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ABSTRACT 

Vehicle ride comfort plays an important role in vehicle selection and customer 

satisfaction. It depends upon various factors including road irregularities, vehicle 

suspension, vehicle dynamics, tires, seat design and the human body’s properties. For a 

given chassis, the seat design is one of the important aspects in vehicle interior design. 

Vehicle seat design is a special example of the product design process which takes 

multiple iterations. It is essential to reduce the total number of iterations in the early 

design stage to save time and money. How do the designers know the optimal seat 

parameters such as cushion, seat suspension, and etc. in the early design stage? What’s 

the fatigue level for drivers to drive this newly designed vehicle? To answer these 

questions, a simulation based biodynamic human model is the best choice to assess the 

designed seat instead of physical prototypes. This research work focuses on developing a 

simulation method to predict virtual driver fatigue and determine optimal seat dynamic 

parameters for cushion and seat suspension. These dynamic properties include the 

stiffness and damping values of the cushion and seat suspension. A 14-degree of freedom 

(DOF) multibody biodynamic human model in 2D is selected from literature to assess 

three types of seat. The human model has total mass of 71.32 kg with 5 body segments. 

Backrest support and feet contact with the ground are included in this model. Three types 

of seat models are used in this research. The first seat has neither cushion nor seat 

suspension and is called a hard seat. The second type of seat has a seat and backrest 

cushion but does not have seat suspension. Last seat model, which is known as an 

isolated seat, has seat suspension and a seat and backrest cushion. Transmissibility and 

absorbed power are derived and plotted in vertical and horizontal directions for all three 

types of seats. For the given three types of seats, the seat with the backrest and seat pan 

cushion and seat suspension has the best performance compared to the hard seat or the 

seat without seat suspension based on transmissibility and absorbed power. It was shown 

that human body response depends on the dynamic properties of seat suspension and 

cushion. Furthermore, an optimization based method is used to determine the optimal 

dynamic seat parameters for seat suspension, and cushion. It was shown that the 
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biodynamic human simulation model is a useful tool to virtually assess the designed seats 

or design seats.  
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CHAPTER 1  

INTRODUCTION 

1.1 Motivation 

The human body is exposed to vibrations in all types of vehicle environments like in on-

road vehicle transport in the car, buses, off-road transport in the tractors, mining 

machines, rail transport in trains, monorails and marine transport in ships and boats. In 

each of these environments, the human body gets vibrations through the contact area and 

it causes discomfort and some health issues. About 8 million workers in United States are 

working in the area where they are exposed to occupational vibrations. Many experiential 

evidence have shown that a human body can potentially be injured by vibrations. These 

vibrations have adverse effects on the human body. This vibration includes vibration 

having low frequency to higher intensity vibration. The effect of vibration on the human 

body depends upon the intensity of vibration, exposure time, body sitting posture, human 

body type etc. Some of these adverse effects are summarized as below (Griffin, 1990). 

 Most common result of vibration on human body is low back pain when human body 

is continuously exposed to low frequency vibrations. 

 Vibration causes various physiological problems which include cardiovascular issues 

like sudden change in heart beats, pain induced hyperventilation. 

 Vibration may cause involuntary muscular contraction and suppression of motor 

reflexes which causes fatigue in the human body.  

 The visual, vestibular and auditory system gets affected by the vibrations. This will 

affect human vision, talk and movement during driving. 

 The vibrations with frequency below 1 Hz (specifically from 0.1 to 0.5 Hz) results in 

feeling of motion sickness. 

 Whole body vibration causes disorders in digestive, genital, urinary and reproductive 

system.  
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 Some people experience nervous and musculoskeletal disorders like spline fracture, 

insensitivity to some body parts during driving. 

 Vibration shows slow detriment to human health. 

This shows that whole body vibration is harmful to the health of the human body. Whole 

body vibration is a very important factor in vehicle ride comfort. Different experimental 

methods are used in automobile industries to measure vibration exposure in vehicles. But 

this method is not that effective because each human body’s sensitivity to vibrations is 

different. But over the past few years, different artificial models were developed by 

various researchers through varying test conditions involving vibration excitations, 

human postural constraints and subject populations. It is critical to predict driver fatigue 

and determine the optimal seat dynamic parameters in the early design stage of the seat 

and subsequently vehicle design to save time and money. These dynamic parameters of 

the seat include stiffness and damping coefficients of seat suspension and cushion. Digital 

human modeling has gained momentum in the past decade due to advanced computing 

techniques. It would be a great idea to develop an accurate digital human model to assess 

seat or vehicle performance instead of physical mockups.  

1.2 Objective 

The research objectives are listed as follows: 

1) Have a comprehensive literature review about methods of assessing ride comfort. 

2) Select an advanced biodynamic human model to study the performance of 

different seats. 

3) Derive equations of motion for the human biodynamic model and seat system. 

4) Evaluate human body response using transfer function and absorbed power. 

5) Investigate the virtual driver fatigue. 

6) Determine the optimal seat dynamic parameters. 

1.3 Vibration evaluation methods 

Various vibration evaluation methods are found in the literature. There are some 

international standards that define how to evaluate whole body vibration and comfort. For 
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evaluation purposes output quantities of signals like acceleration or force are measured. 

Three important aspects of the signal that need to be consider for vibrational inputs are 

the duration of exposure, amplitude, and its frequency. Three methods are found in the 

literature. They are weighted root mean square acceleration, vibration dose value and 

maximum transient vibration value. 

1.3.1 Weighted root mean square (rms) Acceleration 

According to ISO 2631-1 in time domain, the weighted root mean square acceleration can 

be calculated using equation 1.1. 

