝑅𝑠𝑒𝑎𝑡_𝑏𝑜𝑑𝑦_𝑏𝑦 = 𝑻𝑅𝑠𝑒𝑎𝑡_𝑏𝑜𝑑𝑦(38,2)

𝑻𝑅𝑠𝑒𝑎𝑡_𝑏𝑜𝑑𝑦_𝑏𝑧 = 𝑻𝑅𝑠𝑒𝑎𝑡_𝑏𝑜𝑑𝑦(39,3) + (𝒛𝐴𝑐1
𝐵1 𝑠𝛼 − 𝒙𝐴𝑐1

𝐵1 𝑐𝛼)𝑻𝑅𝑠𝑒𝑎𝑡_𝑏𝑜𝑑𝑦(40,3)

(7.36) 

Where TRseat_body(i,j) represents the element at the ith row and jth column in the 25*3 transfer 

function TRseat_body. 

The measured transmissibilities of the suspension seat at the seat pan and backrest in the x, y and 

z-axis when the human body (Chapter 5) is seated are used to calibrate the parameters of the 

suspension seat model. The calibration is carried out by minimizing the value of the error function 

𝑔𝑒𝑟𝑟𝑜𝑟_𝑠𝑒𝑎𝑡𝑏𝑜𝑑𝑦(𝑓) is defined to quantify such a difference as follows: 

𝑔𝑒𝑟𝑟𝑜𝑟_𝑠𝑒𝑎𝑡𝑏𝑜𝑑𝑦(𝑓)

= ∑ 𝑤𝑠𝑒𝑎𝑡𝑏𝑜𝑑𝑦_𝑗
𝑗=𝑠𝑥,𝑠𝑦,𝑠𝑧,
𝑏𝑥,𝑏𝑦,𝑏𝑧

√∑ ((𝑅𝑒(𝑻𝑅𝑠𝑒𝑎𝑡_𝑏𝑜𝑑𝑦_𝑗(𝑓𝑖)))𝑐𝑎𝑙𝑐
− (𝑅𝑒(𝑻𝑅𝑠𝑒𝑎𝑡_𝑏𝑜𝑑𝑦_𝑗(𝑓𝑖)))𝑚𝑒𝑎𝑠

)
2

𝑛
𝑖=1

𝑛
 

+ ∑ 𝑤𝑠𝑒𝑎𝑡𝑏𝑜𝑑𝑦_𝑗
𝑗=𝑠𝑥,𝑠𝑦,𝑠𝑧,
𝑏𝑥,𝑏𝑦,𝑏𝑧

√∑ ((𝐼𝑚(𝑻𝑅𝑠𝑒𝑎𝑡_𝑏𝑜𝑑𝑦_𝑗(𝑓𝑖)))𝑐𝑎𝑙𝑐 − (𝐼𝑚(𝑻𝑅𝑠𝑒𝑎𝑡_𝑏𝑜𝑑𝑦_𝑗
(𝑓𝑖)))𝑚𝑒𝑎𝑠)

2
𝑛
𝑖=1

𝑛
(7.37) 

Where 𝑤𝑠𝑒𝑎𝑡𝑏𝑜𝑑𝑦_𝑗  represents the weighting factors for different seat transmissibilities that are 

adjusted to achieve an optimized result. The model is then calibrated using the same method as 

described in Chapter 6. 

The seat transmissibilities obtained using the calibrated suspension-seat-occupant model ( ) 

could in general achieve good agreement with the experiment results ( ) in the x and z-axis at 

the seat pan and backrest when the human body is seated under different excitation magnitudes 

and backrest inclination angles (Figure 7.8 to 7.10).  
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Figure 7.8 The comparison between the measured ( ) and simulated ( ) 

transmissibilities of the suspension seat at the seat pan and backrest in the x and z-axis under 

combined 0.5 ms-2 fore-aft, 0.5 ms-2 lateral, and 0.5 ms-2 (r.m.s.) vertical excitation when a subject 

(1.75m in height and 78.6 kg in weight) was seated and with upright backrest 
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Figure 7.9 The comparison between the measured ( ) and simulated ( ) 

transmissibilities of the suspension seat at the seat pan and backrest in the x and z-axis under 

combined 0.5 ms-2 fore-aft, 1.0 ms-2 lateral, and 1.0 ms-2 (r.m.s.) vertical excitation when a subject 

(1.75m in height and 78.6 kg in weight) was seated and with upright backrest 
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Figure 7.10 The comparison between the measured ( ) and simulated ( ) 

transmissibilities of the suspension seat at the seat pan and backrest in the x and z-axis under 

combined 0.5 ms-2 fore-aft, 1.0 ms-2 lateral, and 1.0 ms-2 (r.m.s.) vertical excitation when a subject 

(1.75m in height and 78.6 kg in weight) was seated and with backrest inclined by 20° 

Figure 7.11 shows that for the seat transmissibilities at the seat pan and backrest in the y-axis, the 

error simulated results ( ) was relatively greater, whereas they had the same number of 

resonances occurring at the same frequencies as their measured counterparts ( ). The excitation 

for the results shown in Figures 7.8 and 7.11 was the same as the those shown in Figure 7.2, and 

the subject for the results shown in Figures 7.8 to 7.11 was the same as the one whose apparent 

masses were shown in Figure 6.4. 
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Figure 7.11 The comparison between the measured ( ) and simulated ( ) 

transmissibilities of the suspension seat at the seat pan and backrest in the y -axis under combined 

0.5 ms-2 fore-aft, 0.5 ms-2 lateral, and 0.5 ms-2 (r.m.s.) vertical excitation when a subject (1.75m in 

height and 78.6 kg in weight) was seated and with upright backrest 

7.4 Parameter sensitivity analysis 

The sensitivity analysis was carried out on the parameters of the suspension seat using the same 

method as introduced in Section 6.5 and Eqs. (6.20) to (6.22). Four responses at the seat pan and 

backrest closely related to the ride comfort were chosen, with i=1 being the resonance frequency 

of the vertical transmissibility at the seat pan with the seated subject, i=2 being the modulus 

associated with the resonance of the vertical transmissibility at the seat pan, i=3 the fundamental 

resonance frequency of the fore-aft transmissibility at the backrest, and i=4 the modulus associated 

with the fundamental resonance of the fore-aft transmissibility at the backrest.  

The resultant sensitivity matrix Ψseat can be written as: 

𝜳𝒔𝒆𝒂𝒕 = [𝜳𝒔𝒖𝒔𝒑 𝜳𝒔𝒆𝒂𝒕𝒑𝒂𝒏 𝜳𝒃𝒂𝒄𝒌𝒓𝒆𝒔𝒕]4×52 (7.38) 

Where Ψsusp, Ψseatpan and Ψbackrest represent the sensitivity matrices of the parameters related to 

the suspension mechanism (kxfl, cxfl, kzfl, czfl, kxlp, cxlp, kzlp, czlp, kxfp, cxfp, kzfp, czfp), the seat pan (kxpc, cxpc, 

kzpc, czpc, krpc, crpc, kppc, cppc, kxcbr, cxcbr, kzcbr, czcbr, krcbr, crcbr, kpcbr, cpcbr, kxc1, cxc1, kzc1, czc1, kpc1, cpc1, kxc2, cxc2, 

kzc2, czc2, kpc2, cpc2) and the backrest (kxb4, cxb4, kzb4, czb4, kpb4, cpb4, kxb5, cxb5, kzb5, czb5, kp5, cpb5), 

respectively (see Appendix D).  

It is found that for the parameters related to the suspension mechanism, the resonance frequency 

of the vertical seat transmissibility at the seat pan and the associated modulus were most sensitive 
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to the vertical stiffness and damping between the floor and the suspension top plate kzfp and czfp (in 

the descending order of the sensitivities). The modulus associated with the fundamental resonance 

frequency of the fore-aft transmissibility at the backrest was most sensitive to the fore-aft stiffness 

and damping between the floor and the suspension supporting linkage kzlp.  

For the parameters related to the seat pan, all of the four responses were most sensitive to the 

rotational stiffness around y-axis (i.e., the pitch stiffness) between the seat cushion and the 

suspension top plate kppc. Additionally, the fundamental resonance frequency of the fore-aft seat 

transmissibility at the backrest and the associated modulus were also sensitive (but to a smaller 

degree) to the rotational damping around y-axis between the seat cushion and the suspension top 

plate cppc and that between the seat cushion and the thighs of the human body cpc2. 

For the parameters related to the backrest, all of the four responses were most sensitive to the 

rotational damping around y-axis between the backrest and the upper torso of the human body 

cpb5. Furthermore, the resonance frequency of the vertical seat transmissibility at the seat pan and 

the modulus associated with the fundamental resonance frequency of the fore-aft seat 

transmissibility at the backrest were also sensitive (but to a smaller degree) to the fore-aft stiffness 

between the backrest and the upper torso of the human body kxb5. 

7.5 Discussion 

7.5.1 The structure of the seat model 

A suspension seat model suitable for the prediction of seat transmissibility with tri-axis translational 

excitation has been rarely seen in the literature. The suspension seat model developed in this 

chapter included rigid bodies representing the seat structure including the suspension and the seat-

pan-and-backrest assembly. Similar to the human body model, the rigid masses representing 

different parts of the suspension seat were connected with each other with pairs of spring and 

damper at the contact points. This is based on the assumption that the forces at the surfaces can 

be treated as concentrated forces acting at the contact point. The suspension seat model was 

established by calibrating the suspension mechanism model first, and then adding the rigid bodies 

representing the seat pan cushion and backrest and calibrating the newly-introduced parameters. 

Such a development method is the same as that suggested by Qiu (2012), which improves the 

rationality of the determination of the model parameters systematically by calibrating the 

parameters using the measurement data step by step.  

The masses of the three bodies (Bp, Bl and Br) in the model of the suspension mechanism were 

treated as the parameters to be optimised in the calibration procedure. The values of the masses 
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after calibration were the effective masses of the rigid bodies, as Bp included part of the sprung 

mass of the top plate and the supporting structure which were difficult to measure in the dynamic 

conditions.  

In the suspension mechanism model, the dimensions in the x and y-axis of inert mass used to apply 

the preload on the seat were not considered, whereas in the suspension seat model, the length and 

width of the rigid body representing the inert mass Bm were defined (Figure 7.4). This is due to the 

fact that the inert mass was rigidly connected with the suspension mechanism in the experimental 

study (Figure 5.2), while when the inert mass was connected with the seat pan cushion of the 

suspension seat, the interaction between the seat and inert mass system was affected by the seat 

pan cushion (Figure 5.23), and the rotational motion of the inert mass needed to be taken into 

consideration. Hence, the dimensions of the inert mass were adopted in the development of the 

suspension seat model for the calculation of its moments of inertia. 

The complete seat model was developed by connecting the rigid bodies representing the seat pan 

cushion and backrest to the suspension mechanism model. The springs and dampers between the 

bodies Bp and Bc were used to model the dynamic forces between the suspension top plate and the 

seat pan cushion instead of the dynamic stiffness and damping of the cushion, as the latter was 

included in the contact forces between the seat and the seated human body determined via 

calibration of the suspension-seat-occupant model. This makes the stiffness and damping of the 

human body and the seat cushion, and the interaction between them, be represented by one set 

of springs and dampers, which simplified the modelling of the coupling of the seat and occupant. 

The forces between the suspension top plate and the seat pan cushion also enables the interaction 

between the seat cushion and the suspension mechanism to be modelled. These two seat 

components were assumed to be rigidly connected in some models developed previously, and the 

parameter sensitivity analysis revealed that such an interaction could affect the seating dynamics, 

which will be discussed in Section 7.5.3. 

The friction between the suspension seat components may affect the seating dynamics. The 

modelling of suspension seat and human body system in this study is focused on the linear dynamics 

of the suspension seat and occupant system when the seat is in normal operation after the friction 

is overcome. Once the suspension overcame the lock-up and starts to play, the effect of the friction 

between seat components on the seating dynamics becomes small. Hence, the friction was not 

considered in the current suspension-seat model.  
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7.5.2 The DoFs of the seat model 

The degrees of freedom (DoF) of the suspension seat model were decided based on the observed 

dynamic behaviour of the suspension seat and the measurement data from the experimental study. 

For the model of the suspension mechanism, the transmissibilities in the x and z-directions possess 

one resonance each, while in the y-direction, two distinctive peaks were found in the frequency 

range considered (up to 30 Hz). Hence, in addition to the DoFs in the three translational directions, 

an extra DoF in the x-axis was introduced to the body Bp to capture the secondary resonance of the 

lateral transmissibility, which seemed to be related to the roll motion from the experimental 

observation (Figure 7.2). When the suspension seat model was constructed by connecting the seat 

pan cushion (Bc) and backrest (Bbr) with the suspension mechanism, an extra DoF around the y-axis 

was added to these two rigid bodies apart from the DoF around the x-axis. The purpose of this 

design was to enable the seat model capable of capturing the secondary resonance of the fore-aft 

transmissibility of the suspension seat with inert mass located between 10 and 20 Hz (Figure 7.5). 

The experimental results indicated that the transmissibilities of the suspension-seat-occupant 

system in the horizontal directions exhibited more than one resonance below 20 Hz. Figures 7.8 to 

7.10 show that the coupled suspension seat and human body model proposed in this chapter can 

achieve reasonably good agreement with the fore-aft transmissibility at the seat pan and backrest, 

although a discrepancy was observed at the secondary resonance of the fore-aft transmissibility at 

the backrest. It is noticed the current model predicted transmissibility in the lateral direction at the 

seat pan and backrest deviated from the corresponding experimental results. The rigid bodies 

designed to represent the seat pan and backrest of the suspension seat have five DoFs each 

(translational in the x, y and z-axis, and rotational around the x and y-axis), considering that the 

dynamic response of the suspension seat and occupant system also involved rotational motion in 

addition to the translational motion when exposed to tri-axis translational vibration. On the other 

hand, the constituent parts of the human body model only had four DoFs each, without the rolling 

DoF around the x-axis, already achieved good agreement with the measured apparent masses. The 

lack of the roll DoF in the current human body model may be the reason causing the discrepancy 

between the model-predicted and experimentally measured transmissibilities in the lateral 

direction at the seat pan and backrest.  

7.5.3 Parameter sensitivity 

The result of parameter sensitivity analysis indicated that the vertical seat transmissibility at the 

seat pan was largely affected by the vertical stiffness and damping of the suspension. This reveals 
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that the main air spring and the damper of the suspension, between the suspension top plate and 

the floor (Figure 7.12, on the right), played an important role in the vertical transmissibility.  

 

Figure 7.12 The screws and the air spring and damper of the suspension seat used in the current 

study 

It was found that the fore-aft contact stiffness between the floor and the supporting masses of the 

suspension mechanism kxfl, which may be related to the deformation of the linkage, affected the 

fore-aft transmissibility at the backrest. As the suspension bottom plate is bolted on the floor, the 

shear stiffness of the bolt screws and the elastic deformation of the linkage played an important 

role in affecting the fore-aft seat transmissibility. Similarly, the seat pan and the suspension top 

plate were firmly connected using vertical screws for the seat in the current study (Figure 7.12, on 

the left). The result of parameter sensitivity analysis suggests that attention may need to paid to 

the structure constraints against the fore-aft or pitch motion of the seat components, because the 

rotational stiffness or damping between the seat pan cushion and suspension top plate can affect 

the vertical and fore-aft seat transmissibilities. 

The rotational (pitch) stiffness or damping between the thighs and seat pan cushion kpc2 and cpc2, 

and that between the upper torso and the backrest kpb5 and cpb5, were also found to affect the 

vertical and fore-aft seat transmissibilities. This reveals the importance of the pitch motion of the 

suspension-seat-occupant system which could affect the seating dynamics in both x and z-

directions. The effect of the contact stiffness and damping around the y-axis may be a result of the 

interacted pitch motion of both the seat and the human body. 

The screw securing the seat pan and backrest assembly 

Damper 

Air spring 

The screw securing the seat base 
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7.6 Conclusions 

In this chapter, a multi-body model of the suspension seat exposed to tri-axis translational 

excitation is developed and calibrated. The model comprises five rigid bodies, three of which 

represent the suspension mechanism and the other two rigid bodies represent the seat pan cushion 

and the backrest, respectively. The model was calibrated using the transmissibilities in three 

translational directions measured when the suspension mechanism or the complete seat was 

loaded with inert mass during the experimental study described in Chapter 5. The suspension seat 

model was then coupled with the multi-body model of the human body developed in Chapter 6 to 

form the suspension-seat-occupant model, and was calibrated using the tri-axis seat 

transmissibilities at the seat pan and backrest measured with tri-axis excitation. Sensitivity analysis 

was conducted with the seat-occupant model. The results showed that the seat transmissibility in 

fore-aft and vertical directions were most sensitive to the rotational stiffness and damping between 

the human body and the seat, the fore-aft stiffness at the connection points between the seat pan 

and suspension, and the vertical stiffness and damping of the suspension. These results indicate 

that more attention may need to be paid in the interaction between the seat and human body in 

the rotational direction, and the structure constraints against the motion of the seat components 

in the fore-aft direction in the seat design. 
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Chapter 8 GENERAL DISCUSSION 

In this chapter, the main findings of the current study in response to the research questions 

(Chapter 2) that were generated based on the review of relevant studies are summarised and 

remarked. 