 

1

2
2

,

0

1
( )

T

w rms wa a t dt
T

 
  
 
  (1.1) 

Where ( )wa t  is instantaneous frequency weighted acceleration and T is the duration of 

measurement. For translational vibration, the weighted rms acceleration is expressed in 

meters per second squared and for rotational vibrations it is expressed in radians per 

second squared.  

In the frequency domain, it can be determined by appropriately adding the attaching 

weights to the narrow band or one-third octave band data in one specific direction as 

shown in equation 1.2. ISO 2631-1 defines this frequency weightings developed based on 

human body sensitivity to different frequencies. There are six frequency weighting 

factors developed for vibration evaluation with respect to health, comfort, perception and 

motion sickness. These weighting factors are explained in this chapter in section 1.8. The 

frequency weighted rms acceleration is calculated as shown in equation 1.2. 

  

1

2
2

, ,

1

( )
N

f

w rms i w rms i
i

a W a


 
  
 
  (1.2) 
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Where,  ,w rms i
a  is the rms acceleration and iW is the respective weighting factor for the 

i
th

 one-third octave band and N is the number of one-third octave bands in the frequency 

range.  

For random vibrations, the frequency weighted rms acceleration for a frequency band can 

be calculated by considering power spectrum density as shown in equation 1.3. 

 

1

2 2
2

,

1

| ( ) | ( )

f

random

w rms

f

a W f S f df
 

  
  
  (1.3) 

Where, 1f  and 2f  are the lower and upper frequency limits of a frequency band, ( )S f  is 

the power spectral density of acceleration and ( )W f  is the frequency weighting factor. 

1.3.2 Vibration dose value (VDV) 

On-road vehicle vibrational inputs are from the road profile irregularities. The transmitted 

path is from the tire to chassis, to vehicle body, to seat, and finally to human body. The 

fourth power vibration dose method is more sensitive to peaks (road irregularities) as it 

considers fourth power of accelerations (Griffin, 1986; 1990). This method is also called 

as vibration dose method as it gives value of vibration dose value. This method is 

explained in British Standard 6841 (1987) for the assessment of vibrational exposure. 

VDV is a fourth root of integral sum of the fourth power of the frequency weighted 

acceleration with respect to time and defined in equation 1.4. 

  

1

4
4

0

VDV ( )

T

wa t dt
 

  
 
  (1.4) 

These standards also focus on different locations of body for this acceleration 

measurement which are feet, seat and back. The comfort value (vibrational) is assessed 

by checking the value of VDV does not reach to a critical boundary value. 
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1.3.3 Maximum transient vibration value (MTVV) 

This weighted rms value does not consider occasional shocks and transient vibration. For 

this purpose, running rms evaluation method is used. The running rms evaluation method 

considers occasional shocks and transient vibration by the use of a short integration time 

constant. According to ISO 2631-1, the equation 1.5 is used to calculate running rms 

acceleration. 

 
0

0

1

2

2

0

( )

1
( ) [ ( )]

t

w w

t T

a t a t dt
T



 
  
  

  (1.5) 

Where, ( )wa t  is instantaneous frequency weighted acceleration, T  is the integration time, 

and 0t  is the observation time.  

The maximum value out of these running rms acceleration values is selected as MTVV. 

This is shown in the equation 1.6. This value will represents vibration exposure under 

high magnitude of shocks.  

 0MTVV max[ ( )]wa t  (1.6) 

1.4 Biodynamic response functions 

The human body subjected to vibration is widely assessed in terms of biodynamic 

response function. There are three biodynamic response functions. These are driving 

point mechanical impedance, apparent mass, and seat to head transmissibility. Out of it, 

first two are used to describe “to the body” transfer function and last is “through the 

body” transfer function.  

1.4.1 Mechanical impedance (DPMI) 

According to ISO/DIS 5982 (2001), the mechanical impedance is a complex ratio of 

applied periodic excitation force at frequency f, ( )F f  to the resulting vibration velocity 
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( )v f measured at the same point and in the same direction of applied force. This ratio is 

expressed numerically in equation 1.7. 

 
( )

( )
( )

F f
Z f

v f
  (1.7) 

Mechanical Impedance is also known as DPMI and it gives information about external 

force necessary to produce the specific response in the system. 

1.4.2 Apparent mass (APMS) 

Apparent mass (effective mass) is defined in ISO/DIS 5982 (2001) as a complex ratio of 

applied periodic excitation force at frequency f, ( )F f  to the resulting vibration 

acceleration at the frequency ( )a f measured at the same point and in the same direction 

of applied force. The equation 1.8 is used to calculate the apparent mass. 

 
( )

( )
( )

F f
AP f

a f
  (1.8) 

The APMS is to the body biodynamic response function it gives information about the 

force applied to a body that accelerates body by an amount proportional to force in direct 

proportional with body mass. The apparent mass is having the advantage that it can be 

directly obtained from the signals provided by force transducers and accelerometers.  

1.4.3 Seat to head transmissibility (STHT) 

The STHT is a complex ratio of response motion of the head to the forced vibration 

motion at the seat-body interface. 

 
( )

( )
( )

Head output f
H f

Seat input f





 (1.9) 

STHT is ‘through the body’ biodynamic function which signifies the extent to which the 

input vibration input to the body is transmitted to the parts of body.  
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1.5 Vibration frequency and human body resonance 

The human body is not a rigid body but it is a complex mechanical system having elastic 

properties. The human body response to whole body vibration is not only related to 

magnitude and duration but it also depends upon the frequency of the vibration. Human 

body will responds differently for different frequencies of applied vibrations (Griffin, 

2001). At the low frequencies below 1 Hz, vertical vibrations of seat and the body parts 

are very similar as there is very small relative motion. The motion of the body increases 

with increasing frequencies and reaches to resonance frequency. So Resonance frequency 

occurs when transmissibility reaches to its peak value. At resonance frequency, the body 

part will vibrate at a magnitude greater than applied vibratory force. This can affect 

physiological functions of human body including muscle function, respiratory and 

circulatory functions.  