8.1 The effect of the backrest inclination angle on the apparent masses 

and seat transmissibilities in different directions 

In general, the effect of the backrest inclination on the apparent masses measured with the rigid 

seat and the seating dynamics measured with the suspension seat was found under various 

excitation magnitudes in the current study. The change related to the resonance of the apparent 

masses and the suspension seat transmissibilities with the increased backrest inclination angle 

varied between different axes. 

Effect of the backrest inclination angle on the apparent masses 

It was revealed from the current study that the increase of the backrest inclination angle generally 

led to increasing moduli of the in-line vertical and lateral apparent masses at the backrest over a 

frequency range of 0.5-10 Hz (Figure 3.7 and Figure 3.9), which was mainly explained by the 

increased body mass supported by the backrest. However, the effects of the backrest inclination 

angle on the apparent masses at the seat pan in these two axes showed differences.  

With the increased backrest inclination, the resonance frequency of the in-line vertical apparent 

mass at the seat pan increased and the associated modulus decreased (Figure 3.9). The resonance 

frequency of the in-line lateral apparent mass at the seat pan was marginally affected by the 

backrest angle, while the modulus associated with the resonance tended to increase with the 

increase of the backrest inclination angle, and the resonance frequency hardly changed (Figure 3.7). 

Although changing the backrest angle resulted in a redistribution of the body mass at the seat pan, 

the changes of the resonance frequencies of the lateral and vertical apparent masses were different. 

It appears that increasing the backrest inclination has resulted in increased effective stiffness and 

damping of the seat pan and body system in the vertical direction but led to reduced effective 

damping of the seat pan and body system in the lateral direction. Similarly, the change of the fore-

aft apparent mass at the seat pan due to the increase of the backrest inclination angle also seemed 

to be related to the change in the effective damping (Chapter 3). 
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Comparison between the effect of the backrest inclination angle on the suspension seat 

transmissibilities and on the apparent masses 

The effect of the backrest inclination on the transmissibility of the suspension seat with seated 

subject involved the dynamic properties of both the seated human body and the suspension seat. 

When the backrest inclination angle increased, the tendency of the change in the resonance 

frequency of the vertical seat transmissibility at the seat pan was similar to that of the vertical 

apparent mass at the seat pan: they both increased slightly (Figure 3.9 and Figure 5.22, 

respectively). The effect of the backrest inclination angle on the resonance frequency of the fore-

aft apparent mass at the seat pan and that of the fore-aft seat transmissibility measured at the seat 

pan were both relatively small (Figure 3.5 and Figure 5.15, respectively).  

However, the moduli associated with the resonances of the in-line lateral seat transmissibility at 

the seat pan tended to decrease when the backrest inclination angle increased (Figure 5.18), while 

the modulus associated with the resonance of the in-line lateral apparent mass at the seat pan 

increased (Figure 3.7). The different trend between the change of the lateral apparent mass and 

that of the seat transmissibility due to the increased backrest inclination may be related to the 

dynamic properties of the cushion. As the modulus in the vicinity of the resonance frequency of the 

lateral apparent mass increased with the increased backrest inclination angle, the load on the seat 

pan cushion in that frequency range increased. Thus, the friction force in the lateral direction 

tended to increase, leading to an increase of the damping ratio at the contact between the seat pan 

and the seated human body in the lateral direction, and a decrease of the modulus associated with 

the resonance frequency of the seat transmissibility in the y-axis. 

8.2 The effect of the excitation magnitude on the apparent masses and 

the suspension seat transmissibilities under tri-axial translational 

vibration 

When exposed to tri-axial vibration, the nonlinearity of the human body was affected by the 

increase of the excitation magnitude in both the “primary-axis” and the “secondary-axes” (see 

Chapter 4). The weighting factors of the excitation magnitude in the “secondary-axes” were 

generally at relatively high level for the calculation of the overall excitation magnitude (Table 4.8), 

indicating its importance in affecting the biodynamic response.  

The effect of the excitation magnitude in different directions on the transmissibility of the 

suspension seat and occupant system is in general related to the characteristics of both the seat 

dynamics and the human body biodynamics. Similar to the biodynamic response, it is found that 
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the nonlinearity of the suspension-seat-occupant system in one axis could be observed with the 

increase of the excitation magnitude in the corresponding “primary-axis” or “secondary-axes” 

under tri-axial excitation, and interaction existed between them. Nevertheless, in contrast to the 

important effect of excitation in the “secondary-axes” on the in-line apparent masses, the effect of 

the excitation magnitude in the x and y-axis on the transmissibility of the suspension seat in the 

vertical direction were much smaller than that in the z-axis. With the seated subject, the change of 

the resonance frequency of the vertical suspension seat transmissibility at the seat pan due to the 

change of the excitation magnitude in the “secondary-axes” was only significant when the vertical 

excitation magnitude was at a low-level (0.25 ms-2 r.m.s., Figure 5.11 and Figure 5.20). On the other 

hand, the effect of the vertical excitation magnitude on the vertical transmissibility was still 

significant even when the excitation magnitude in the “secondary-axes” was 1.0 ms-2 r.m.s. 

(Figure 5.10 and Figure 5.19). This may be related to the lock-up effect due to the friction within 

the suspension mechanism. Although it was concluded that the increase of the excitation 

magnitude in the horizontal directions may also help the suspension mechanism overcome the lock-

up effect in the vertical direction, such an effect was still smaller than a direct increase of the 

vertical excitation magnitude.  

In the current study, the interaction between the excitation magnitudes in different axes was 

investigated by fixing the excitation magnitude in the “secondary-axes” at the same level (0.5 or 

1.0 ms-2 r.m.s.). This may explain some insignificant results found with the linear regression analysis 

shown in Section 4.4.5. In the future, more combinations of the excitation magnitudes in each of 

the two additional axes may be tested. Then the contribution of the magnitude of excitation in each 

of the three translational axes on the overall excitation magnitude could be more thoroughly 

investigated.  

8.3 The calibration of the human body model and the suspension-seat-

occupant model 

The human body model and the suspension-seat-occupant model were developed to meet the 

needs of representing the apparent masses and the seat transmissibilities under tri-axial 

translational excitation, respectively.  

Each part of the multi-body model of the seated human body proposed in Chapter 6 has four DoFs 

(three translational DoFs in the x, y and z-axis, and one rotational DOF around the y-axis). The good 

agreement achieved between the model prediction and the experimental data suggests that the 

developed human body model could sufficiently represent the apparent masses in three directions 

when exposed to tri-axis excitation in the current study. 
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In the current study, the excitations used to measure apparent masses of the human body on a rigid 

seat were the same as those applied to measure the transmissibilities of the suspension-seat-

occupant system. With the rigid seat, the tri-axis translational vibration to the human body was 

assumed to be identical to the tri-axis excitation on the floor, as mentioned in Chapter 3. On the 

other hand, due to the dynamics of the suspension seat and the interaction between the seat and 

the human body, the vibration at the seat pan may be different from excitation at the seat base. 

Hence, there may be difference between the vibration transmitted to the human body with a rigid 

seat and that with a suspension seat, despite the identical excitation on the floor. Due to the 

nonlinear behaviour of the seated human body and the seat-occupant system, such a difference 

may require the values of the model parameters of the human body to be modified accordingly.  

In the models proposed in Chapters 6 and 7, the stiffness and damping between human body 

segments, and the coordinates of the contact points between the seat and human body are 

assumed to remain the same with both types of seats. Compared to the suspension seat with 

cushion, the surface of the seat used for the measurement of the apparent masses was rigid and 

the friction coefficient was smaller. This may result in small changes in the position of the contact 

points between the body segments and the seat. Besides, the orientation of the pelvis of the seated 

human body may be different when sitting on a rigid seat compared to that when sitting on a seat 

with soft cushion. 

The effect of the difference between the rigid seat and suspension seat may be taken into 

consideration in the future study. To improve the accuracy of the model, the experimental data 

used for the calibration of the human body model and the coupled seat-occupant model may need 

be coordinated. For example, the acceleration measured at the seat pan of the suspension seat 

with the seated human body may be used as the input to the rigid seat to measure the apparent 

mass, then the excitation transmitted to the human body in the two types of seats would be the 

same. An alternative approach is to develop nonlinear models of the human body and the 

suspension seat so that the nonlinearity of them can be better captured. 
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Chapter 9 CONCLUSIONS AND RECOMMENDATIONS 

9.1 The effect of the backrest inclination angle on the biodynamic 

response  

 The backrest inclination angle affected the apparent mass of the seated human body 

measured at the seat pan and backrest of the rigid seat in all the three translational directions under 

various magnitudes of single-axial vibration (0.25, 0.5 and 1.0 ms-2 r.m.s.). The effect of the backrest 

inclination angle (changing between 0°, 10° and 20°) on the biodynamic response was found to be 

generally similar to single-axial and tri-axial excitations. 

 With the increase of the inclination angle, the modulus associated with the resonance of the 

in-line vertical apparent masses at the backrest increased, while that at the seat pan tended to 

decrease. 

 The moduli associated with the resonances of the in-line lateral apparent masses at the seat 

pan and at the backrest above 2 Hz tended to increase with the increased backrest inclination angle. 

In the fore-aft direction, the changes of the apparent masses did not exhibit the same tendency 

when the backrest inclination angle increased from 0° to 10° and from 10° to 20°. The changes of 

the resonance frequencies and the associated moduli of the apparent masses in the horizontal 

directions indicated that the inclination of the backrest not only affected the distribution of the 

body mass on the seat pan and backrest, but also led to the change in the stiffness or the damping 

of the human body.  

 Interaction was found to exist between the backrest inclination and the excitation magnitude, 

especially for the in-line apparent masses at the backrest. The study suggests that when studying 

the effect of the backrest inclination angle, the excitation magnitude must be taken into 

consideration. 

9.2 The effect of the excitation magnitudes on the apparent masses 

under tri-axial translational vibration 

 Under tri-axial translational excitation with the magnitude in each axis up to 1.0 ms-2 r.m.s., 

the in-line apparent mass of the human body seated in the rigid seat in each translational axis 

behaved in a nonlinear manner, i.e., the resonance frequency decreased with the increased 
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excitation magnitude in the same axis and in the other two axes, which was observed with both 

upright and inclined backrest.  

 Besides, the degree of nonlinearity of the apparent mass in one axis tended to become 

smaller when the excitation magnitude in the other axes was at a high level. This suggests that the 

biodynamic response of the seated human body is affected by the overall excitation magnitude 

under tri-axial translational vibration. For the effect on the resonance frequency of the apparent 

mass in one axis, the excitation magnitude in the same direction in general contributed more than 

that in the other two directions to the overall magnitude. 

9.3 The effect of the excitation magnitudes and the backrest inclination 

on the suspension seat transmissibilities under tri-axial translational 

vibration 

 When loaded with inert mass, the nonlinear dynamic behaviour of the suspension seat was 

found to exist in both vertical and horizontal directions with the change of the excitation magnitude 

in the same direction. The effect of the excitation magnitude in the x and y-axis on the in-line 

vertical transmissibility of the suspension seat was also noticeable, partly because of the strong 

lock-up effect arising from the friction of the suspension mechanism. 

 Under tri-axial translational excitation with the magnitude in each axis up to 1.0 ms-2 r.m.s., 

the transmissibilities of the suspension seat with the seated human body in the x, y and z-axis were 

affected by the excitation magnitude in both the same axis and the other two axes, which was 

attributed to the nonlinearity of both the seated human body and the suspension seat.  

 The SEAT value of the suspension seat with the seated subject was found to be affected by 

the excitation magnitude not only in the vertical but also in the horizontal directions. The result 

suggests that the evaluation of ride comfort of the suspension seat in the current international 

standards using the SEAT value as an important index should also include tri-axial translational 

excitations rather than under the vertical excitation only as defined in, e.g., ISO 7096 and ISO 5007. 

 The backrest inclination angle was also found to affect the transmissibility of the suspension 

seat at the backrest, which may be attributed to its effect on the apparent masses of the human 

body and on the interaction between the suspension seat and the human body. 
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9.4 Modelling of the seated human body exposed to tri-axial 

translational vibration 

 The proposed three-dimensional multi-body model of the seated human body exposed to tri-

axial translational vibration consists of the head and neck, upper torso, abdomen, pelvis, thighs, 

and leg of the human body. The values of the anthropometry-related model parameters were 

determined based on the literature. The values of the rest model parameters were determined by 

a procedure of model calibration based on the apparent masses at the seat pan and backrest in 

three translational directions measured in the experimental study.  

 The developed model was capable of giving a satisfactory prediction of the apparent masses 

of the human body exposed to tri-axial vibration of different excitation magnitudes and varied 

backrest inclination angles.  

 The results of the modal analysis with the calibrated model revealed four modes of the 

seated human body below 10 Hz in the x, y and z directions, which were comparable with those 

reported in the previous studies. 

 The parameter sensitivity analysis showed that the apparent masses in the x, y and z-axis 

simulated using the model were sensitive to the contact stiffness or damping at the seat and human 

body interface in the fore-aft or lateral direction. Additionally, the pitch damping between the 

abdomen and the pelvis also affected the fore-aft and vertical apparent mass. 

9.5 Modelling of the suspension-seat-occupant system under tri-axial 

translational vibration 

 A three-dimensional multi-body model of the suspension-seat-occupant system exposed to 

tri-axial excitation was developed. The suspension seat model was constructed with five rigid 

bodies representing the main components of the suspension mechanism, the seat pan cushion and 

the backrest. The values of the seat model parameters were optimized using the measured three-

dimensional transmissibilities of the suspension mechanism and the suspension seat with loaded 

inert masses, respectively.  

 The proposed suspension seat-occupant model was further calibrated using the 

transmissibilities in x, y and z-axis at the seat pan and backrest of the suspension-seat-occupant 

system exposed to tri-axial translational vibration. The result showed that the developed 

suspension-seat-occupant model is capable of predicting the fore-aft and vertical transmissibilities 

of the system exposed to tri-axial vibration.  
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 The parameter sensitivity analysis showed that the vertical transmissibility at the seat pan 

and the fore-aft transmissibility at the backrest were most sensitive to the stiffness and damping of 

the seat suspension, the stiffness and damping between the seat components, and the contact 

stiffness and damping between the seat cushion and the seated human body. This study provided 

useful information for the design of the suspension seat and the optimization of ride comfort. 

9.6 Recommendations for the future study 

Experimental study 

 The apparent mass is good at reflecting the overall biodynamic response of the human body. 

It does not however provide sufficient information on the dynamics of individual body segments. 

The local effect of the excitation on the motions of the body segments, such as the spine and head, 

is also related to its effect on comfort and health. It is recommended to investigate in the future 

the dynamic behaviour of important body segments, such as the seat-to-head-transmissibility, 

under combined fore-aft, lateral and vertical vibration, and how are they affected by the excitation 

magnitude and backrest inclination angle. 

 In the current study, the magnitude of the broadband random excitation in each of the three 

translational axes was set to be up to 1.0 ms-2 r.m.s. In the reality, the vibration on some types of 

off-road heavy vehicles may be of even higher magnitudes and may include shock. How the 

nonlinear behaviour of the seated human body and the suspension-seat-occupant system is 

affected by the higher-level magnitude of excitation or the shock, should be investigated in the 

future. 

Modelling study 

 The human body model and the suspension-seat-occupant model proposed in this study are 

both linear multi-body models. Due to the nonlinear characteristics of the human body and the seat, 

the values of the model parameters may need to be recalibrated for different excitation magnitudes. 

The future modelling of the seated human body and the seat-occupant system should seek to apply 

nonlinear modelling methods to better characterize their nonlinear behaviour with the vibration of 

higher magnitudes and shock. 

 The modelling of the interaction between the seated human body and the suspension seat 

with tri-axial translational excitation may be further studied, so as to achieve a better agreement 

with the measured lateral transmissibilities of the suspension seat exposed to tri-axial translational 

excitation. 
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Appendix A THE EFFECT OF THE BACKREST INCLINATION 

COMBINED WITH DIFFERENT EXCITATION 

MAGNITUDES ON THE APPARENT MASSES 

OF THE SEATED HUMAN BODY 

A.1 Cross-axis apparent masses 

Nonlinearity has been found on the cross-axis behaviour of the seated human body when the 

excitation magnitude increased. For example, the resonance frequency of the cross-axis fore-aft 

apparent mass at the seat pan under single-axial vertical excitation decreased with the increase of 

the vertical excitation magnitude (p<0.05). The backrest inclination angle was also found to affect 

the cross-axis apparent masses in the vertical and fore-aft directions. Under single-axial fore-aft 

excitation, the modulus of the cross-axis vertical apparent mass at the backrest became 

dramatically greater when the backrest inclination angle increased from 10° to 20° compared to 

that when the backrest changed from upright to inclined by 10° (Figure A.1).  

 

Figure A.1 Median cross-axis vertical apparent mass at the seat pan and backrest under single-

axial fore-aft excitation: the effect of backrest inclination angle 

Under single-axial vertical excitation, the increase of the backrest inclination angle led to an 

increase of the resonance frequency and the associated modulus of the cross-axis fore-aft apparent 
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mass at the backrest under all excitation magnitudes (p<0.05) (Figure A.2). On the other hand, the 

moduli of the cross-axis fore-aft and vertical apparent masses measured under single-axial lateral 

excitation were small under all the excitation magnitudes. The effect of the increase of the backrest 

inclination angle on the cross-axis fore-aft and vertical apparent masses was small (Figure A.3). 

 

Figure A.2 Median cross-axis fore-aft apparent mass at the seat pan and backrest under single-

axial vertical excitation: the effect of backrest inclination angle 

 

Figure A.3 Median cross-axis vertical apparent mass measured at the seat pan and backrest under 

lateral excitation: the effect of the backrest inclination 
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A.2 The effect of the excitation magnitude in the “secondary-axes” on the 

apparent masses 

Table A.1 Statistical significance (p-value, Friedman) of the effect of the magnitude of y and z-

axis excitations on the resonance frequency (red) and the associated modulus (blue) of the in-line 

fore-aft apparent masses at the backrest, with different inclination angles of the backrest and 

different in-line fore-aft excitation magnitudes (r.m.s.) 

 

  

0.25 ms-2 0.5 ms-2 1.0 ms-2 

0° ** ** ns 

10° ** ** * 

20° ** ** ** 

 

Table A.2 Statistical significance (p-value, Friedman) of the effect of the magnitude of y and z-

axis excitations on the resonance frequency and the associated modulus of the in-line fore-aft 

apparent masses at the seat pan, with different inclination angles of the backrest and different in-

line fore-aft excitation magnitudes (r.m.s.) 

 

  

0.25 ms-2 0.5 ms-2 1.0 ms-2 

0° ** ** ** 

10° ** ** ns 

20° ** ** * 

 

  

Excitation magnitude 
(x-axis) 

* 

ns 

Angle of 
backrest 
inclination 

* 

ns 

* 

ns 

ns 

ns 

ns 

ns 

** 

Angle of 
backrest 
inclination 

** 

** 

** 

* 

ns 

* 

Excitation magnitude 
(x-axis) 

ns 
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Table A.3 Statistical significance (p-value, Friedman) of the effect of the magnitude of x and z-

axis excitations on the resonance frequency and the associated modulus of the in-line lateral 

apparent masses at the seat pan, with different inclination angles of the backrest and different in-

line lateral excitation magnitudes (r.m.s.) 

 

  

0.25 ms-2 0.5 ms-2 1.0 ms-2 

0° ** * ns 

10° ** ** * 

20° ** * ns 

 

A.4 Statistical significance (p-value, Friedman) of the effect of the magnitude of x and y-axis 

excitations on the resonance frequency and the modulus of the associated in-line vertical apparent 

masses at the backrest, with different inclination angles of the backrest and different in-line vertical 

excitation magnitudes (r.m.s.) 

 

  

0.25 ms-2 0.5 ms-2 1.0 ms-2 

0° ** ** ** 

10° ** ** ** 

20° ** ** ** 

 

  

* 

* 

Angle of 
backrest 
inclination 

** 

ns 

* 

ns 

* 

* 

Excitation magnitude 
(y-axis) 

ns 

** 

** 

Angle of 
backrest 
inclination 

* 

ns 

** 

* 

* 

** 

Excitation magnitude 
(z-axis) 

** 
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Table A.5 Statistical significance (p-value, Friedman) of the effect of the magnitude of x and y-

axis excitations on the resonance frequency and the associated modulus of the in-line vertical 

apparent masses at the seat pan, with different inclination angles of the backrest and different in-

line vertical excitation magnitudes (r.m.s.) 

 

  

0.25 ms-2 0.5 ms-2 1.0 ms-2 

0° ** ** * 

10° ** ** ** 

20° ns ns * 

 

A.3 The effect of the backrest inclination angle on the apparent masses 

Table A.6 Statistical significance (p-value, Friedman) of the effect of the angle of backrest 

inclination on the modulus of the in-line lateral apparent masses at the backrest at 0.75 Hz, with 

different in-line lateral excitation magnitudes and different excitation magnitudes in x and z-axis 

(r.m.s.) 

 

  

0 ms-2 0.5 ms-2 1.0 ms-2 

0.25 ms-2 * ** * 

0.5 ms-2 ** * ** 

1.0 ms-2 ns * * 

 

  

Angle of 
backrest 
inclination 

ns 

Excitation magnitude 
(z-axis) 

ns 

ns 

ns ns ns 

ns 

ns 

ns 

Excitation 
magnitude 
(y-axis) 

Excitation magnitude 
(x and z-axis) 
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Table A.7 Statistical significance (p-value, Friedman) of the effect of the angle of backrest 

inclination on the resonance frequency and the associated modulus of the in-line lateral apparent 

masses at the seat pan, with different in-line lateral excitation magnitudes and different excitation 

magnitudes in x and z-axis (r.m.s.) 

 

  

0 ms-2 0.5 ms-2 1.0 ms-2 

0.25 ms-2 ** ns * 

0.5 ms-2 ns * ns 

1.0 ms-2 ns * ns 

 

Table A.8 Statistical significance (p-value, Friedman) of the effect of the angle of backrest 

inclination on the resonance frequency and the associated modulus of the in-line vertical apparent 

masses at the backrest, with different in-line vertical excitation magnitudes and different excitation 

magnitudes in x and y-axis (r.m.s.) 

 

  

0 ms-2 0.5 ms-2 1.0 ms-2 

0.25 ms-2 ** ** ** 

0.5 ms-2 * ** ** 

1.0 ms-2 ** * ** 

 

  

ns 

* 

Excitation 
magnitude 
(y-axis) 

ns 

ns 

** 

** 

** 

** 

Excitation magnitude 
(x and z-axis) 

* 

** 

** 

Excitation 
magnitude (z-
axis) 

** 

** 

** 

** 

** 

** 

** 
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Table A.9 Statistical significance (p-value, Friedman) of the effect of the angle of backrest 

inclination on the resonance frequency and the associated modulus of the in-line vertical apparent 

masses at the seat pan, with different in-line vertical excitation magnitudes and different excitation 

magnitude in x and y-axis (r.m.s.) 

 

  

0 ms-2 0.5 ms-2 1.0 ms-2 

0.25 ms-2 ns * ns 

0.5 ms-2 ns ns ns 

1.0 ms-2 ns ns ns 

 

A.4 Interactive effect between the excitation magnitudes and the 

backrest inclination angle 

Table A.10 Median value (12 subjects) of Rnl_ilm of the in-line fore-aft apparent mass at the 

backrest, and the statistical significance of the effects (p-value, Friedman) of the angle of backrest 

inclination and the excitation magnitude in y and z-axis (r.m.s.) 

Median value of Rnl_ilm  

Angles of backrest inclination p-value 
(effect of 
backrest 
inclination) 0° 10° 20° 

magnitude of 
y and z-axis 
excitation  

0 ms-2 1.250 1.367 1.250 ns 

0.5 ms-2 1.113 1.185 1.182 ns 

1.0 ms-2 1.033 1.079 1.191 ns 

p-value (effect of the excitation 
magnitude in y and z-axis) * * ns  

 

  

** 

** 

Excitation 
magnitude (z-
axis) 

* 

** 

** 

** 

** 

** 

Excitation magnitude 
(x and y-axis) 

** 



Appendix A 

190 

 

Table A.11 Median value of PCilm of the in-line fore-aft apparent mass at the backrest, and the 

statistical significance of the effects (p-value, Friedman) of the angle of backrest inclination and the 

excitation magnitude in y and z-axis 

Median value of PCilm  

Angles of backrest inclination p-value 
(effect of 
backrest 
inclination) 0° 10° 20° 

magnitude of 
y and z-axis 
excitation  

0 ms-2 -3.698% 6.511% 9.398% * 

0.5 ms-2 0.716% 0.230% 3.255% ns 

1.0 ms-2 -1.758% 1.319% 1.265% ns 

p-value (effect of the excitation 
magnitude in y and z-axis) ns ns *  

 

Table A.12 Median valueof Rnl_ilm of the in-line fore-aft apparent mass at the seat pan, and the 

statistical significance of the effects (p-value, Friedman) of the angle of backrest inclination and the 

excitation magnitude in y and z-axis (r.m.s.) 

Median value of Rnl_ilm  

Angles of backrest inclination p-value 
(effect of 
backrest 
inclination) 0° 10° 20° 

magnitude of 
y and z-axis 
excitation  

0 ms-2 1.225 1.385 1.310 ns 

0.5 ms-2 1.188 1.199 1.223 ns 

1.0 ms-2 1.113 1.087 1.083 ns 

p-value (effect of the excitation 
magnitude in y and z-axis) ** * **  
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Table A.13 Median value of PCilm of the in-line fore-aft apparent mass at the seat pan, and the 

statistical significance of the effects (p-value, Friedman) of the angle of backrest inclination and the 

excitation magnitude in y and z-axis (r.m.s.) 

Median value of PCilm  

Angles of backrest inclination p-value 
(effect of 
backrest 
inclination) 0° 10° 20° 

magnitude of 
y and z-axis 
excitation  

0 ms-2 15.984% 16.588% 13.318% ns 

0.5 ms-2 9.795% 11.572% 13.860% ns 

1.0 ms-2 4.196% 5.117% 7.352% ns 

p-value (effect of the excitation 
magnitude in y and z-axis) * ** ns  

 

Table A.14 Median value of Rnl_ilm of the in-line lateral apparent mass at the seat pan, and the 

statistical significance of the effects (p-value, Friedman) of the angle of backrest inclination and the 

excitation magnitude in x and z-axis (r.m.s.) 

Median value of Rnl_ilm  

Angles of backrest inclination p-value 
(effect of 
backrest 
inclination) 0° 10° 20° 

magnitude of 
x- and z-axis 
excitation  

0 ms-2 1.550 1.464 1.479 ns 

0.5 ms-2 1.900 1.500 1.381 ns 

1.0 ms-2 1.183 1.350 1.167 ns 

p-value (effect of the excitation 
magnitude in x and z-axis) ns ns *  
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Table A.15 Median value of PClm of the in-line lateral apparent mass at the seat pan, and the 

statistical significance of the effects (p-value, Friedman) of the angle of backrest inclination and the 

excitation magnitude in x and z-axis (r.m.s.) 

Median value of PCilm  

Angles of backrest inclination p-value 
(effect of 
backrest 
inclination) 0° 10° 20° 

magnitude of 
x and z-axis 
excitation  

0 ms-2 2.884% 9.516% 7.748% ns 

0.5 ms-2 4.469% 7.580% 6.026% ns 

1.0 ms-2 -2.799% 5.134% 12.417% ** 

p-value (effect of the excitation 
magnitude in x and z-axis) ns ns ns  

 

Table A.16 Median value of Rnl_ilm of the in-line vertical apparent mass at the backrest, and the 

statistical significance of the effects (p-value, Friedman) of the angle of backrest inclination and the 

excitation magnitude in x and y-axis (r.m.s.) 

Median value of Rnl_ilm  

Angles of backrest inclination p-value 
(effect of 
backrest 
inclination) 0° 10° 20° 

magnitude of 
x and y-axis 
excitation  

0 ms-2 1.211 1.184 1.193 ns 

0.5 ms-2 1.000 1.155 1.127 * 

1.0 ms-2 1.081 0.978 1.000 ns 

p-value (effect of the excitation 
magnitude in x and y-axis) * * *  
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Table A.17 Median value of PCilm of the in-line vertical apparent mass at the backrest, and the 

statistical significance of the effects (p-value, Friedman) of the angle of backrest inclination and the 

excitation magnitude in x and y-axis (r.m.s.) 

Median value of PCilm  

Angles of backrest inclination p-value 
(effect of 
backrest 
inclination) 0° 10° 20° 

magnitude of 
x and y-axis 
excitation  

0 ms-2 15.452% 13.465% 4.793% ns 

0.5 ms-2 -0.065% -4.022% 1.471% ns 

1.0 ms-2 28.950% 7.306% 5.942% ** 

p-value (effect of the excitation 
magnitude in x and y-axis) * * ns  

 

Table A.18 Median value of Rnl_ilm of the in-line vertical apparent mass at the seat pan, and the 

statistical significance of the effects (p-value, Friedman) of the angle of backrest inclination and the 

excitation magnitude in x and y-axis (r.m.s.) 

Median value of Rnl_ilm  

Angles of backrest inclination p-value 
(effect of 
backrest 
inclination) 0° 10° 20° 

magnitude of 
x and y-axis 
excitation  

0 ms-2 1.143 1.156 1.190 ns 

0.5 ms-2 1.046 1.120 1.175 ns 

1.0 ms-2 1.048 1.000 1.049 ns 

p-value (effect of the excitation 
magnitude in x and y-axis) ns * ns  
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Table A.19 Median value of Rnl_sec of the in-line fore-aft apparent mass at the backrest, and the 

statistical significance of the effects (p-value, Friedman) of the excitation magnitude in x-axis (r.m.s.) 

Median value of Rnl_sec 

Angles of backrest inclination 

0° 10° 20° 

magnitude of 
x-axis 
excitation  

0 ms-2 1.385 1.349 1.336 

0.5 ms-2 1.113 1.215 1.214 

1.0 ms-2 1.000 1.000 1.133 

p-value (effect of the excitation 
magnitude in x-axis) * * * 

 

Table A.20 Median value of Rnl_sec of the in-line fore-aft apparent mass at the seat pan, and the 

statistical significance of the effects (p-value, Friedman) of the excitation magnitude in x-axis (r.m.s.) 

Median value of Rnl_sec 

Angles of backrest inclination 

0° 10° 20° 

magnitude of 
x-axis 
excitation  

0 ms-2 1.243 1.230 1.385 

0.5 ms-2 1.077 1.194 1.243 

1.0 ms-2 1.071 1.036 1.167 

p-value (effect of the excitation 
magnitude in x-axis) ns ** ** 
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Table A.21 Median value of PCsec of the in-line fore-aft apparent mass at the seat pan, and the 

statistical significance of the effects (p-value, Friedman) of the excitation magnitude in x-axis (r.m.s.) 

Median value of PCsec 

Angles of backrest inclination 

0° 10° 20° 

magnitude of 
x-axis 
excitation  

0 ms-2 11.181% 15.984% 7.459% 

0.5 ms-2 9.282% 8.967% 5.865% 

1.0 ms-2 -0.610% 5.222% -1.674% 

p-value (effect of the excitation 
magnitude in x-axis) * ** ns 

 

Table A.22 Median value of Rnl_sec of the in-line vertical apparent mass at the backrest, and the 

statistical significance of the effects (p-value, Friedman) of the excitation magnitude in z-axis (r.m.s.) 

Median value of Rnl_sec 

Angles of backrest inclination 

0° 10° 20° 

magnitude of 
z-axis 
excitation  

0 ms-2 1.324 1.264 1.250 

0.5 ms-2 1.243 1.262 1.195 

1.0 ms-2 1.177 1.047 1.098 

p-value (effect of the excitation 
magnitude in z-axis) ns ** ** 
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Table A.23 Median value of Rnl_sec of the in-line vertical apparent mass at the seat pan, and the 

statistical significance of the effects (p-value, Friedman) of the excitation magnitude in z-axis  (r.m.s.) 

Median value of Rnl_sec 

Angles of backrest inclination 

0° 10° 20° 

magnitude of 
z-axis 
excitation  

0 ms-2 1.191 1.294 1.187 

0.5 ms-2 1.124 1.149 1.107 

1.0 ms-2 1.054 1.085 1.090 

p-value (effect of the excitation 
magnitude in z-axis) ns ** ns 

 

Table A.24 Median value of PCbr of the in-line fore-aft apparent mass at the backrest, and the 

statistical significance of the effects (p-value, Friedman) of the excitation magnitude in x-axis and 

the excitation magnitude in the y and z-axis (r.m.s.) 