For studying physiological reaction of human body, Magid and Coermann (1960) did 

experiment on seated human subjects exposed to the vibrations of increasing frequency. 

These subjects are exposed to the vibration of increasing frequencies from 1 to 20 Hz. 

After the test, subjects are asked to explain their experience and complaints about body 

pain or reactions. These reactions are summarized in Table 1.1. 

In practical life, human body is not exposed to pure, simple vibrations but the exposures 

include complex waves of different frequencies, magnitude and direction. When human 

body frequency matches with excitation frequency, resonance occurs. At the resonance 

frequency, the maximum amount of vibration gets transmitted to that body parts. 

Different body parts have different resonance frequencies. These resonance frequencies 

of different human body parts for various body postures are summarized in Table 1.2 

(Dupuis and Zerlett, 1986). Same human body has different resonance frequency for 

vibrations in different directions. For this following coordinate system is defined: X as 

front side of body, Y as left side of body and Z as upper side of body. 
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Table 1.1 Human body complaints according to change in vibration frequency 

 

Table 1.2 Resonance frequencies of different human body parts 

 

Today, a guideline in defining human tolerance to whole body vibration has been adopted 

as an International Standard ISO 2631-1 (1997). For evaluating exposure for high level of 

Complaint
Vibration 

Frequency(Hz)

Headache 4-9

Speech disturbance 13 - 20

Jaw resonance 6 - 8 

Pharynx disturbances 12 - 16

Respiration complaints 4 - 8

Chest pain 5 - 7

Back pain 8 - 12

Abdominal pain 4 -10

Constant urge to urinate and defecate 10 -18

Increased muscle tension 13 -20

Body 

Posture
Body Part

Vibration 

Direction

Resonance 

Frequency (Hz)

Trunk 3 - 6

Chest 4 - 6

Spinal column 3 - 5

Shoulder 2 - 6

Stomach 4 - 5(7)

Eyes 20 - 25

Knee 1 - 3

Shoulder 1 - 2

Head 1 - 2

Whole Body Z 4 - 7

Foot 16 - 31

Knee 4 - 8

Abdomen 4 - 8

Chest 6 -12

Skull 50 - 70

Foot 0.8 - 3

Abdomen 0.8 - 4

Head 0.6 - 4

Foot 1 - 3

Abdomen 1.5 - 6

Head 1 - 4

Z

X

X

Y

Z

Sitting

Standing

Reclining
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vibration and shocks, ISO 2631-5 (2004) has been used. The ISO 2631-4 (2001) is used 

to define different methods for the measurement of periodic, random and transient 

vibration. For health, comfort and perception, frequency range from 0.5 to 80 Hz is 

considered while for motion sickness, it is in between 0.1 to 0.5 Hz.  

1.6 International standard ISO 2631-1 

ISO 2631-1 is developed by International Standard Organization (ISO). This standard 

gives the general information required for evaluating human body exposure to whole 

body vibrations. This includes different vibration measurement methods, vibration 

evaluation methods like rms acceleration, VDV value, MMTV value. This standard also 

defines different frequency weighting factors useful in calculations with respects to 

health, comfort, perception and motion sickness. 

In this section these frequency weighting factors given in ISO 2631-1 are explained. 

Human body sensitivity is not fixed but it is depends upon variation in frequency. 

Frequency weighting functions accounts for this variation in the sensitivity with 

frequency. Therefore frequency weighting factors are used to compensate and to 

normalize the differences in human susceptibility and sensitivity at different frequencies.  

Table 1.3 summarizes frequency weighting factors for one-third octave band frequencies. 

In this standard frequency weighting factors are given in the frequency range from 0.1 to 

400 Hz in one-third octave band frequency range. Frequency weighting factors are not 

calculated below 0.1 Hz because frequency below 0.1 Hz is not important in calculation 

of weighted acceleration. This standard also focuses on possible tolerance for these 

weighting factors.  

Table 1.3 Weighting factors for one-third octave band (ISO 2631-1) 

Frequency Weighting Factors 

f (Hz) Wk Wd Wf Wc We Wj 

0.1 0.0312 0.0624 0.6950 0.0624 0.0625 0.0310 

0.125 0.0486 0.0973 0.8950 0.0972 0.0975 0.0483 
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Table 1.3 Continued 

Frequency Weighting Factors 

f (Hz) Wk Wd Wf Wc We Wj 

0.16 0.0790 0.1580 1.0060 0.1580 0.1590 0.0785 

0.2 0.1210 0.2430 0.9920 0.2430 0.2450 0.1200 

0.25 0.1820 0.3650 0.8540 0.3640 0.3680 0.1810 

0.315 0.2630 0.5300 0.6190 0.5270 0.5360 0.2620 

0.4 0.3520 0.7130 0.3840 0.7080 0.7230 0.3510 

0.5 0.4180 0.8530 0.2240 0.8430 0.8620 0.4170 

0.63 0.4590 0.9440 0.1160 0.9290 0.9390 0.4580 

0.8 0.4770 0.9920 0.0630 0.9720 0.9410 0.4780 

1 0.4820 1.0110 0.0235 0.9910 0.8800 0.4840 

1.25 0.4840 1.0080 0.0100 1.0000 0.7720 0.4850 

1.6 0.4940 0.9680 0.0038 1.0070 0.6320 0.4830 

2 0.5310 0.8900 0.0016 1.0120 0.5120 0.4820 

2.5 0.6310 0.7760 0.0006 1.0170 0.4090 0.4890 

3.15 0.8040 0.6420 0.0003 1.0220 0.3230 0.5240 

4 0.9670 0.5120 0.0001 1.0240 0.2530 0.6280 

5 1.0390 0.4090 

 

1.0130 0.2020 0.7930 

6.3 1.0540 0.3230 0.9740 0.1600 0.9460 

8 1.0360 0.2530 0.8910 0.1250 1.0170 

10 0.9880 0.2120 0.7760 0.1000 1.0300 

12.5 0.9020 0.1610 0.6470 0.0801 1.0260 

16 0.7680 0.1250 0.5120 0.0625 1.0180 

20 0.6360 0.1000 0.4090 0.0500 1.0120 

25 0.5130 0.0800 0.3250 0.0399 1.0070 

31.5 0.4050 0.0632 0.2560 0.0316 1.0010 
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Table 1.3 Continued 

Frequency Weighting Factors 

f (Hz) Wk Wd Wf Wc We Wj 

40 0.3140 0.0494 

 

0.1990 0.0247 0.9910 

50 0.2460 0.0388 0.1560 0.0194 0.9720 

63 0.1860 0.0205 0.1180 0.0148 0.9310 

80 0.1320 0.0211 0.0844 0.0105 0.8430 

100 0.0807 0.0141 0.0567 0.0071 0.7080 

125 0.0540 0.0086 0.0345 0.0043 0.5390 

160 0.0205 0.0046 0.0182 0.0023 0.3640 

200 0.0152 0.0024 0.0097 0.0012 0.2430 

250 0.0079 0.0013 0.0051 0.0006 0.1580 

315 0.0040 0.0006 0.0026 0.0003 0.1000 

400 0.0020 0.0003 0.0013 0.0002 0.0624 

The Table 1.3 summarizes principal and additional frequency weighting factors. The 

effect of vibration on health, comfort, perception and motion sickness are depends on the 

vibration frequency content. Different frequency weighting factors are given for different 

axes of vibration, different purpose like comfort, motion sickness. There are total 6 

weighting factors in Table 1.3 with respects to health, comfort, perception and motion 

sickness. These are divided into two types: 

1) Principal weighting factor 

Wk – For vibrations in Z-direction and vertical recumbent direction 

Wd – For vibrations in X and Y-directions and horizontal recumbent direction 

Wf – For motion sickness study 

2) Additional weighing factor 

Wc – For vibrations at seat-back interface 

We – For measurement of rotational vibration 

Wj – For vibrations of the head of recumbent person 



Texas Tech University, Prasad Kumbhar, August 2013 
  

12 
 

These weighting factors are used for calculation of the weighted absorbed power in the 

Chapter 4. Different weighting factors are used for different vibration direction. 

1.7 Vehicle seat 

A vehicle travelling on roads vibrates due to the road irregularities. These vibrations are 

transferred to the vehicle chassis through the tires. From the chassis, these vibrations are 

transferred to the vehicle body parts, including the seat. As the human body is in direct 

contact with the seat cushion, it is very important that the seat should provide a good 

vibration isolator so that a minimum amount of vibrations can be transferred to the 

human body. Sitting posture is the most common scenario in running vehicles. The 

maximum vibration inputs in human body are through the seats. As human body is in 

direct contact with seat, its analysis and design is very important in study of ride comfort. 

Approximately 70% of the human mass is supported by the seat with the reminder 

supported by the feet support (Gouw et al., 1990). Therefore the analysis of vehicle seat 

is important in the study of ride comfort. 

In vehicle suspension and dynamics research with quarter, half or full vehicle modeling, 

seat, driver or passenger and cab are commonly treated as combined sprung mass (Gouw 

et al., 1990; Wong, 2008; Ma, et al., 2008; ISO 2631-4, 2001; ISO 2631-5, 2004). In the 

full vehicle chassis and body durability testing, the driver and passenger are replaced with 

sandbag or water dummy to match the vehicle corner weight (Xu et al., 2005; Xu et al., 

2006; Soliman, 2011). In road load analysis for vehicle chassis, the driver or passenger 

and seat are also normally to be combined with cab (Xu et al., 2005) as sprung mass. In 

the cab’s rubber mount design and analysis, a cab, a seat and an occupant can be taken as 

a single combined body (Xu et al., 2008; 2011). In this case, the effect of seat and 

occupant’s motion and force relative to the cab is neglected.  

In the testing and analysis of seat cushion, seat suspension, cab suspension and vehicle 

ride comfort, the seated driver/passenger can be replaced with rigid mass (Ma et al., 

2008; Mayton et al., 2006; Montazeri et al., 2008; Shurpali and Mullinix, 2011) sandbag 

(Pang et al., 2004), water dummy, or anthropodynamic dummy (Lewis and Griffin, 
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2002). In the mathematical analysis, the seated human body can be modeled as a different 

number of DOF mass-spring-damping mechanical systems including the one-DOF 

(Kordestani et al., 2010), two-DOF (Pang and Qatu, 2005), three-DOF (Amirouche et al., 

1997), and higher number degree of freedoms such as seven-DOF (Deb and Joshi, 2012).  

1.8 Contact pressure at seat-body interface 

In the study of postural comfort, the contact pressure at the interface of seat and driver is 

a very important parameter. When this contact pressure is uniform, the seating posture is 

comfortable and the driver will get good riding experience. 

Brook et al. (2009) studied particular factors affecting the driving postural comfort for 

lower parts of human body. A customized pressure pad subsystem was used to monitor 

pressure distribution between the driver and vehicle seat. This study indicates significant 

differences between pressure distributions in car in terms of fore-aft seat position for 

three drivers. Tang et al. (2010) investigated the effects of varying the frequencies of 

vertical vibration on seat-interface contact pressure of human body on three different seat 

cushions by using finite element analysis. Finally they showed that SAF 6060 seat 

cushion can be used to reduce the amplitude of varying maximum contact pressure in the 

frequency range of 10-20 Hz. This seat cushion is made from SAF 6060 polymer foam 

having rate-independent hyper elastic and viscoelastic behavior. 