Median value of PCbr 

magnitude of y and z-axis excitation p-value 
(effect of the 
excitation 
magnitude in 
y and z-axis) 

0 ms-2 0.5 ms-2 1.0 ms-2 

magnitude of 
x-axis 
excitation  

0.25 ms-2 7.479% 13.504% 12.089% ns 

0.5 ms-2 9.494% 0.012% 19.196% ns 

1.0 ms-2 16.825% 8.328% 10.979% ns 

p-value (effect of the excitation 
magnitude in x-axis) * ns ns  
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Table A.25 Median value of PCbr of the in-line lateral apparent mass at the seat pan, and the 

statistical significance of the effects (p-value, Friedman) of the excitation magnitude in y-axis and 

the excitation magnitude in the x and z-axis (r.m.s.) 

Median value of PCbr 

magnitude of x and z-axis excitation p-value 
(effect of the 
excitation 
magnitude in 
x and z-axis) 

0 ms-2 0.5 ms-2 1.0 ms-2 

magnitude of 
y-axis 
excitation  

0.25 ms-2 -24.113% -12.296% -27.462% ** 

0.5 ms-2 -15.298% -21.441% -24.237% ns 

1.0 ms-2 -8.489% -12.740% -12.430% ns 

p-value (effect of the excitation 
magnitude in y-axis) * ns **  

 

Table A.26 Median value of Rnl_br of the in-line vertical apparent mass at the backrest, and the 

statistical significance of the effects (p-value, Friedman) of the excitation magnitude in z-axis and 

the excitation magnitude in the x and y-axis (r.m.s.) 

Median value of Rnl_br 

magnitude of x and y-axis excitation p-value 
(effect of the 
excitation 
magnitude in 
x and y-axis) 

0 ms-2 0.5 ms-2 1.0 ms-2 

magnitude of 
z-axis 
excitation  

0.25 ms-2 0.750 0.630 0.658 ns 

0.5 ms-2 0.753 0.668 0.715 ns 

1.0 ms-2 0.822 0.780 0.714 * 

p-value (effect of the excitation 
magnitude in z-axis) ns * ns  
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Appendix B THE EFFECT OF THE BACKREST INCLINATION 

COMBINED WITH EXCITATION MAGNITUDES 

ON THE TRANSMISSIBILITIES OF THE 

SUSPENSION SEAT 

B.1 The effect of the excitation magnitude in the “primary-axis” on the 

seat transmissibilities 

Table B.1 Statistical significance (p-value, Friedman) of the effect of the in-line fore-aft excitation 

magnitude on the frequency and the associated modulus of the fundamental resonance of the in-

line fore-aft seat transmissibility at the backrest, with different inclination angles of the backrest 

and different excitation magnitudes in y and z-axis (r.m.s.) 

 

  

0 ms-2 0.5 ms-2 1.0 ms-2 

0° ** ** * 

10° ** * ns 

20° ** ns * 

 

ns 

** 

Angle of 
backrest 
inclination 

** 

ns 

ns 

* 

** 

* 

Excitation magnitude 
(y and z-axis) 

ns 
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Table B.2 Statistical significance (p-value, Friedman) of the effect of the in-line fore-aft excitation 

magnitude on the frequency and the associated modulus of the fundamental resonance of the in-

line fore-aft seat transmissibility at the seat pan, with different inclination angles of the backrest 

and different excitation magnitudes in y and z-axis (r.m.s.) 

 

  

0 ms-2 0.5 ms-2 1.0 ms-2 

0° ** ** ** 

10° ** * * 

20° ** ns * 

 

Table B.3 Statistical significance (p-value, Friedman) of the effect of the magnitude in y and z-

axis on the frequency and the associated modulus of the fundamental resonance of the in-line fore-

aft seat transmissibility at the backrest, with different inclination angles of the backrest and 

different excitation magnitudes in x-axis (r.m.s.) 

 

  

0.25 ms-2 0.5 ms-2 1.0 ms-2 

0° ** ** ns 

10° ** ** ns 

20° ** ** ns 

 

* 

** 

Angle of 
backrest 
inclination 

** 

** 

ns 

ns 

** 

** 

ns 

Excitation magnitude 
(y and z-axis) 

** 

** 

Angle of 
backrest 
inclination 

** 

** 

* 

* 

ns 

* 

ns 

Excitation magnitude 
(x-axis) 
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Table B.4 Statistical significance (p-value, Friedman) of the effect of the lateral excitation 

magnitude on the frequency and the associated modulus of the second resonance of the in-line 

lateral seat transmissibility at the backrest, with different inclination angles of the backrest and 

different excitation magnitudes in x and z-axis (r.m.s.) 

 

  

0 ms-2 0.5 ms-2 1.0 ms-2 

0° ** ** ** 

10° ** ** ** 

20° ** ** ** 

 

  

ns 

* 

Angle of 
backrest 
inclination 

* 

** 

** 

** 

ns 

ns 

* 

Excitation magnitude 
(x and z-axis) 
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Table B.5 Statistical significance (p-value, Friedman) of the effect of the lateral excitation 

magnitude on the frequency and the associated modulus of the second resonance of the in-line 

lateral seat transmissibility at the seat pan, with different inclination angles of the backrest and 

different excitation magnitudes in y and z-axis (r.m.s.) 

 

  

0 ms-2 0.5 ms-2 1.0 ms-2 

0° ** ** ns 

10° ** * ns 

20° ** * ns 

 

Table B.6 Statistical significance (p-value, Friedman) of the effect of the in-line vertical excitation 

magnitude on the frequency and the associated modulus of the fundamental resonance of the in-

line vertical seat transmissibility at the backrest, with different inclination angles of the backrest 

and different excitation magnitudes in x and y-axis (r.m.s.) 

 

  

0 ms-2 0.5 ms-2 1.0 ms-2 

0° ** ** ** 

10° ** ** ** 

20° ** ** ** 

 

  

ns 

ns 

Angle of 
backrest 
inclination 

** 

** 

ns 

* 

ns 

ns 

* 

Excitation magnitude 
(x and z-axis) 

ns 

** 

Angle of 
backrest 
inclination 

** 

** 

** 

* 

ns 

* 

* 

Excitation magnitude 
(x and y-axis) 
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Table B.7 Statistical significance (p-value, Friedman) of the effect of the in-line vertical excitation 

magnitude on the frequency and the modulus of the associated second resonance of the in-line 

vertical seat transmissibility at the backrest, with different inclination angles of the backrest and 

different excitation magnitudes in x and y-axis (r.m.s.) 

 

  

0 ms-2 0.5 ms-2 1.0 ms-2 

0° ** ** ** 

10° ** ** ** 

20° ** ** ** 

 

Table B.8 Statistical significance (p-value, Friedman) of the effect of the in-line vertical excitation 

magnitude on the frequency and the associated modulus of the fundamental resonance of the in-

line vertical seat transmissibility at the seat pan, with different inclination angles of the backrest 

and different excitation magnitudes in x and y-axis (r.m.s.) 

 

  

0 ms-2 0.5 ms-2 1.0 ms-2 

0° ** ** ** 

10° ** ** ** 

20° ** ** ** 

 

  

** 

** 

Angle of 
backrest 
inclination 

** 

** 

** 

** 

** 

** 

** 

Excitation magnitude 
(x and y-axis) 

* 

ns 

Angle of 
backrest 
inclination 

* 

ns 

* 

* 

** 

* 

** 

Excitation magnitude 
(x and y-axis) 
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Table B.9 Statistical significance (p-value, Friedman) of the effect of the magnitude of vertical 

excitations on the vertical SEAT value of the suspension seat, with different inclination angles of the 

backrest and different excitation magnitudes in x and y-axis (r.m.s.) 

 

  

0 ms-2 0.5 ms-2 1.0 ms-2 

0° ** ** ** 

10° ** ** ** 

20° ** ** ** 

 

B.2 The effect of the excitation magnitude in the “secondary-axes” on the 

seat transmissibilities 

Table B.10 Statistical significance (p-value, Friedman) of the effect of the magnitude of excitation 

in y and z-axis on the frequency and the associated modulus of the fundamental resonance of the 

in-line fore-aft seat transmissibility at the seat pan, with different inclination angles of the backrest 

and different excitation magnitudes in x-axis (r.m.s.) 

 

  

0.25 ms-2 0.5 ms-2 1.0 ms-2 

0° * * ns 

10° * * ns 

20° ** ** ns 

 

  

Angle of 
backrest 
inclination 

Excitation magnitude 
(x and y-axis) 

** 

** 

Angle of 
backrest 
inclination 

** 

** 

** 

** 

** 

* 

** 

Excitation magnitude 
(x-axis) 
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Table B.11 Statistical significance (p-value, Friedman) of the effect of the magnitude of excitation 

in x and z-axis on the frequency and the associated modulus of the secondary resonance of the in-

line lateral seat transmissibility at the backrest, with different inclination angles of the backrest and 

different excitation magnitudes in y-axis (r.m.s.) 

 

  

0.25 ms-2 0.5 ms-2 1.0 ms-2 

0° ** ** ** 

10° ** ** * 

20° ** ** * 

 

Table B.12 Statistical significance (p-value, Friedman) of the effect of the magnitude of excitation 

in x and z-axis on the frequency and the associated modulus of the secondary resonance of the in-

line lateral seat transmissibility at the seat pan, with different inclination angles of the backrest and 

different excitation magnitudes in y-axis (r.m.s.) 

 

  

0.25 ms-2 0.5 ms-2 1.0 ms-2 

0° ** ** * 

10° ** ** ** 

20° ** ** ns 

 

  

ns 

* 

Angle of 
backrest 
inclination 

* 

ns 

ns 

ns 

** 

** 

Excitation magnitude 
(y-axis) 

** 

ns 

* 

Angle of 
backrest 
inclination 

** 

* 

** 

** 

ns 

* 

Excitation magnitude 
(y-axis) 

* 
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Table B.13 Statistical significance (p-value, Friedman) of the effect of the magnitude of excitation 

in x and y-axis on the frequency and the associated modulus of the fundamental resonance of the 

in-line vertical seat transmissibility at the backrest, with different inclination angles of the backrest 

and different excitation magnitudes in z-axis (r.m.s.) 

 

  

0.25 ms-2 0.5 ms-2 1.0 ms-2 

0° ** ** ** 

10° ** ** * 

20° ** ** * 

 

Table B.14 Statistical significance (p-value, Friedman) of the effect of the magnitude of excitation 

in x and y-axis on the frequency and the associated modulus of the second resonance of the in-line 

vertical seat transmissibility at the backrest, with different inclination angles of the backrest and 

different excitation magnitudes in z-axis (r.m.s.) 

 

  

0.25 ms-2 0.5 ms-2 1.0 ms-2 

0° ** ** ns 

10° ** ns ns 

20° * ns ns 

 

  

** 

** 

Angle of 
backrest 
inclination 

* 

** 

** 

** 

** 

** 

Excitation magnitude 
(z-axis) 

** 

** 

** 

Angle of 
backrest 
inclination 

** 

** 

** 

ns 

ns 

ns 

Excitation magnitude 
(z-axis) 

ns 
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Table B.15  Statistical significance (p-value, Friedman) of the effect of the magnitude of excitation 

in x and y-axis on the frequency and the associated modulus of the fundamental resonance of the 

in-line vertical seat transmissibility at the seat pan, with different inclination angles of the backrest 

and different excitation magnitudes in z-axis (r.m.s.) 

 

  

0.25 ms-2 0.5 ms-2 1.0 ms-2 

0° ** ** * 

10° ** ns ns 

20° ** ns * 

 

Table B.16 Statistical significance (p-value, Friedman) of the effect of the magnitude of x and y-

axis excitations on the vertical SEAT value of the suspension seat, with different inclination angles 

of the backrest and different in-line vertical excitation magnitudes (r.m.s.) 

 

  

0.25 ms-2 0.5 ms-2 1.0 ms-2 

0° ** ** ** 

10° ** ** ** 

20° ** ** ** 

 

  

** 

** 

Angle of 
backrest 
inclination 

** 

** 

** 

** 

** 

** 

Excitation magnitude 
(z-axis) 

** 

Angle of 
backrest 
inclination 

Excitation magnitude 
(z-axis) 
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B.3 The effect of the backrest inclination angle on the seat 

transmissibilities 

Table B.17 Statistical significance (p-value, Friedman) of the effect of the inclination angles of the 

backrest on the frequency and the associated modulus of the fundamental resonance of the in-line 

fore-aft seat transmissibility at the seat pan, with different excitation magnitudes in x-axis and 

different excitation magnitude in y and z-axis (r.m.s.) 

 

  

0 ms-2 0.5 ms-2 1.0 ms-2 

0.25 ms-2 ** ns ns 

0.5 ms-2 ** ns ns 

1.0 ms-2 ns ns ns 

 

Table B.18 Statistical significance (p-value, Friedman) of the effect of the inclination angles of the 

backrest on the frequency and the associated modulus of the secondary resonance of the in-line 

lateral seat transmissibility at the backrest, with different excitation magnitudes in y-axis and 

different excitation magnitude in x and z-axis (r.m.s.) 

 

  

0 ms-2 0.5 ms-2 1.0 ms-2 

0.25 ms-2 ns ns ** 

0.5 ms-2 * * * 

1.0 ms-2 ns ns ns 

 

  

ns 

ns 

Excitation 
magnitude 
(x-axis) 

ns 

ns 

ns 

ns 

ns 

ns 

Excitation magnitude 
(y and z-axis) 

ns 

** 

** 

Excitation 
magnitude 
(y-axis) 

** 

** 

** 

** 

** 

** 

Excitation magnitude 
(x and z-axis) 

** 
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Table B.19 Statistical significance (p-value, Friedman) of the effect of the inclination angles of the 

backrest on the frequency and the associated modulus of the secondary resonance of the in-line 

lateral seat transmissibility at the seat pan, with different excitation magnitudes in y-axis and 

different excitation magnitude in x and z-axis (r.m.s.) 

 

  

0 ms-2 0.5 ms-2 1.0 ms-2 

0.25 ms-2 ns ns ns 

0.5 ms-2 ns ns ns 

1.0 ms-2 ns ns ns 

 

Table B.20 Statistical significance (p-value, Friedman) of the effect of the inclination angles of the 

backrest on the frequency and the associated modulus of the fundamental resonance of the in-line 

vertical seat transmissibility at the backrest, with different excitation magnitudes in z-axis and 

different excitation magnitude in x and y-axis (r.m.s.) 

 

  

0 ms-2 0.5 ms-2 1.0 ms-2 

0.25 ms-2 ns ns ns 

0.5 ms-2 ** ** * 

1.0 ms-2 ** ** * 

 

  

** 

* 

Excitation 
magnitude 
(y-axis) 

** 

** 

** 

** 

** 

** 

Excitation magnitude 
(x and z-axis) 

** 

** 

** 

Excitation 
magnitude (z-
axis) 

** 

** 

** 

** 

** 

** 

Excitation magnitude 
(x and y-axis) 

** 



Appendix B 

210 

Table B.21 Statistical significance (p-value, Friedman) of the effect of the inclination angles of the 

backrest on the frequency and the associated modulus of the second resonance of the in-line 

vertical seat transmissibility at the backrest, with different excitation magnitudes in z-axis and 

different of excitation magnitude in x and y-axis (r.m.s.) 

 

  

0 ms-2 0.5 ms-2 1.0 ms-2 

0.25 ms-2 ** ns * 

0.5 ms-2 ns ns * 

1.0 ms-2 ns ns ns 

 

Table B.22 Statistical significance (p-value, Friedman) of the effect of the inclination angles of the 

backrest on the frequency and the associated modulus of the fundamental resonance of the in-line 

vertical seat transmissibility at the seat pan, with different excitation magnitudes in z-axis and 

different excitation magnitude in x and y-axis (r.m.s.) 

 

  

0 ms-2 0.5 ms-2 1.0 ms-2 

0.25 ms-2 ns ns ns 

0.5 ms-2 * * * 

1.0 ms-2 ** ns ns 

 

  

ns 

** 

Excitation 
magnitude (z-
axis) 

** 

** 

** 

** 

** 

** 

Excitation magnitude 
(x and y-axis) 

** 

ns 

ns 

Excitation 
magnitude (z-
axis) 

ns 

ns 

ns 

ns 

ns 

ns 

Excitation magnitude 
(x and y-axis) 

ns 
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Table B.23 Statistical significance (p-value, Friedman) of the effect of the inclination angles of the 

backrest on the vertical SEAT value of the suspension seat, with different excitation magnitudes in 

z-axis and different excitation magnitude in x and y-axis (r.m.s.) 