1.9 Literature review of biodynamic models for whole body vibration 

In literature, many mathematical models for the study of biodynamic responses of seated 

human body have been developed. Biodynamic model development can be traced back to 

1900's (Hamilton, 1918). Since then, various models have been developed. These models 

can be divided into three groups as lumped parameter model, finite element model and 

multibody model (Kumbhar et al., 2012). In each of this type of models, several models 

are proposed in literature. 
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 Lumped parameter models (LP models) 

A human body is not just a mass but has various physically distant parts like legs, 

hand, torso, neck, head, etc. The lumped parameter model considers human body 

as several concentrated masses (representing body parts) which are connected by 

the springs and dampers. Thus it is made from lumped masses, springs and 

dampers. It is a most popular analytical method for the study of response of seated 

body. This is a simple, easy method of analysis and is easy to validate the results. 

But it has some disadvantages as it is only used for 1-D vibrational analysis only.  

According to Nigam and Malik (1987), the following are the important steps in 

development of lumped parameter model.  

i) The segmentation of body – Human body is made from various organs. In 

LP model, these body parts are segmented into various mass segments. To 

connect these masses together and to represent the flexibility of body parts, 

springs and dampers are used. 

ii) Mass and stiffness values of segments – In this step, values of mass and 

stiffness for each mass segment is evaluated. 

iii) Connection between segments – These different segments are lumped at 

discrete points and connected by springs and damper sets. 

iv) Stiffness values of springs and dampers – The stiffness values of springs 

and dampers are evaluated. 

Lumped parameter models are subdivided based on number of degrees of freedom 

(DOF) they have. 

 One- DOF model 

Among all the models, this is a simplest model used to predict the response of 

human body to vibration. But as this model represents human body as only 

one mass segment, it is not able to properly simulate body responses. 

Coermann (1962) presented a one-DOF model which considers human body 

as a single mass (m1=56.8 kg) and contact between seat and human body is 
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represented by a spring (k1=75000 28300 N/m) and damper (C1=3840 1007 

N-s/m). This model is represented in Figure 1.1. 

 

Figure 1.1 Coermann's one-DOF model 

Wei and Griffin (1998) presented a similar model but it has two separate 

masses of total mass equal to 51.2 kg for the human body. This model is 

represented in Figure 1.2. In this figure, mass marked as mass of buttocks and 

legs (m0=7.8 kg) is in rigid contact with seat and the mass of seat is neglected. 

The upper body mass (m1=43.4 Kg) is connected to the buttocks and legs 

using a linear spring (k1=44130 N/m) and damper (C1=1485.0 N-s/m). 

 

Figure 1.2 Wei and Griffin's one-DOF model 

This model is very similar to Fairley and Griffin’s model (Fairley and Griffin, 

1989). In this model mass marked as mass of buttocks and legs (m0) is 6.0 kg 

and the upper body mass (m1) is 45.6 kg. These are interconnected by using a 

linear spring (k1=45000 N/m) and damper (C1=1360 N-s/m). 

 

 

Whole body
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 Two-DOF model 

Two-DOF models consist of two separate masses each representing head and 

body of human body which are connected by springs and damper to represents 

physical properties of body. 

Muksian and Nash (1976) introduced a nonlinear two-DOF model having total 

mass 79.83 kg shown in Figure 1.3. This model is separated into three mass 

segments. The top one is the head (m2=5.44 kg), middle is the body (m1=47.17 

kg), and bottom is the pelvis (m0=27.22 kg). The springs and dampers are 

used to connect between these three separated segments and all springs and 

dampers are linear except the body spring and damper used to connect to the 

body and pelvis (k1=63318 N/m, k2=0, C1=467 N-s/m, C2=686 N-s/m). The 

damper (C1) used to connect body and pelvis is having linear and nonlinear 

parts. The pelvis is rigidly connected to the seat as physical properties of 

pelvis are included in spring and damper connecting them. 

 

Figure 1.3 Muksian and Nash’s two-DOF nonlinear model 

Allen (1978) presented a linear two-DOF model having total mass of 56.8 kg 

as shown in Figure 1.4. This model is made from two separate mass elements 

one is head (m2=5.5 kg) and other is body (m1=51.3 kg) which is seated on 

third element, seat (m0). All springs (k1=74300 17400 and k2=41000  24100 

N/m) and dampers (C1=2807 1007 N-s/m and C2=318 161 N-s/m) are linear 

in this model. 

m1

Pelvis m0

Head m2

Body 

k1 C1

k2 C2
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Figure 1.4 Allen’s two-DOF linear model 

Wei and Griffin (1998) presented a linear two-DOF model which is modified 

from their one-DOF model. This model has total mass 50.8 kg divided into 

three separate mass elements as shown in Figure 1.5. These three elements are 

head (m2=10.7 kg), body (m1=33.4 kg), buttocks and legs (m0=6.7 kg). Similar 

to their one-DOF model, the mass of buttocks and legs is in rigid contact with 

seat and the mass of seat is neglected. All springs (k1=35776 N/m and 

k2=38374 N/m) and dampers (C1=761N-s/m and C2=458N-s/m) are linear for 

this model. 

 

Figure 1.5 Wei and Griffin’s two-DOF linear model 

Lewis and Griffin (2002) used Wei & Griffin’s one and two-DOF models and 

did experiment for testing seats with five foam cushions. Anthropodynamic 

dummies were developed having suitable apparent mass for testing these 

seats. In the frequency range 2-4 Hz, larger difference was found between 

measured cushion transmissibility’s using two-DOF model than with one-
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DOF. This indicates need of increasing more degree of freedom for getting 

more accurate results.   

 Three-DOF model 

Three-DOF models consist of three separate masses each representing human 

body parts which are connected by springs and damper to represents physical 

properties of body. 

Suggs et al. (1969) reported a linear three-DOF model having total mass 56.8 

kg. As shown in Figure 1.6, this model has four separate mass elements as 

head (m3=5.5 kg), upper torso (m2=36kg), lower torso (m1=15.3kg), and seat 

(m0). Upper torso and lower torso are connected rigidly with spring and 

damper set (k2 & C2) whose properties (stiffness and damping coefficient) are 

selected infinite. Other springs and dampers are linear (k1=40900 22700 

N/m, k3=74300 17400 N/m, C1=2806 N-s/m, C1=318 42 N-s/m). 

 

Figure 1.6 Suggs three-DOF linear model 

 Four-DOF model 

Four-DOF models consist of four separate masses each representing head, 

upper torso, viscera, lower torso parts which are connected by springs and 

damper to represents physical properties of body. 

Wan and Schimmel (1995) introduced a four-DOF linear having total mass of 

60.67 kg as shown in Figure 1.7. This model has 4 separate body elements 
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head (m4), upper torso (m3), viscera (m2) and lower torso (m1) which is rigidly 

connected to seat (m0). These segments are connected by five sets of linear 

springs and dampers (ki & Ci). The values for these parameters are 

summarized in Table 1.4. 

Table 1.4 Parameter values for Wan and Schimmel’s model 

Mass  

(kg) 

Stiffness Coefficient 

(N/m) 

Damping Coefficient 

(N-s/m) 

m1=36 k1=49340 C1=2475 

m2=5.5 k2=20000 C2=330 

m3=15 k3=10000 C3=200 

m4=4.17 k4=134400 C4=250 

 k5=192000 C5=909.1 

 

 

Figure 1.7 Wan and Schimmel’s four-DOF linear model 

Wagner and Liu (2000) integrated this model with a full vehicle for ride 

quality assessment. 

Boileau and Rakheja (1998) introduced a four-DOF linear model having total 

mass of 55.2 kg. As shown in Figure 1.8, this model consists of four mass 

segments representing head (m4), upper torso with chest (m3), lower torso (m2) 

and thigh and pelvis (m1) which is rested on seat (m0). These segments are 

interconnected by four sets of linear springs and dampers (ki & Ci). All the 

values of masses and properties of springs and dampers listed in Table 1.5 are 

obtained by optimization procedure of data. 
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Table 1.5 Parameter values for Boileau and Rakheja’s model 

Mass 

(kg) 

Stiffness 

Coefficient (N/m) 

Damping 

Coefficient  (N-s/m) 

m1=12.78 k1=90000 C1=2064 

m2=8.62 k2=162800 C2=4585 

m3=28.49 k3=183000 C3=4750 

m4=5.31 k4=310000 C4=400 

 

 

Figure 1.8 Boileau and Rakheja’s four-DOF linear model 

Liu at al. (1998) also proposed a four-DOF nonlinear model having total mass 

of 55.2 kg. The model shown in Figure 1.9 consists of four mass elements 

each representing head (m4), upper torso (m3), viscera (m2) and pelvis (m1). 

They are kept on seat (m0). They are interconnected by four sets of nonlinear 

springs and dampers (ki & Ci) whose values are listed in Table 1.6. The viscera 

are not connected to upper torso but it is hanging on it. Therefore this model 

considers gravitational effect.  

Table 1.6 Parameter values for Liu’s model 

Mass  

(kg) 

Stiffness 

Coefficient (N/m) 

Damping  

Coefficient (N-s/m) 

m1=29 k1=0 C1=0.50 

m2=6.8 k2=2931.8 C2=138.77 

m3=21.8 k3=0 C3=0.22 

m4=5.5 k4=202290 C4=210.96 
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This model was also validated on live human drop tests by Zong and Lam 

(2002).  

 

Figure 1.9 Liu’s four-DOF nonlinear model 

 Seven-DOF model 

Muksian and Nash (1974) developed a seven-DOF nonlinear model with total 

seven elements having total mass of 80 kg as shown in Figure 1.10. Each 

element represents head (m7), back (m6), torso (m5), thorax (m4), diaphragm 

(m3), abdomen (m2) and pelvis (m1). These are interconnected by nonlinear 

spring and damper sets except two sets of springs (k6 and k7) and dampers (C6 

and C7) which are linear used to connect neck and back. Pelvis mass is rigidly 

connected to seat (m0). New phenomenon introduced in this model is coulomb 

damping forces to represent sliding surface between torso and back and 

related muscle contraction and diaphragm muscle forces. The whole body 

vibration was studied in vertical direction. Table 1.7 represents the values of 

various parameters in this system. 
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Table 1.7 Parameter values for Muksian and Nash’s model 

Mass 

(kg) 

Stiffness Coefficient 

(N/m) 

Damping Coefficient 

(N-s/m) 

m1=27.230 k1=0 C1=0 

m2=5.921 k2=877 C2=292 

m3=0.455 k3=877 C3=292 

m4=1.362 k4=877 C4=292 

m5=37.762 k5=877 C5=292 

m6=6.820 k6=52600 C6=3580 

m7=5.450 k7=52600 C7=3580 

- k56=52600 C56=3580 

 

Patil et al. (1977; 1988) modified above seven-DOF model by adding one set 

of spring and damper between the pelvis and seat. Therefore this eight-DOF 

nonlinear model was further extended to include seat suspension system and 

the tractor model.  

 

Figure 1.10 Muksian and Nash's seven-DOF model 

 Eleven-DOF model 

Qassem et al. (1994) and Qassem and Othman (1996) reported an eleven-DOF 

linear model. It is based on the seven-DOF model with some modification and 

has total mass of 91.7 kg. The important difference between Patil’s seven-
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DOF model (Patil et al, 1977) and this model is that all spring-damper sets in 

this model are linear. Human back is again divided into cervical, thoracic, and 

lumber spines. This model was used to study hand arm system a mass of 

10.35-12.15 kg in the thorax and abdomen for pregnant female subjects. 