 

  

0 ms-2 0.5 ms-2 1.0 ms-2 

0.25 ms-2 * ns ns 

0.5 ms-2 ns ns ns 

1.0 ms-2 * * ns 

 

 

Excitation 
magnitude (z-
axis) 

Excitation magnitude 
(x and y-axis) 
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Appendix C EQUATIONS OF THE BIODYNAMIC MODEL 

OF THE SEATED HUMAN BODY EXPOSED TO 

TRI-AXIAL TRANSLATIONAL VIBRATION 

The relative displacements between the bodies B2 and B3: 

𝒍23
𝑂 = 𝑶3

𝑂 + 𝑨23
𝐵3𝑻𝑝𝑖𝑡𝑐ℎ(𝜃3) − [𝑶2

𝑂 + 𝑨23
𝐵2𝑻𝑝𝑖𝑡𝑐ℎ(𝜃2)] 

The relative displacements between the bodies B1 and B4: 

𝒍14
𝑂 = 𝑶4

𝑂 + 𝑨14
𝐵4𝑻𝑝𝑖𝑡𝑐ℎ(𝜃4)𝑻𝑏𝑟(𝛼) − [𝑶1

𝑂 + 𝑨14
𝐵1𝑻𝑝𝑖𝑡𝑐ℎ(𝜃1)] 

The relative displacement between the bodies B5 and B6: 

𝒍56
𝑂 = 𝑶6

𝑂 + 𝑨56
𝐵6𝑻𝑝𝑖𝑡𝑐ℎ(𝜃6)𝑻𝑏𝑟(𝛼) − [𝑶5

𝑂 + 𝑨56
𝐵5𝑻𝑝𝑖𝑡𝑐ℎ(𝜃5)𝑻𝑏𝑟(𝛼)] 

The relative displacement between the bodies B2 and Bs is: 

𝒍2𝑠
𝑂 = 𝑶𝑠

𝑂 + 𝑪2𝑠
𝐵𝑠 − [𝑶2

𝑂 + 𝑪2𝑠
𝐵2𝑻𝑝𝑖𝑡𝑐ℎ(𝜃2)] 

the relative displacement between the bodies B5 and Bb is: 

𝒍5𝑏
𝑂 = 𝑶𝑏

𝑂 + 𝑪5𝑏
𝐵𝑏𝑻𝑏𝑟(𝛼) − [𝑶5

𝑂 + 𝑪5𝑏
𝐵5𝑻𝑝𝑖𝑡𝑐ℎ(𝜃5)𝑻𝑏𝑟(𝛼)] 

The translational force between the bodies B2 and B3 is: 

𝒇23
𝑂 = 𝒍23

𝑂 [

𝑘𝑥23
𝑘𝑦23

𝑘𝑧23

] + �̇�23
𝑂 [

𝑐𝑥23
𝑐𝑦23

𝑐𝑧23

] = [𝑓23(𝑥) 𝑓23(𝑦) 𝑓23(𝑧)]𝑵 

The translational force between the bodies B1 and B4 is: 

𝒇14
𝑂 = 𝒍14

𝑂 [

𝑘𝑥14
𝑘𝑦14

𝑘𝑧14

] + �̇�14
𝑂 [

𝑐𝑥14
𝑐𝑦14

𝑐𝑧14

] = [𝑓14(𝑥) 𝑓14(𝑦) 𝑓14(𝑧)]𝑵 

The translational force between the bodies B1 and Bs is: 

𝒇1𝑠
𝑂 = 𝒍1𝑠

𝑂 [

𝑘𝑥1𝑠
𝑘𝑦1𝑠

𝑘𝑧1𝑠

] + �̇�1𝑠
𝑂 [

𝑐𝑥1𝑠
𝑐𝑦1𝑠

𝑐𝑧1𝑠

] = [𝑓1𝑠(𝑥) 𝑓1𝑠(𝑦) 𝑓1𝑠(𝑧)]𝑵 

The translational force between the bodies B2 and Bs is: 

𝒇2𝑠
𝑂 = 𝒍2𝑠

𝑂 [

𝑘𝑥2𝑠
𝑘𝑦2𝑠

𝑘𝑧2𝑠

] + �̇�2𝑠
𝑂 [

𝑐𝑥2𝑠
𝑐𝑦2𝑠

𝑐𝑧2𝑠

] = [𝑓2𝑠(𝑥) 𝑓2𝑠(𝑦) 𝑓2𝑠(𝑧)]𝑵 

The translational force between the bodies B4 and Bb is: 
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𝒇4𝑏
𝑂 = 𝒍4𝑏

𝑂 𝑻𝑏𝑟
𝑇 (𝛼) [

𝑘𝑥4𝑏
𝑘𝑦4𝑏

𝑘𝑧4𝑏

] + �̇�4𝑏
𝑂 𝑻𝑏𝑟

𝑇 (𝛼) [

𝑐𝑥4𝑏
𝑐𝑦4𝑏

𝑐𝑧4𝑏

] 

= [𝑓4𝑏(𝑥) 𝑓4𝑏(𝑦) 𝑓4𝑏(𝑧)]�̌� 

And the translational force between the bodies B5 and Bb is: 

𝒇5𝑏
𝑂 = [𝑓5𝑏(𝑥) 𝑓5𝑏(𝑦) 𝑓5𝑏(𝑧)]�̌� 

For the rigid body B2, the equations of motion are derived as: 

𝑚2�̈�2 = −𝑓12(𝑥) + 𝑓23(𝑥) + 𝑓2𝑠(𝑥) 

𝑚2�̈�2 = −𝑓12(𝑦) + 𝑓23(𝑦) + 𝑓2𝑠(𝑦) 

𝑚2�̈�2 = −𝑓12(𝑧) + 𝑓23(𝑧) + 𝑓2𝑠(𝑧) 

𝐼2�̈�2 = 𝑘𝑝23(𝜃3 − 𝜃2) + 𝑐𝑝23(�̇�3 − �̇�2) − 𝑘𝑝12(𝜃2 − 𝜃1) − 𝑐𝑝12(�̇�2 − �̇�1)

− 𝑨12
𝐵2 × [𝑓12(𝑥) 𝑓12(𝑦) 𝑓12(𝑧)] [

0
1
0
] + 𝑨23

𝐵2 × [𝑓23(𝑥) 𝑓23(𝑦) 𝑓23(𝑧)] [
0
1
0
]

+ 𝑪2𝑠
𝐵2 × [𝑓2𝑠(𝑥) 𝑓2𝑠(𝑦) 𝑓2𝑠(𝑧)] [

0
1
0
] 

For the rigid body B3, the equations of motion are derived as: 

𝑚3�̈�3 = −𝑓23(𝑥) 

𝑚3�̈�3 = −𝑓23(𝑦) 

𝑚3�̈�3 = −𝑓23(𝑧) 

𝐼3�̈�3 = −𝑘𝑝23(𝜃3 − 𝜃2) − 𝑐𝑝23(�̇�3 − �̇�2) − 𝑨23
𝐵3 × [𝑓23(𝑥) 𝑓23(𝑦) 𝑓23(𝑧)] [

0
1
0
] 

For the rigid body B4, the equations of motion are derived as: 

𝑚4�̈�4 = −𝑓14(𝑥) + [𝑓45(𝑥) 𝑓45(𝑦) 𝑓45(𝑧)]𝑻𝑏𝑟(𝛼) [
1
0
0
] + [𝑓4𝑏(𝑥) 𝑓4𝑏(𝑦) 𝑓4𝑏(𝑧)]𝑻𝑏𝑟(𝛼) [

1
0
0
] 

𝑚4�̈�4 = −𝑓14(𝑦) + [𝑓45(𝑥) 𝑓45(𝑦) 𝑓45(𝑧)]𝑻𝑏𝑟(𝛼) [
0
1
0
] + [𝑓4𝑏(𝑥) 𝑓4𝑏(𝑦) 𝑓4𝑏(𝑧)]𝑻𝑏𝑟(𝛼) [

0
1
0
] 

𝑚4�̈�4 = −𝑓14(𝑧) + [𝑓45(𝑥) 𝑓45(𝑦) 𝑓45(𝑧)]𝑻𝑏𝑟(𝛼) [
0
0
1
] + [𝑓4𝑏(𝑥) 𝑓4𝑏(𝑦) 𝑓4𝑏(𝑧)]𝑻𝑏𝑟(𝛼) [

0
0
1
] 

𝐼4�̈�4 = −𝑘𝑝14(𝜃4 − 𝜃1) − 𝑐𝑝14(�̇�4 − �̇�1) − 𝑘𝑝45(𝜃4 − 𝜃5) − 𝑐𝑝45(�̇�4 − �̇�5)

+ 𝑨14
𝐵4 × {[−𝑓14(𝑥) −𝑓14(𝑦) −𝑓14(𝑧)]𝑻𝑏𝑟

𝑇 (𝛼)} [
0
1
0
]

+ 𝑨45
𝐵4 × [𝑓45(𝑥) 𝑓45(𝑦) 𝑓45(𝑧)] [

0
1
0
] + 𝑪4𝑏

𝐵4 × [𝑓4𝑏(𝑥) 𝑓4𝑏(𝑦) 𝑓4𝑏(𝑧)] [
0
1
0
] 
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For the rigid body B5, the equations of motion are derived as: 

𝑚5�̈�5 = −[𝑓45(𝑥) 𝑓45(𝑦) 𝑓45(𝑧)]𝑻𝑏𝑟(𝛼) [
1
0
0
] + [𝑓5𝑏(𝑥) 𝑓5𝑏(𝑦) 𝑓5𝑏(𝑧)]𝑻𝑏𝑟(𝛼) [

1
0
0
]

+ [𝑓56(𝑥) 𝑓56(𝑦) 𝑓56(𝑧)]𝑻𝑏𝑟(𝛼) [
1
0
0
] 

𝑚5�̈�5 = −[𝑓45(𝑥) 𝑓45(𝑦) 𝑓45(𝑧)]𝑻𝑏𝑟(𝛼) [
0
1
0
] + [𝑓5𝑏(𝑥) 𝑓5𝑏(𝑦) 𝑓5𝑏(𝑧)]𝑻𝑏𝑟(𝛼) [

0
1
0
]

+ [𝑓56(𝑥) 𝑓56(𝑦) 𝑓56(𝑧)]𝑻𝑏𝑟(𝛼) [
0
1
0
] 

𝑚5�̈�5 = −[𝑓45(𝑥) 𝑓45(𝑦) 𝑓45(𝑧)]𝑻𝑏𝑟(𝛼) [
0
0
1
] + [𝑓5𝑏(𝑥) 𝑓5𝑏(𝑦) 𝑓5𝑏(𝑧)]𝑻𝑏𝑟(𝛼) [

0
0
1
]

+ [𝑓56(𝑥) 𝑓56(𝑦) 𝑓56(𝑧)]𝑻𝑏𝑟(𝛼) [
0
0
1
] 

𝐼5�̈�5 = −𝑘𝑝45(𝜃5 − 𝜃4) − 𝑐𝑝45(�̇�5 − �̇�4)−𝑘𝑝56(𝜃5 − 𝜃6) − 𝑐𝑝56(�̇�5 − �̇�6)

− 𝑨45
𝐵5 × [𝑓45(𝑥) 𝑓45(𝑦) 𝑓45(𝑧)] [

0
1
0
] + 𝑪5𝑏

𝐵5 × [𝑓5𝑏(𝑥) 𝑓5𝑏(𝑦) 𝑓5𝑏(𝑧)] [
0
1
0
]

+ 𝑨56
𝐵5 × [𝑓56(𝑥) 𝑓56(𝑦) 𝑓56(𝑧)] [

0
1
0
] 

For the rigid body B6, the equations of motion are derived as: 

𝑚6�̈�6 = −[𝑓56(𝑥) 𝑓56(𝑦) 𝑓56(𝑧)]𝑻𝑏𝑟(𝛼) [
1
0
0
] 

𝑚6�̈�6 = −[𝑓56(𝑥) 𝑓56(𝑦) 𝑓56(𝑧)]𝑻𝑏𝑟(𝛼) [
0
1
0
] 

𝑚6�̈�6 = −[𝑓56(𝑥) 𝑓56(𝑦) 𝑓56(𝑧)]𝑻𝑏𝑟(𝛼) [
0
0
1
] 

𝐼6�̈�6 = −𝑘𝑝56(𝜃6 − 𝜃5) − 𝑐𝑝56(�̇�6 − �̇�5) − 𝑨56
𝐵6 × [𝑓56(𝑥) 𝑓56(𝑦) 𝑓56(𝑧)] [

0
1
0
] 

The in-line lateral apparent mass at the seat pan Msyy can be calculated as: 

𝑀𝑠𝑦𝑦 =
𝐅(𝑓1𝑠(𝑦) + 𝑓2𝑠(𝑦))

−𝜔2𝐅(𝑦𝑠)

=
𝑘𝑦1𝑠[1 − 𝑻𝑅(2,2)] + 𝑘𝑦2𝑠[1 − 𝑻𝑅(6,2)]

−𝜔2

+
𝑐𝑦1𝑠[1 − 𝑻𝑅(2,2)] + 𝑐𝑦2𝑠[1 − 𝑻𝑅(6,2)]

𝑗𝜔
 

The in-line vertical apparent mass at the seat pan Mszz can be calculated as: 
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𝑀𝑠𝑧𝑧 =
𝐅(𝑓1𝑠(𝑧) + 𝑓2𝑠(𝑧))

−𝜔2𝐅(𝑧𝑠)

=
𝑘𝑧1𝑠[1 − 𝑻𝑅(3,3) + 𝑻𝑅(4,3)𝑥𝐶1𝑠

𝐵1 ] + 𝑘𝑧2𝑠[1 − 𝑻𝑅(7,3) + 𝑻𝑅(8,3)𝑥𝐶2𝑠
𝐵2 ]

−𝜔2

+
𝑐𝑧1𝑠[1 − 𝑻𝑅(3,3) + 𝑻𝑅(4,3)𝑥𝐶1𝑠

𝐵1 ] + 𝑐𝑧2𝑠[1 − 𝑻𝑅(7,3) + 𝑻𝑅(8,3)𝑥𝐶2𝑠
𝐵2 ]

𝑗𝜔
 

The in-line fore-aft apparent mass at the backrest Mbxx can be calculated as: 

𝑀𝑏𝑥𝑥 =
𝐅(𝑓4𝑏(𝑥) + 𝑓5𝑏(𝑥))

−𝜔2𝐅(𝑥𝑠)
=
𝐅(𝑓4𝑏(𝑥)𝑐𝛼 − 𝑓4𝑏(𝑧)𝑠𝛼 + 𝑓5𝑏(𝑥)𝑐𝛼 − 𝑓5𝑏(𝑧)𝑠𝛼)

−𝜔2𝐅(𝑥𝑠)

=
{
  
 

  
 𝑘𝑥4𝑏[𝑐𝛼 − 𝑻𝑅(13,1)𝑐𝛼 − 𝑻𝑅(15,1)𝑠𝛼 − 𝑻𝑅(16,1)𝑧𝐶4𝑏

𝐵4 ]𝑐𝛼

−𝑘𝑧4𝑏[−𝑠𝛼 + 𝑻𝑅(13,1)𝑠𝛼 − 𝑻𝑅(15,1)𝑐𝛼 + 𝑻𝑅(16,1)𝑥𝐶4𝑏
𝐵4 ]𝑠𝛼

+𝑘𝑥5𝑏[𝑐𝛼 − 𝑻𝑅(17,1)𝑐𝛼 − 𝑻𝑅(19,1)𝑠𝛼 − 𝑻𝑅(20,1)𝑧𝐶5𝑏
𝐵5 ]𝑐𝛼

−𝑘𝑧5𝑏[−𝑠𝛼 + 𝑻𝑅(17,1)𝑠𝛼 − 𝑻𝑅(19,1)𝑐𝛼 + 𝑻𝑅(20,1)𝑥𝐶5𝑏
𝐵5 ]𝑠𝛼}

  
 

  
 

−𝜔2

+
{
  
 

  
 𝑐𝑥4𝑏[𝑐𝛼 − 𝑻𝑅(13,1)𝑐𝛼 − 𝑻𝑅(15,1)𝑠𝛼 − 𝑻𝑅(16,1)𝑧𝐶4𝑏

𝐵4 ]𝑐𝛼

−𝑐𝑧4𝑏[−𝑠𝛼 + 𝑻𝑅(13,1)𝑠𝛼 − 𝑻𝑅(15,1)𝑐𝛼 + 𝑻𝑅(16,1)𝑥𝐶4𝑏
𝐵4 ]𝑠𝛼

+𝑐𝑥5𝑏[𝑐𝛼 − 𝑻𝑅(17,1)𝑐𝛼 − 𝑻𝑅(19,1)𝑠𝛼 − 𝑻𝑅(20,1)𝑧𝐶5𝑏
𝐵5 ]𝑐𝛼

−𝑐𝑧5𝑏[−𝑠𝛼 + 𝑻𝑅(17,1)𝑠𝛼 − 𝑻𝑅(19,1)𝑐𝛼 + 𝑻𝑅(20,1)𝑥𝐶5𝑏
𝐵5 ]𝑠𝛼}

  
 

  
 

𝑗𝜔
 

The in-line lateral apparent mass at the backrest Mbyy can be calculated as: 

𝑀𝑏𝑦𝑦 =
𝐅(𝑓4𝑏(𝑦) + 𝑓5𝑏(𝑦))

−𝜔2𝐅(𝑦𝑠)

=
𝑘𝑦4𝑏[1 − 𝑻𝑅(14,2)] + 𝑘𝑦5𝑏[1 − 𝑻𝑅(18,2)]

−𝜔2

+
𝑐𝑦4𝑏[1 − 𝑻𝑅(14,2)] + 𝑐𝑦5𝑏[1 − 𝑻𝑅(18,2)]

𝑗𝜔
 

The in-line vertical apparent mass at the backrest Mbzz can be calculated as: 
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𝑀𝑏𝑧𝑧 =
𝐅(𝑓4𝑏(𝑧) + 𝑓5𝑏(𝑧))

−𝜔2𝐅(𝑧𝑠)
=
𝐅(𝑓4𝑏(𝑥)𝑠𝛼 + 𝑓4𝑏(𝑧)𝑐𝛼 + 𝑓5𝑏(𝑥)𝑠𝛼 + 𝑓5𝑏(𝑧)𝑐𝛼)

−𝜔2𝐅(𝑧𝑠)

=
{
  
 

  
 𝑘𝑥4𝑏[−𝑻𝑅(13,3)𝑐𝛼 + 𝑠𝛼 − 𝑻𝑅(15,3)𝑠𝛼 − 𝑻𝑅(16,3)𝑧𝐶4𝑏

𝐵4 ]𝑠𝛼

+𝑘𝑧4𝑏[𝑻𝑅(13,3)𝑠𝛼 + 𝑐𝛼 − 𝑻𝑅(15,3)𝑐𝛼 + 𝑻𝑅(16,3)𝑥𝐶4𝑏
𝐵4 ]𝑐𝛼

+𝑘𝑥5𝑏[−𝑻𝑅(17,3)𝑐𝛼 + 𝑠𝛼 − 𝑻𝑅(19,3)𝑠𝛼 − 𝑻𝑅(20,3)𝑧𝐶5𝑏
𝐵5 ]𝑠𝛼

+𝑘𝑧5𝑏[𝑻𝑅(17,3)𝑠𝛼 + 𝑐𝛼 − 𝑻𝑅(19,3)𝑐𝛼 + 𝑻𝑅(20,3)𝑥𝐶5𝑏
𝐵5 ]𝑐𝛼 }

  
 

  
 

−𝜔2

+
{
  
 

  
 𝑐𝑥4𝑏[−𝑻𝑅(13,3)𝑐𝛼 + 𝑠𝛼 − 𝑻𝑅(15,3)𝑠𝛼 − 𝑻𝑅(16,3)𝑧𝐶4𝑏

𝐵4 ]𝑠𝛼

+𝑐𝑧4𝑏[𝑻𝑅(13,3)𝑠𝛼 + 𝑐𝛼 − 𝑻𝑅(15,3)𝑐𝛼 + 𝑻𝑅(16,3)𝑥𝐶4𝑏
𝐵4 ]𝑐𝛼

+𝑐𝑥5𝑏[−𝑻𝑅(17,3)𝑐𝛼 + 𝑠𝛼 − 𝑻𝑅(19,3)𝑠𝛼 − 𝑻𝑅(20,3)𝑧𝐶5𝑏
𝐵5 ]𝑠𝛼

+𝑐𝑧5𝑏[𝑻𝑅(17,3)𝑠𝛼 + 𝑐𝛼 − 𝑻𝑅(19,3)𝑐𝛼 + 𝑻𝑅(20,3)𝑥𝐶5𝑏
𝐵5 ]𝑐𝛼 }

  
 

  
 

𝑗𝜔
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Appendix D EQUATIONS OF THE DYNAMIC MODEL OF 

THE SUSPENSION-SEAT-OCCUPANT SYSTEM 

EXPOSED TO TRI-AXIAL TRANSLATIONAL 

VIBRATION AND THE PARAMETER 

SENSITIVITY ANALYSIS 

D.1 Equations 

The relative displacement between the bodies Bf and Br is: 

𝒍𝑓𝑟
𝑂 = 𝑶𝑟

𝑂 + 𝑪𝑓𝑟
𝐵𝑟 − (𝑶𝑓

𝑂 + 𝑪
𝑓𝑟

𝐵𝑓) 

The relative displacement between the bodies Br and Bsp is: 

𝒍𝑟𝑠𝑝
𝑂 = 𝑶𝑠𝑝

𝑂 + 𝑨𝑟𝑠𝑝
𝐵𝑠𝑝𝑻𝑟𝑜𝑙𝑙(𝛽𝑠𝑝) − (𝑶𝑟

𝑂 + 𝑨𝑟𝑠𝑝
𝐵𝑟 ) 

The force between the bodies Bf and Br is: 

𝒇𝑓𝑟
𝑂 = 𝒍𝑓𝑟

𝑂 [

𝑘𝑥𝑓𝑟
𝑘𝑦𝑓𝑟

𝑘𝑧𝑓𝑟

] + �̇�𝑓𝑟
𝑂 [

𝑐𝑥𝑓𝑟
𝑐𝑦𝑓𝑟

𝑐𝑧𝑓𝑟

] = [𝑓𝑓𝑟(𝑥) 𝑓𝑓𝑟(𝑦) 𝑓𝑓𝑏𝑟(𝑧)]𝑵 

The force between the bodies Bl and Bsp is: 

𝒇𝑙𝑠𝑝
𝑂 = 𝒍𝑙𝑠𝑝

𝑂 [

𝑘𝑥𝑙𝑠𝑝
𝑘𝑦𝑙𝑠𝑝

𝑘𝑧𝑙𝑠𝑝

] + �̇�𝑙𝑠𝑝
𝑂 [

𝑐𝑥𝑙𝑠𝑝
𝑐𝑦𝑙𝑠𝑝

𝑐𝑧𝑙𝑠𝑝

] = [𝑓𝑙𝑠𝑝(𝑥) 𝑓𝑙𝑠𝑝(𝑦) 𝑓𝑙𝑠𝑝(𝑧)]𝑵 

The force between the bodies Br and Bsp is: 

𝒇𝑟𝑠𝑝
𝑂 = 𝒍𝑟𝑠𝑝

𝑂 [

𝑘𝑥𝑟𝑠𝑝
𝑘𝑦𝑟𝑠𝑝

𝑘𝑧𝑟𝑠𝑝

] + �̇�𝑟𝑠𝑝
𝑂 [

𝑐𝑥𝑟𝑠𝑝
𝑐𝑦𝑟𝑠𝑝

𝑐𝑧𝑟𝑠𝑝

] = [𝑓𝑟𝑠𝑝(𝑥) 𝑓𝑟𝑠𝑝(𝑦) 𝑓𝑟𝑠𝑝(𝑧)]𝑵 

The force between the bodies Bf and Bsp is: 

𝒇𝑓𝑠𝑝
𝑂 = 𝒍𝑓𝑠𝑝

𝑂 [

𝑘𝑥𝑓𝑠𝑝
𝑘𝑦𝑓𝑠𝑝

𝑘𝑧𝑓𝑠𝑝

] + �̇�𝑓𝑠𝑝
𝑂 [

𝑐𝑥𝑓𝑠𝑝
𝑐𝑦𝑓𝑠𝑝

𝑐𝑧𝑓𝑠𝑝

] = [𝑓𝑓𝑠𝑝(𝑥) 𝑓𝑓𝑠𝑝(𝑦) 𝑓𝑓𝑠𝑝(𝑧)]𝑵 

For the rigid body Br, the equations of motion are derived as: 

𝑚𝑟�̈�𝑟 = −𝑓𝑓𝑟(𝑥) + 𝑓𝑟𝑠𝑝(𝑥) 
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𝑚𝑟�̈�𝑟 = −𝑓𝑓𝑟(𝑦) + 𝑓𝑟𝑠𝑝(𝑦) 

𝑚𝑟�̈�𝑟 = −𝑓𝑓𝑟(𝑧) + 𝑓𝑟𝑠(𝑧) 

And the relative displacement between the bodies Bc and Bb is: 

𝒍𝑐𝑏𝑟
𝑂 = 𝑶𝑏𝑟

𝑂 + 𝑨𝑐𝑏𝑟
𝐵𝑏𝑟𝑻𝑝𝑖𝑡𝑐ℎ(𝜃𝑏𝑟)𝑻𝑟𝑜𝑙𝑙(𝛽𝑏𝑟)𝑻𝑏𝑟(𝛼) − [𝑶𝑐

𝑂 +𝑨𝑐𝑏𝑟
𝐵𝑐 𝑻𝑝𝑖𝑡𝑐ℎ(𝜃𝑐)𝑻𝑟𝑜𝑙𝑙(𝛽𝑐)] 

The translational force between the bodies Bc and Bm is: 

𝒇𝑐𝑚
𝑂 = 𝒍𝑐𝑚

𝑂 [

𝑘𝑥𝑐𝑚
𝑘𝑦𝑐𝑚

𝑘𝑧𝑐𝑚

] + �̇�𝑐𝑚
𝑂 [

𝑐𝑥𝑐𝑚
𝑐𝑦𝑐𝑚

𝑐𝑧𝑐𝑚

] = [𝑓𝑐𝑚(𝑥) 𝑓𝑐𝑚(𝑦) 𝑓𝑐𝑚(𝑧)]𝑵 

And the translational force between the bodies Bc and Bm is: 

𝒇𝑐𝑏𝑟
𝑂 = 𝒍𝑐𝑏𝑟

𝑂 [

𝑘𝑥𝑐𝑏𝑟
𝑘𝑦𝑐𝑏𝑟

𝑘𝑧𝑐𝑏𝑟

] + �̇�𝑐𝑏𝑟
𝑂 [

𝑐𝑥𝑐𝑏𝑟
𝑐𝑦𝑐𝑏𝑟

𝑐𝑧𝑐𝑏𝑟

] = [𝑓𝑐𝑏𝑟(𝑥) 𝑓𝑐𝑏𝑟(𝑦) 𝑓𝑐𝑏𝑟(𝑧)]𝑵 

For the rigid body Bp, the equations of motion are derived as: 

𝑚𝑝�̈�𝑝 = −𝑓𝑙𝑠𝑝(𝑥) − 𝑓𝑟𝑠𝑝(𝑥) − 𝑓𝑓𝑠𝑝(𝑥) + 𝑓𝑝𝑐(𝑥) 

𝑚𝑝�̈�𝑝 = −𝑓𝑙𝑠𝑝(𝑦) − 𝑓𝑟𝑠𝑝(𝑦) − 𝑓𝑓𝑠𝑝(𝑧) + 𝑓𝑝𝑐(𝑦) 

𝑚𝑝�̈�𝑝 = −𝑓𝑙𝑠𝑝(𝑧) − 𝑓𝑟𝑠𝑝(𝑧) − 𝑓𝑓𝑠𝑝(𝑧) + 𝑓𝑝𝑐(𝑧) 

𝐼𝑝�̈�𝑝 = 𝑘𝑟𝑝𝑐(𝛽𝑐 − 𝛽𝑝) + 𝑐𝑟𝑝𝑐(�̇�𝑐 − �̇�𝑝) − 𝑨𝑙𝑠𝑝
𝐵𝑝 × {[𝑓𝑙𝑠𝑝(𝑥) 𝑓𝑙𝑠𝑝(𝑦) 𝑓𝑙𝑠𝑝(𝑧)]} [

1
0
0
]

− 𝑨𝑟𝑠𝑝
𝐵𝑝 × {[𝑓𝑟𝑠𝑝(𝑥) 𝑓𝑟𝑠𝑝(𝑦) 𝑓𝑟𝑠𝑝(𝑧)]} [

1
0
0
] + 𝑨𝑝𝑐

𝐵𝑝 × {[𝑓𝑝𝑐(𝑥) 𝑓𝑝𝑐(𝑦) 𝑓𝑝𝑐(𝑧)]} [
1
0
0
] 

For the rigid body Bm, the equations of motion are derived as: 

𝑚𝑚�̈�𝑚 = −𝑓𝑐𝑚(𝑥) 

𝑚𝑚�̈�𝑚 = −𝑓𝑐𝑚(𝑦) 

𝑚𝑚�̈�𝑚 = −𝑓𝑐𝑚(𝑦) 

𝐼𝑟𝑚�̈�𝑚 = −𝑘𝑟𝑐𝑚(𝛽𝑚 − 𝛽𝑐) − 𝑐𝑟𝑐𝑚(�̇�𝑚 − �̇�𝑐) − 𝑨𝑐𝑚
𝐵𝑚 × {[𝑓𝑐𝑚(𝑥) 𝑓𝑐𝑚(𝑦) 𝑓𝑐𝑚(𝑧)]} [

1
0
0
] 

𝐼𝑝𝑚�̈�𝑚 = −𝑘𝑝𝑐𝑚(𝜃𝑚 − 𝜃𝑐) − 𝑐𝑝𝑐𝑚(�̇�𝑚 − �̇�𝑐) − 𝑨𝑐𝑚
𝐵𝑚 × {[𝑓𝑐𝑚(𝑥) 𝑓𝑐𝑚(𝑦) 𝑓𝑐𝑚(𝑧)]} [

0
1
0
] 

And for the rigid body Bbr, the equations of motion are derived as: 

𝑚𝑏𝑟�̈�𝑏𝑟 = −𝑓𝑐𝑏𝑟(𝑥) 

𝑚𝑏𝑟�̈�𝑏𝑟 = −𝑓𝑐𝑏𝑟(𝑦) 

𝑚𝑏𝑟�̈�𝑏𝑟 = −𝑓𝑐𝑏𝑟(𝑧) 
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𝐼𝑟𝑏𝑟�̈�𝑏𝑟 = −𝑘𝑟𝑐𝑏𝑟(𝛽𝑏𝑟 − 𝛽𝑐) − 𝑐𝑟𝑐𝑏(�̇�𝑏𝑟 − �̇�𝑐) − 𝑨𝑐𝑏𝑟
𝐵𝑏𝑟 × {[𝑓𝑐𝑏𝑟(𝑥) 𝑓𝑐𝑏𝑟(𝑦) 𝑓𝑐𝑏𝑟(𝑧)]𝑻𝑏𝑟

𝑇 (𝛼)} [
1
0
0
] 

𝐼𝑝𝑏𝑟�̈�𝑏𝑟 = −𝑘𝑟𝑐𝑏𝑟(𝜃𝑏𝑟 − 𝜃𝑐) − 𝑐𝑟𝑐𝑏𝑟(�̇�𝑏𝑟 − �̇�𝑐) − 𝑨𝑐𝑏𝑟
𝐵𝑏𝑟 × {[𝑓𝑐𝑏𝑟(𝑥) 𝑓𝑐𝑏𝑟(𝑦) 𝑓𝑐𝑏𝑟(𝑧)]𝑻𝑏𝑟

𝑇 (𝛼)} [
0
1
0
] 

The relative displacement between the bodies Bc and B2 is: 

𝒍𝑐2
𝑂 = 𝑶2

𝑂 + 𝑨𝑐2
𝐵2𝑻𝑝𝑖𝑡𝑐ℎ(𝜃2) − [𝑶𝑐

𝑂 +𝑨𝑐2
𝐵𝑐𝑻𝑝𝑖𝑡𝑐ℎ(𝜃𝑐)𝑻𝑟𝑜𝑙𝑙(𝛽𝑐)] 

The relative displacement between the bodies Bbr and B5 is: 

𝒍𝑏5
𝑂 = 𝑶5

𝑂 + 𝑨𝑏5
𝐵5𝑻𝑝𝑖𝑡𝑐ℎ(𝜃5)𝑻𝑏𝑟(𝛼) − [𝑶𝑏

𝑂 + 𝑨𝑏5
𝐵𝑏𝑟𝑻𝑝𝑖𝑡𝑐ℎ(𝜃𝑏𝑟)𝑻𝑟𝑜𝑙𝑙(𝛽𝑏𝑟)𝑻𝑏𝑟(𝛼)] 

The translational force between the bodies Bc and B2 is 

𝒇𝑐2
𝑂 = 𝒍𝑐2

𝑂 [

𝑘𝑥𝑐2
𝑘𝑦𝑐2

𝑘𝑧𝑐2

] + �̇�𝑐2
𝑂 [

𝑐𝑥𝑐2
𝑐𝑦𝑐2

𝑐𝑧𝑐2

] = [𝑓𝑐2(𝑥) 𝑓𝑐2(𝑦) 𝑓𝑐2(𝑧)]𝑵 

The translational force between the bodies Bbr and B5 is: 

𝒇𝑏5
𝑂 = 𝒍𝑏5

𝑂 𝑻𝑏𝑟
𝑇 (𝛼) [

𝑘𝑥𝑏5
𝑘𝑦𝑏5

𝑘𝑧𝑏5

] + �̇�𝑏5
𝑂 𝑻𝑏𝑟

𝑇 (𝛼) [

𝑐𝑥𝑏5
𝑐𝑦𝑏5

𝑐𝑧𝑏5

] 