 Fifteen-DOF model 

Nigam and Malik (1987) proposed a fifteen-DOF model shown in figure 1.11. 

This human body is represented by lumped parameter model consisting 

masses and springs. The LP model was made from 15 body segments (having 

elliptical shapes) and 14 joints. In this model, the mass of individual segment 

is proportional to its volume and it can be expressed as a fraction of total body 

mass.   

According to this, the mass of any segment is given by equation 1.10. 

 

1

b i i i
si n

j j j

j

M a b c
M

a b c





 

(1.10) 

Where, bM - Total mass of the body 

 siM - Mass of any i
th

 segment
 

 an, di i ia b c   – Semi axes of any i
th 

ellipsoid 

 i  – Subscript for segment. 

 n – Number of segments. 

Similarly the stiffness of the segment can be calculated by considering the 

mechanical properties and axial tension in truncated ellipsoid. The axial 

stiffness (Si) is derived as shown in equation 1.11. 

 
i i

i

i i

Ea b
S

C I


  (1.11) 

Where, b tE E E (Axial elastic modulus) 
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bE  - Elastic modulus of bone 

tE  - Elastic modulus of tissue 

Here they ignored damping of body and standing posture of body is 

considered. After evaluating these values these segments with rigid masses are 

connected with massless springs in series. 

For free vibration, equation of motion for this model is represented in 

equation 1.12. 

 MX + KX = 0  (1.12) 

Where, M  – Mass matrix (Dimension 15x15) 

  K  – Stiffness matrix (Dimension 15x15) 

 X, X  – Acceleration and displacement vector of body (Dimension 

15x1) 
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Figure 1.11 Nigam and Malik's fifteen-DOF model 

They did the experiment and found that natural frequencies of the model are 

within the range of available range. 

 Finite element models (FE models) 

Finite element model considers human body consists of numerous finite elements 

whose properties are obtained from various experiments on human corpses. With 

the help of powerful finite element software, this model can be used to study 

biodynamic response of human body and used in predicting injuries in occupants. 

According to Liang and Chiang (2006; 2008), in some FE models the spine is a 

layered structure of rigid elements. In the FE method, beam spring and masses are 

used to model spine, viscera, head, pelvis, and buttock tissues. Linder (2000) 

studied the influence of head motion on the responses of rear impact. Also to 

investigate human responses on side impact, Low and Prasad (1990) verified 

MADYMO side impact model. 
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Pennestri et al. (2005) developed a numerical model based on finite element 

model. They validated this model by means of static and dynamic tests on actual 

vehicle. This approach allows to study all three dimensional behaviors on dummy 

human body and simulate it with different poses such as seating, standing, 

changing different parameters such as seat inclination, seat height. So this model 

consists of 6 body elements for occupant and 2 bodies for car environment. 

Occupant bodies include head, arm, forearm, thigh, leg and foot while car 

environment is represented by seat and steering wheel. For the contact between 

the thigh and seat, the mesh generation is optimized. For meshing of the nonlinear 

material property it is discretized with hexahedral solid elements. This is to 

reproduce the polyurethane form characteristic. As human body thigh is made 

from two parts that is bone and tissues with muscles, it is modeled with two 

materials. The inner part (bone) is considered as a rigid bar and external part 

(tissues with muscles) is considered deformable. Remaining body parts are 

modeled with coarse mesh. For experiential tests, ten people were seated on a seat 

which is equipped with pressure mats with many transducers. Relevant 

parameters such as peak location, maximum pressure value in pressure field are 

measured in pressure field and found very close. This pressure field depends on 

anthropometrical feature of the seated occupant. Therefore the shape of pressure 

field varies from one occupant to other. But it will not going to affect because 

here pressure concentration is more important than shape of pressure field. 

Accelerometers are mounted at measuring points on chassis to measure 

acceleration values. At the interface of body with seat cushion and with backrest, 

the two three-axial SAE plate accelerometers are placed. To measure vibrational 

input to occupant’s body, the other accelerometers are located at the steering 

wheel, at pedal and at the anchor points of the seat. Then using BS 6841 standard 

(1987), vibration dose value (VDV) is computed and compared with result from 

FE model. 
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Tang et al. (2010) used finite element modeling approach to investigate the effects 

of varying the frequencies of vertical vibration on contact pressure between seat 

cushion and buttock tissues of human body on three different seat cushions. They 

developed a simple two-dimensional human buttock-thigh model to simulate the 

response of the muscles of buttock and thigh. Finally they shown SAF 6060 seat 

cushion can be used to reduce the amplitude of varying maximum contact 

pressure in the frequency range of 10-20 Hz. This seat cushion is made from SAF 

6060 polymer foam having rate-independent hyper elastic and viscoelastic 

behavior. 

 Multibody models (MB model) 

Lumped Parameter models explained above used to accurately predict human 

response to vibration but the analysis is limited to vertical direction. The human 

body is very complex dynamic system whose properties vary from one part to 

other and from individual to individual. Hence to study this complex behavior, 

more comprehensive mathematical model is needed. Here came need of 

multibody human model which are made from several rigid bodies connected by 

pin or ball and socket joints (called as bushing elements). This model is similar to 

several rigid bodies connected by bushing element. Bushing elements are used to 

represent rotational and translational motion.  

Various MB models are proposed in the literature. Amirouche and Ider (1988) 

developed a MB model having 13 rigid and flexible segments interconnected by 

spherical, revolute and free joints. This model is in seating position having origin 

of coordinate system at the center of each joints of rotation. For free joints six 

degrees of freedom are allowed, three for translations and three for rotations. 