= [𝑓𝑏5(𝑥) 𝑓𝑏5(𝑦) 𝑓𝑏5(𝑧)]�̆� 

The updated equations of motion of B1 are derived as: 

𝑚1�̈�1 = −𝑓𝑐1(𝑥) + 𝑓12(𝑥) + 𝑓14(𝑥) 

𝑚1�̈�1 = −𝑓𝑐1(𝑦) + 𝑓12(𝑦) + 𝑓14(𝑦) 

𝑚1�̈�1 = −𝑓𝑐1(𝑧) + 𝑓12(𝑧) + 𝑓14(𝑧) 

𝐼1�̈�1 = 𝑘𝑝12(𝜃2 − 𝜃1) + 𝑐𝑝12(�̇�2 − �̇�1) + 𝑘𝑝14(𝜃4 − 𝜃1) + 𝑐𝑝14(�̇�4 − �̇�1) + 𝑘𝑝𝑐1(𝜃𝑐 − 𝜃1)

+ 𝑐𝑝𝑐1(�̇�𝑐 − �̇�1) − 𝑨𝑐1
𝐵1 × [𝑓𝑐1(𝑥) 𝑓𝑐1(𝑦) 𝑓𝑐1(𝑧)] [

0
1
0
]

+ 𝑨12
𝐵1 × [𝑓12(𝑥) 𝑓12(𝑦) 𝑓12(𝑧)] [

0
1
0
] + 𝑨14

𝐵1 × [𝑓14(𝑥) 𝑓14(𝑦) 𝑓14(𝑧)] [
0
1
0
] 

The updated equations of motion of B2 are derived as: 

𝑚2�̈�2 = −𝑓𝑐2(𝑥) − 𝑓12(𝑥) + 𝑓23(𝑥) 

𝑚2�̈�2 = −𝑓𝑐2(𝑦) − 𝑓12(𝑦) + 𝑓23(𝑦) 

𝑚2�̈�2 = −𝑓𝑐2(𝑧) − 𝑓12(𝑧) + 𝑓23(𝑧) 
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𝐼2�̈�2 = 𝑘𝑝23(𝜃3 − 𝜃2) + 𝑐𝑝23(�̇�3 − �̇�2) − 𝑘𝑝12(𝜃2 − 𝜃1) − 𝑐𝑝12(�̇�2 − �̇�1) + 𝑘𝑝𝑐2(𝜃𝑐 − 𝜃2)

+ 𝑐𝑝𝑐2(�̇�𝑐 − �̇�2) − 𝑨𝑐2
𝐵2 × [𝑓𝑐2(𝑥) 𝑓𝑐2(𝑦) 𝑓𝑐2(𝑧)] [

0
1
0
]

− 𝑨12
𝐵2 × [𝑓12(𝑥) 𝑓12(𝑦) 𝑓12(𝑧)] [

0
1
0
] + 𝑨23

𝐵2 × [𝑓23(𝑥) 𝑓23(𝑦) 𝑓23(𝑧)] [
0
1
0
] 

The updated equations of motion of B4 are derived as: 

𝑚4�̈�4 = −𝑓14(𝑥) + [𝑓45(𝑥) 𝑓45(𝑦) 𝑓45(𝑧)]𝑻𝑏𝑟(𝛼) [
1
0
0
] − [𝑓𝑏4(𝑥) 𝑓𝑏4(𝑦) 𝑓𝑏4(𝑧)]𝑻𝑏𝑟(𝛼) [

1
0
0
] 

𝑚4�̈�4 = −𝑓14(𝑦) + [𝑓45(𝑥) 𝑓45(𝑦) 𝑓45(𝑧)]𝑻𝑏𝑟(𝛼) [
0
1
0
] − [𝑓𝑏4(𝑥) 𝑓𝑏4(𝑦) 𝑓𝑏4(𝑧)]𝑻𝑏𝑟(𝛼) [

0
1
0
] 

𝑚4�̈�4 = −𝑓14(𝑧) + [𝑓45(𝑥) 𝑓45(𝑦) 𝑓45(𝑧)]𝑻𝑏𝑟(𝛼) [
0
0
1
] − [𝑓𝑏4(𝑥) 𝑓𝑏4(𝑦) 𝑓𝑏4(𝑧)]𝑻𝑏𝑟(𝛼) [

0
0
1
] 

𝐼4�̈�4 = −𝑘𝑝14(𝜃4 − 𝜃1) − 𝑐𝑝14(�̇�4 − �̇�1) − 𝑘𝑝45(𝜃4 − 𝜃5) − 𝑐𝑝45(�̇�4 − �̇�5) + 𝑘𝑝𝑏4(𝜃𝑏𝑟 − 𝜃4)

+ 𝑐𝑝𝑏4(�̇�𝑏𝑟 − �̇�4) − 𝑨14
𝐵4 × {[𝑓14(𝑥) 𝑓14(𝑦) 𝑓14(𝑧)]𝑻𝑏𝑟

𝑇 (𝛼)} [
0
1
0
]

+ 𝑨45
𝐵4 × [𝑓45(𝑥) 𝑓45(𝑦) 𝑓45(𝑧)] [

0
1
0
] − 𝑨𝑏4

𝐵4 × [𝑓𝑏4(𝑥) 𝑓𝑏4(𝑦) 𝑓𝑏4(𝑧)] [
0
1
0
] 

The updated equations of motion of B5 are derived as: 

𝑚5�̈�5 = −[𝑓45(𝑥) 𝑓45(𝑦) 𝑓45(𝑧)]𝑻𝑏𝑟(𝛼) [
1
0
0
] − [𝑓𝑏5(𝑥) 𝑓𝑏5(𝑦) 𝑓𝑏5(𝑧)]𝑻𝑏𝑟(𝛼) [

1
0
0
]

+ [𝑓56(𝑥) 𝑓56(𝑦) 𝑓56(𝑧)]𝑻𝑏𝑟(𝛼) [
1
0
0
] 

𝑚5�̈�5 = −[𝑓45(𝑥) 𝑓45(𝑦) 𝑓45(𝑧)]𝑻𝑏𝑟(𝛼) [
0
1
0
] − [𝑓𝑏5(𝑥) 𝑓𝑏5(𝑦) 𝑓𝑏5(𝑧)]𝑻𝑏𝑟(𝛼) [

0
1
0
]

+ [𝑓56(𝑥) 𝑓56(𝑦) 𝑓56(𝑧)]𝑻𝑏𝑟(𝛼) [
0
1
0
] 

𝑚5�̈�5 = −[𝑓45(𝑥) 𝑓45(𝑦) 𝑓45(𝑧)]𝑻𝑏𝑟(𝛼) [
0
0
1
] − [𝑓𝑏5(𝑥) 𝑓𝑏5(𝑦) 𝑓𝑏5(𝑧)]𝑻𝑏𝑟(𝛼) [

0
0
1
]

+ [𝑓56(𝑥) 𝑓56(𝑦) 𝑓56(𝑧)]𝑻𝑏𝑟(𝛼) [
0
0
1
] 
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𝐼5�̈�5 = 𝑘𝑝45(𝜃4 − 𝜃5) + 𝑐𝑝45(�̇�4 − �̇�5)−𝑘𝑝56(𝜃5 − 𝜃6) − 𝑐𝑝56(�̇�5 − �̇�6) + 𝑘𝑝𝑏5(𝜃𝑏𝑟 − 𝜃5)

+ 𝑐𝑝𝑏5(�̇�𝑏𝑟 − �̇�5) − 𝑨45
𝐵5 × [𝑓45(𝑥) 𝑓45(𝑦) 𝑓45(𝑧)] [

0
1
0
]

− 𝑨𝑏5
𝐵5 × [𝑓𝑏5(𝑥) 𝑓𝑏5(𝑦) 𝑓𝑏5(𝑧)] [

0
1
0
] + 𝑨56

𝐵5 × [𝑓56(𝑥) 𝑓56(𝑦) 𝑓56(𝑧)] [
0
1
0
] 

The updated equations of motion of Bc are derived as: 

𝑚𝑐�̈�𝑐 = −𝑓𝑝𝑐(𝑥) + 𝑓𝑐1(𝑥) + 𝑓𝑐2(𝑥) + 𝑓𝑐𝑏𝑟(𝑥) 

𝑚𝑐�̈�𝑐 = −𝑓𝑝𝑐(𝑦) + 𝑓𝑐1(𝑦) + 𝑓𝑐2(𝑦) + 𝑓𝑐𝑏𝑟(𝑦) 

𝑚𝑐�̈�𝑐 = −𝑓𝑝𝑐(𝑧) + 𝑓𝑐1(𝑧) + 𝑓𝑐2(𝑧) + 𝑓𝑐𝑏𝑟(𝑧) 

𝐼𝑟𝑐�̈�𝑐 = −𝑘𝑟𝑝𝑐(𝛽𝑐 − 𝛽𝑝) − 𝑐𝑟𝑝𝑐(�̇�𝑐 − �̇�𝑝) + 𝑘𝑟𝑐𝑏𝑟(𝛽𝑏𝑟 − 𝛽𝑐) + 𝑐𝑟𝑐𝑏𝑟(�̇�𝑏𝑟 − �̇�𝑐)

− 𝑨𝑝𝑐
𝐵𝑐 × {[𝑓𝑝𝑐(𝑥) 𝑓𝑝𝑐(𝑦) 𝑓𝑝𝑐(𝑧)]} [

1
0
0
] + 𝑨𝑐1

𝐵𝑐 × {[𝑓𝑐1(𝑥) 𝑓𝑐1(𝑦) 𝑓𝑐1(𝑧)]} [
1
0
0
]

+ 𝑨𝑐2
𝐵𝑐 × {[𝑓𝑐2(𝑥) 𝑓𝑐2(𝑦) 𝑓𝑐2(𝑧)]} [

1
0
0
] + 𝑨𝑐𝑏𝑟

𝐵𝑐 × {[𝑓𝑐𝑏𝑟(𝑥) 𝑓𝑐𝑏𝑟(𝑦) 𝑓𝑐𝑏𝑟(𝑧)]} [
1
0
0
] 

𝐼𝑝𝑐�̈�𝑐 = −𝑘𝑝𝑝𝑐𝜃𝑐 − 𝑐𝑝𝑝𝑐�̇�𝑐 + 𝑘𝑝𝑐1(𝜃1 − 𝜃𝑐) + 𝑐𝑝𝑐1(�̇�1 − �̇�𝑐) + 𝑘𝑝𝑐2(𝜃2 − 𝜃𝑐) + 𝑐𝑝𝑐1(�̇�2 − �̇�𝑐)

+ 𝑘𝑝𝑐𝑏𝑟(𝜃𝑏𝑟 − 𝜃𝑐) + 𝑐𝑝𝑐𝑏𝑟(�̇�𝑏𝑟 − �̇�𝑐) − 𝑨𝑝𝑐
𝐵𝑐 × {[𝑓𝑝𝑐(𝑥) 𝑓𝑝𝑐(𝑦) 𝑓𝑝𝑐(𝑧)]} [

0
1
0
]

+ 𝑨𝑐1
𝐵𝑐 × {[𝑓𝑐1(𝑥) 𝑓𝑐1(𝑦) 𝑓𝑐1(𝑧)]} [

0
1
0
] + 𝑨𝑐2

𝐵𝑐 × {[𝑓𝑐2(𝑥) 𝑓𝑐2(𝑦) 𝑓𝑐2(𝑧)]} [
0
1
0
]

+ 𝑨𝑐𝑏𝑟
𝐵𝑐 × {[𝑓𝑐𝑏𝑟(𝑥) 𝑓𝑐𝑏𝑟(𝑦) 𝑓𝑐𝑏𝑟(𝑧)]} [

0
1
0
] 

The updated equations of motion of Bbr are derived as: 

𝑚𝑏𝑟�̈�𝑏𝑟 = −𝑓𝑐𝑏𝑟(𝑥) + [𝑓𝑏4(𝑥) 𝑓𝑏4(𝑦) 𝑓𝑏4(𝑧)]𝑻𝑏𝑟(𝛼) [
1
0
0
] + [𝑓𝑏5(𝑥) 𝑓𝑏5(𝑦) 𝑓𝑏5(𝑧)]𝑻𝑏𝑟(𝛼) [

1
0
0
] 

𝑚𝑏𝑟�̈�𝑏𝑟 = −𝑓𝑐𝑏𝑟(𝑦) + [𝑓𝑏4(𝑥) 𝑓𝑏4(𝑦) 𝑓𝑏4(𝑧)]𝑻𝑏𝑟(𝛼) [
0
1
0
] + [𝑓𝑏5(𝑥) 𝑓𝑏5(𝑦) 𝑓𝑏5(𝑧)]𝑻𝑏𝑟(𝛼) [

0
1
0
] 

𝑚𝑏𝑟�̈�𝑏𝑟 = −𝑓𝑐𝑏𝑟(𝑦) + [𝑓𝑏4(𝑥) 𝑓𝑏4(𝑦) 𝑓𝑏4(𝑧)]𝑻𝑏𝑟(𝛼) [
0
0
1
] + [𝑓𝑏5(𝑥) 𝑓𝑏5(𝑦) 𝑓𝑏5(𝑧)]𝑻𝑏𝑟(𝛼) [

0
0
1
] 

𝐼𝑟𝑏𝑟�̈�𝑏𝑟 = −𝑘𝑟𝑐𝑏𝑟(𝛽𝑏𝑟 − 𝛽𝑐) − 𝑐𝑟𝑐𝑏𝑟(�̇�𝑏𝑟 − �̇�𝑐) − 𝑨𝑐𝑏𝑟
𝐵𝑏𝑟 × {[𝑓𝑐𝑏𝑟(𝑥) 𝑓𝑐𝑏𝑟(𝑦) 𝑓𝑐𝑏𝑟(𝑧)]𝑻𝑏𝑟

𝑇 (𝛼)} [
1
0
0
]

+ 𝑨𝑏4
𝐵𝑏𝑟 × {[𝑓𝑏4(𝑥) 𝑓𝑏4(𝑦) 𝑓𝑏4(𝑧)]} [

1
0
0
] + 𝑨𝑏5

𝐵𝑏𝑟 × {[𝑓𝑏5(𝑥) 𝑓𝑏5(𝑦) 𝑓𝑏5(𝑧)]} [
1
0
0
] 



Appendix D 

224 

𝐼𝑝𝑏𝑟�̈�𝑏𝑟 = −𝑘𝑟𝑐𝑏𝑟(𝜃𝑏𝑟 − 𝜃𝑐) − 𝑐𝑟𝑐𝑏(�̇�𝑏𝑟 − �̇�𝑐) + 𝑘𝑝𝑏4(𝜃4 − 𝜃𝑏𝑟) + 𝑐𝑝𝑏4(�̇�4 − �̇�𝑏𝑟)

+ 𝑘𝑝𝑏5(𝜃5 − 𝜃𝑏𝑟) + 𝑐𝑝𝑏5(�̇�5 − �̇�𝑏𝑟)

− 𝑨𝑐𝑏𝑟
𝐵𝑏𝑟 × {[𝑓𝑐𝑏(𝑥) 𝑓𝑐𝑏(𝑦) 𝑓𝑐𝑏(𝑧)]𝑻𝑏𝑟

𝑇 (𝛼)} [
0
1
0
]

+ 𝑨𝑏4
𝐵𝑏𝑟 × {[𝑓𝑏4(𝑥) 𝑓𝑏4(𝑦) 𝑓𝑏4(𝑧)]} [

0
1
0
] + 𝑨𝑏5

𝐵𝑏𝑟 × {[𝑓𝑏5(𝑥) 𝑓𝑏5(𝑦) 𝑓𝑏5(𝑧)]} [
0
1
0
] 
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D.2 Parameters of the suspension-seat-occupant model (e.g., a 1.75m and 

78.6 kg subject under the combined 0.5 ms-2 fore-aft, 0.5 ms-2 lateral, 

and 0.5 ms-2 r.m.s. vertical excitation) 

Notation Parameter (Unit) Value Notation Parameter (Unit) Value 

kx12 Stiffness between B1 and 
B2 in x-axis (N/m) 

1.58E3 
cx12 Damping between B1 and 

B2 in x-axis (Ns/m) 
5.28E3 

ky12 Stiffness between B1 and 
B2 in y-axis (N/m) 

4.44E2 
cy12 Damping between B1 and 

B2 in y-axis (Ns/m) 
3.18E2 

kz12 Stiffness between B1 and 
B2 in z-axis (N/m) 

1.33E2 
cz12 Damping between B1 and 

B2 in z-axis (Ns/m) 
4.70 

kp12 Stiffness between B1 and 
B2 around y-axis (Nm/rad) 3.13E2 

cp12 Damping between B1 and 
B2 around y-axis 
(Nms/rad) 

2.12 

kx23 Stiffness between B2 and 
B3 in x-axis (N/m) 

2.54E2 
cx12 Damping between B2 and 

B3 in x-axis (Ns/m) 
2.00E4 

ky23 Stiffness between B2 and 
B3 in y-axis (N/m) 

3.69E2 
cy23 Damping between B2 and 

B3 in y-axis (Ns/m) 
7.4E7 

kz23 Stiffness between B2 and 
B3 in z-axis (N/m) 

1.63E8 
cz23 Damping between B2 and 

B3 in z-axis (Ns/m) 
1.76E2 

kp23 Stiffness between B2 and 
B3 around y-axis (Nm/rad) 3.10E7 

cp23 Damping between B2 and 
B3 around y-axis 
(Nms/rad) 

1.65E2 

kx14 Stiffness between B1 and 
B4 in x-axis (N/m) 

1.76E8 
cx14 Damping between B1 and 

B4 in x-axis (Ns/m) 
2.24E2 

ky14 Stiffness between B1 and 
B4 in y-axis (N/m) 

6.53E3 
cy14 Damping between B1 and 

B4 in y-axis (Ns/m) 
5.37E3 

kz14 Stiffness between B1 and 
B4 in z-axis (N/m) 

1.04E7 
cz14 Damping between B1 and 

B4 in z-axis (Ns/m) 
3.28E2 

kp14 Stiffness between B1 and 
B4 around y-axis (Nm/rad) 2.03E2 

cp14 Damping between B1 and 
B4 around y-axis 
(Nms/rad) 

9.82 

kx45 Stiffness between B4 and 
B5 in x-axis (N/m) 

1.81E3 
cx45 Damping between B4 and 

B5 in x-axis (Ns/m) 
1.32 

ky45 Stiffness between B4 and 
B5 in y-axis (N/m) 

2.98E2 
cy45 Damping between B4 and 

B5 in y-axis (Ns/m) 
1.42E8 

kz45 Stiffness between B4 and 
B5 in z-axis (N/m) 

1.29E8 
cz45 Damping between B4 and 

B5 in z-axis (Ns/m) 
2.30E2 

kp45 Stiffness between B4 and 
B5 around y-axis (Nm/rad) 4.52E1 

cp45 Damping between B4 and 
B5 around y-axis 
(Nms/rad) 

2.78 

kx56 Stiffness between B5 and 
B6 in x-axis (N/m) 

1.34E2 
cx56 Damping between B5 and 

B6 in x-axis (Ns/m) 
1.74E8 

ky56 Stiffness between B5 and 
B6 in y-axis (N/m) 

3.64E3 
cy56 Damping between B5 and 

B6 in y-axis (Ns/m) 
2.76E3 

kz56 Stiffness between B5 and 
B6 in z-axis (N/m) 

9.18E1 
cz56 Damping between B5 and 

B6 in z-axis (Ns/m) 
5.18E7 



Appendix D 

226 

kp56 Stiffness between B5 and 
B6 around y-axis (Nm/rad) 9.26E7 

cp56 Damping between B5 and 
B6 around y-axis 
(Nms/rad) 

2.42E2 

𝑥𝐴𝑐1
𝐵1  Coordinate of 𝐴𝑐1  in x-

axis in the coordinate 
system of B1 (m) 

5E-2 
𝑦𝐴𝑐1
𝐵1  Coordinate of 𝐴𝑐1  in y-

axis in the coordinate 
system of B1 (m) 

-1E-2 

𝑥𝐴𝑐2
𝐵2  Coordinate of 𝐴𝑐2  in x-

axis in the coordinate 
system of B2 (m) 

-1.1E-1 
𝑦𝐴𝑐2
𝐵2  Coordinate of 𝐴𝑐2  in y-

axis in the coordinate 
system of B2 (m) 

-1E-2 

𝑦𝐴𝑏4
𝐵4  Coordinate of 𝐴b4  in y-

axis in the coordinate 
system of B4 (m) 

-1E-2 
𝑧𝐴𝑏4
𝐵4  Coordinate of 𝐴b4  in z-

axis in the coordinate 
system of B4 (m) 

7E-2 

𝑦𝐴𝑏5
𝐵5  Coordinate of 𝐴𝑏5  in y-

axis in the coordinate 
system of B5 (m) 

-1.5E-3 
𝑧𝐴𝑏5
𝐵5  Coordinate of 𝐴𝑏5  in z-

axis in the coordinate 
system of B5 (m) 

0.07 

𝑦𝐴12
𝐵1  Coordinate of 𝐴12  in y-

axis in the coordinate 
system of B1 (m) 

-2.9E-3 
𝑧𝐴12
𝐵1  Coordinate of 𝐴12  in z-

axis in the coordinate 
system of B1 (m) 

4.7E-3 

𝑦𝐴23
𝐵2  Coordinate of 𝐴23  in y-

axis in the coordinate 
system of B2 (m) 

-2.7E-4 
𝑧𝐴23
𝐵2  Coordinate of 𝐴23  in z-

axis in the coordinate 
system of B2 (m) 

-2E-2 

𝑥𝐴14
𝐵4  Coordinate of 𝐴14  in x-

axis in the coordinate 
system of B4 (m) 

-4E-2 
𝑦𝐴14
𝐵4  Coordinate of 𝐴14  in y-

axis in the coordinate 
system of B4 (m) 

-3E-2 

𝑥𝐴45
𝐵5  Coordinate of 𝐴45  in x-

axis in the coordinate 
system of B5 (m) 

7.8E-3 
𝑦𝐴45
𝐵5  Coordinate of 𝐴45  in y-

axis in the coordinate 
system of B5 (m) 

-1E-2 

lz3 Length of B3 in the z-axis 
(m) 

1.9E-1 
  

 

kxfl Stiffness between Bf and 
Bl in x-axis (N/m) 

3.52E6 
cxfl Damping between Bf and 

Bl in x-axis (Ns/m) 
6.04E5 

kyfl Stiffness between Bf and 
Bl in y-axis (N/m) 

1.2E-3 
cyfl Damping between Bf and 

Bl in y-axis (Ns/m) 
4.12E1 

kzfl Stiffness between Bf and 
Bl in z-axis (N/m) 

4.71E5 
czfl Damping between Bf and 

Bl in z-axis (Ns/m) 
1.16E5 

kxlp Stiffness between Bl and 
Bp in x-axis (N/m) 

8.5E4 
cxlp Damping between Bl and 

Bp in x-axis (Ns/m) 
2.14 

kylp Stiffness between Bl and 
Bp in y-axis (N/m) 

1.23E5 
cylp Damping between Bl and 

Bp in y-axis (Ns/m) 
1E-3 

kzlp Stiffness between Bl and 
Bp in z-axis (N/m) 

1.5E-3 
czlp Damping between Bl and 

Bp in z-axis (Ns/m) 
1.1E-3 

kxfp Stiffness between Bf and 
Bp in x-axis (N/m) 

1E2 
cxfp Damping between Bf and 

Bp in x-axis (Ns/m) 
1E3 

kyfp Stiffness between Bf and 
Bp in y-axis (N/m) 

1.36E5 
cyfp Damping between Bf and 

Bp in y-axis (Ns/m) 
3.33E2 

kzfp Stiffness between Bf and 
Bp in z-axis (N/m) 

4.57E3 
czfp Damping between Bf and 

Bp in z-axis (Ns/m) 
2.33E3 
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ml Mass of the supporting 
linkage in one side (kg) 1E1 

ms Mass of the sprung mass 
of the suspension top 
plate (kg) 

3 

kxpc Stiffness between Bp and 
Bc in x-axis (N/m) 

3.33E6 
cxpc Stiffness between Bp and 

Bc in x-axis (N/m) 
1.01E6 

kypc Stiffness between Bp and 
Bc in y-axis (N/m) 

7.38E3 
cypc Damping between Bp and 

Bc in y-axis (N/m) 
6.6E-2 

kzpc Stiffness between Bp and 
Bc in z-axis (N/m) 

1.35E6 
czpc Damping between Bp and 

Bc in z-axis (N/m) 
3.71E6 

krpc Stiffness between Bp and 
Bc around x-axis (Nm/rad) 

1.96E1 
crpc Damping between Bp and 

Bc around x-axis (Nm/rad) 
4E1 

kppc Stiffness between Bp and 
Bc around y-axis (Nm/rad) 9E3 

cppc Damping between Bp and 
Bc around y-axis 
(Nms/rad) 

9E1 

kxcbr Stiffness between Bc and 
Bbr in x-axis (N/m) 

6E4 
cxcbr Damping between Bc and 

Bbr in x-axis (N/m) 
5 

kycbr Stiffness between Bc and 
Bbr in y-axis (N/m) 

1.76E4 
cycbr Damping between Bc and 

Bbr in y-axis (N/m) 
3.42E5 

kzcbr Stiffness between Bc and 
Bbr in z-axis (N/m) 

2.46E6 
czcbr Damping between Bc and 

Bbr in z-axis (N/m) 
1.066E7 

krcbr Stiffness between Bc and 
Bbr around x-axis 
(Nm/rad) 

4.34E3 
crcbr Damping between Bc and 

Bbr around x-axis 
(Nm/rad) 

8.35E-1 

kpcbr Stiffness between Bc and 
Bbr around y-axis 
(Nm/rad) 

5.18E4 
cpcbr Damping between Bc and 

Bbr around y-axis 
(Nms/rad) 

1.92E6 

kxc1 Stiffness between B1 and 
Bc in x-axis (N/m) 

1.83E8 
cxc1 Damping between B1 and 

Bc in x-axis (N/m) 
5.73E7 

kyc1 Stiffness between B1 and 
Bc in y-axis (N/m) 

9E1 
cyc1 Damping between B1 and 

Bc in y-axis (N/m) 
9 

kzc1 Stiffness between B1 and 
Bc in z-axis (N/m) 

4.14 
czc1 Damping between B1 and 

Bc in z-axis (N/m) 
4.1E-1 

kpc1 Stiffness between B1 and 
Bc around y-axis (Nm/rad) 1.5E-1 

cpc1 Damping between B1 and 
Bc around y-axis 
(Nms/rad) 

4.62E-2 

kxc2 Stiffness between B2 and 
Bc in x-axis (N/m) 

1.54 
cxc2 Damping between B2 and 

Bc in x-axis (N/m) 
3.55 

kyc2 Stiffness between B2 and 
Bc in y-axis (N/m) 

1E4 
cyc2 Damping between B2 and 

Bc in y-axis (N/m) 
3E2 

kzc2 Stiffness between B2 and 
Bc in z-axis (N/m) 

7.15 
czc2 Damping between B2 and 

Bc in z-axis (N/m) 
1.46 

kpc2 Stiffness between B2 and 
Bc around y-axis (Nm/rad) 1 

cpc2 Damping between B2 and 
Bc around y-axis 
(Nms/rad) 

2 

kxb4 Stiffness between B4 and 
Bb in x-axis (N/m) 

8.92E-1 
cxb4 Damping between B4 and 

Bb in x-axis (N/m) 
1.13E-1 

kyb4 Stiffness between B4 and 
Bb in y-axis (N/m) 

1E1 
cyb4 Damping between B4 and 

Bb in y-axis (N/m) 
1.2E2 
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kzb4 Stiffness between B4 and 
Bb in z-axis (N/m) 

4.24 
czb4 Damping between B4 and 

Bb in z-axis (N/m) 
8.98E-1 

kpb4 Stiffness between B4 and 
Bb around y-axis (Nm/rad) 7.25E-1 

cpb4 Damping between B4 and 
Bb around y-axis 
(Nms/rad) 

9.03E-2 

kxb5 Stiffness between B5 and 
Bb in x-axis (N/m) 

5E4 
cxb5 Damping between B5 and 

Bb in x-axis (N/m) 
1E2 

kyb5 Stiffness between B5 and 
Bb in y-axis (N/m) 

1.6E4 
cyb5 Damping between B5 and 

Bb in y-axis (N/m) 
8.79 

kzb5 Stiffness between B5 and 
Bb in z-axis (N/m) 

1.78E8 
czb5 Damping between B5 and 

Bb in z-axis (N/m) 
4.16E-1 

kpb5 Stiffness between B5 and 
Bb around y-axis (Nm/rad) 1.40E1 

cpb5 Damping between B5 and 
Bb around y-axis 
(Nms/rad) 

2.33E1 
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D.3 Sensitivity matrix of the parameters of the human body model 

𝚿 =

[
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
0
0
0
0

0
0
0
0

0
0
0
0

0
0
0
0

0
0
0
0

0
0
0
0

0
0
0
0

0
0
0
0

0
0
0
0

0
0
0
0

0
0
0
0

0
0
0
0

0
0
0
0

0
0
0
0

0
0.26
0
0

0
0
0
0

0
0
0
0

0
0
0
0

0
0
0
0

0
0
0
0

0
0
0
0

0
0
0
0

0
0.15
−0.09
0

0.11
−0.16
0
0

0
0.13
0.21
0.26

0
0
0
0

0
0
0
0

0
0
0
0

0
0
0
0

0
0
0
0

0
−0.07
0
0

0
−0.11
0
0

0
0
0
0

0
0
0
0

0
0
0
0

0
0

−0.14
0.05

0
0
0
0

0
0
0
0

0
0
0
0

0
0
0
0

0
0
0
0

0
0
0
0

0
0
0
0

0
0
0
0

0
0
0
0

0
0
0
0

0
0.19
0
0

0
−0.07
0
0

0
0
0
0

0
0
0
0

0
0
0
0

0
0
0
0

0
0
0
0

0
0
0
0

0
0.06
0
0

−0.1
−0.28
0
0

0
0
0
0

0
0
0
0

0
0
0
0

0
0
0
0

0
0
0
0

0
0
0
0

0
0
0
0

0
0
0
0

⋯

…

0
0
0
0

0
0
0
0

0
0
0
0

0
0
0
0

0
0
0
0

0
0
0
0

0
0
0
0

0
0
0
0

0.43
0
0

−0.35

−0.11
−0.47
0
0

0
0
0
0

0
0
0
0

0
0
0
0

0
0
0
0

0.16
0.41
0

−0.25

0
0
0
0

0
0
0
0

0
0
0
0

0
0
0
0

0
0
0
0

0
0
0
0

0
0
0
0

0
0
0
0

0
0
0
0

0
0
0
0

0
0
0
0

0
0
0.58
0.48

0
−0.04
0
0.48

0
0
0
0

0
0
0
0

0
0
0
0

0
0
0
0

0
0
0
0

0
0
0
0

0
0
0
0

0
0
0
0

0
0
0
0

0
0
0
0

0
0
0
0

0
0
0
0

0.26
0
0
0

0
−0.09
0
0

0
0
0
0

0
0
0
0

0
0
0
0

0
0
0
0

0
0
0
0

0
0
0
0

0
0
0.2
0

0
0
0
0

0
0
0
0

0
0
0
0

0
0
0
0

0
0
0
0

0
0
0
0

0
0
0

−0.05

0
0
0
0

0
0
0
0

0
0
0
0

0
0
0
0

0
0
0
0

0
0
0
0

0
0
0
0

0
0
0
0 ]

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

8×64
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D.4 Sensitivity matrices of the parameters of the suspension-seat-

occupant model 

𝚿𝒔𝒖𝒔𝒑 = [

0
0
0
0

0
0
0
0

0
0
0
0

0
0
0
0

0.07
0
0

−0.21

0
0
0
0

0
0
0
0

0
0
0
0

0
0
0
0

0
0
0

−0.03

0.66
0.08
0
0

−0.40
−0.27
0
0

]

4×12

 

𝚿𝒔𝒆𝒂𝒕𝒑𝒂𝒏 =

[
 
 
 
 
 
 
 

0
0
0
0

0
0
0
0

0
0
0
0

0
0
0
0

0
0
0
0

0
0
0
0

0.11
0.01
0.7

0 − 0.23

0
−0.002
−0.1
−0.13

0
0
0
0

0
0
0
0

0
0
0
0

0
0
0
0

0
0
0
0

0
0
0
0

…

…

0
0
0
0

0
0
0
0

0
0
0
0

0
0
0
0

0
0
0
0

0
0
0
0

0
0
0
0

0
0
0
0

0
0
0
0

0
0
0
0

0
0
0
0

0
0
0

−0.002

0
0
0

0.004

0
−0.003
0.1
0.013 ]

 
 
 
 
 
 
 

4×28

 

𝚿𝒃𝒂𝒄𝒌𝒓𝒆𝒔𝒕 = [

0
0
0
0

0
0
0
0

0
0
0
0

0
0
0
0

0
0
0
0

0
0
0
0

0.07
0
0

−0.04

0
0
0

−0.004

0
0
0
0

0
0
0
0

0
0
0

−0.003

0.11
0.03
−0.1
−0.03

]

4×12
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