Using Kane’s equation, the equation of motion is developed. The governing 

equation was developed by allowing small oscillations as this simulation involves 

study for human responses to low accelerations. These input excitation forces 

were applied simultaneously in different parts in different directions. To represent 
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human body tissues, muscles, ligaments and disc vertebrae, they were modeled by 

linear and nonlinear stiffness and damping matrices. For analysis, they used 

human body system dynamics which is automated three-dimensional program 

used to predict human body responses to vibration. By proper selection of 

stiffness and damping coefficients, this model was capable of predicting human 

responses by trial and error procedure.  

Pennestri et al. (2005) developed a numerical model based on multibody 

dynamics model. They validated this model by means of static and dynamic tests 

on actual vehicle. This approach allows studying all the three-dimensional 

behavior of dummy human body with different poses such as seating, standing, 

changing different parameters such as seat inclination, seat height. This model is 

made from 15 rigid elements. Out of these elements, twelve were used to define 

human model and 3 described car environment. Hence this is equivalent to 

occupant having two feet with legs, two thighs, two arms, two forearms, head, 

neck, shoulders and chest which are rigidly connected. Remaining elements are 

seat, pedals and steering wheel. For representing body joints and connecting each 

other, kinematics constraints and spring-damper are used. There are two spherical 

joints in between pelvis and thighs, two revolute joints in between thighs and legs, 

two revolute joints in between legs and feet, one prismatic joint in between pelvis 

and upper part, two spherical joints in between upper part and arms, two revolute 

joints with transverse axes in between arms and forearms. Spring and damper 

elements used in the model are as follows: the first one is translational to 

represent the stiffness of torso in between pelvis and the upper part and the second 

to reproduce the muscular elasticity of the elbow, and a rotational spring-damper 

elements is used in between arm and forearm. This human model needs to fix in 

car environment. For the car environment, seat, pedal and steering wheel contact 

are simulated by nonlinear spring damper elements. These elements are selected 

from the results of compression test on cushions. And with the help of four very 

stiff springs, the contact between hand steering wheel and feet platform are 
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simulated. For controlling of this model an anthropometrical database was used 

which automatically adjust geometry, mass properties and spring locations by 

changing only weight percentile and height percentile. It is also possible to 

modify the backrest inclination. 

Ippili et al. (2008) developed a nonlinear integro-differential planer multi-degree 

model of seat occupant system as shown in Fig. 14. This model was modified 

from Kim and Yoon’s model (Kim et al., 2005). Human body was modeled by 

three interconnected rigid bodies as shown in Figure 1.12. Each AB, BC and CD 

represents torso, femur and shin of human body respectively. In this model, head 

is not modeled. These three links has center of mass at G1, G2 and G3. In this 

structure, point B represents hip joint. Four sets of nonlinear viscoelastic springs-

damper sets were used to model seat foam. First two represents the back support 

part of seat. They are represented by k1, C1 for upper back and k2, C2 for lower 

back. These sets were assumed to be attached to human body and constrained to 

remain perpendicular with human body. The seating part of cushion of seat was 

represented by springs-damper sets k3, C3 and k4, C4. Constrained Lagrangian 

formulation was used to derive equation of motion. This model was used to 

determine static equilibrium position of seated occupant. 
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Figure 1.12 Ippili’s nonlinear MB model 

Cho and Yoon (2001) developed a two-dimensional model to study vehicle ride 

comfort. This is a nine-DOF model having total mass of 56.8 kg. As shown is 

Figure 1.13, this model is made from 3 rigid segments in which each segment 

representing a group of body parts. The lower body (m1) represents sacrum and 

legs, the upper body parts (m2) represents trunk plus the arms and last mass (m3) 

represents head of human body. These elements are interconnected by bushing 

elements to represent properties of vertebral column. The vertical and horizontal 

springs and dampers between two masses are used to characterize both the 

deformable properties of the pelvis and thighs and the contacting properties of the 

back with a rigid seat. To exactly simulate car environment, three vertical and 

horizontal spring-damper units representing the mechanical properties of seat and 

backrest cushions are connected in series. For this model, the foot support is 

ignored by assuming the vibration input through foot is small.  
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Figure 1.13 Cho and Yoon's nine-DOF model 

Kim and Yoon (2005) worked on the development of a biomechanical model of 

human body which can be used to analyze human body’s response to the vertical 

vibration. According to them, the apparent mass and the seat to head 

transmissibility are related with human body response and the comfort feeling. 

They worked on developing an appropriate structure of human body in seated 

position based on results of apparent mass and head transmissibility. Based on the 

experiments on human subjects, they proposed different models and best model is 

finalized. They used seat to head transmissibility and apparent mass doe analyzing 

human body response. They made eight human mechanical models based on 

different body structure. For each model, the seat to head transmissibility’s and 

apparent masses are measured. These results of eight different models are 

compared with recorded results of five subjects and best human body structure is 

proposed. Human body parameters are finalized based on literature and parameter 

search using dynamic analysis and genetic optimization. Proposed human body 

model is having 5 mass elements each representing legs with feet, pelvis, torso, 

head and viscera of the human body. The body masses are interconnected by 

bushing elements which consists sets of linear translational and rotational spring 

damper. This bushing element represents body joints which are allowed to move 

in horizontal, vertical and rotational direction. This shows that the human model 

is a multibody model in a seated position with feet support is included in this 
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model. This model does not consider any backrest support. Therefore this model 

is limited to analysis with an erect sitting posture without backrest support.  

Liang and Chiang (2008) proposed a multibody model to study the biodynamic 

response for different postures along with and without backrest support. They 

considered three cases. One without backrest support and other two are with 

backrest support with 12º and 21º as backrest angles. Their main intension of 

study was the effect of back support on the response of human body. They studied 

two MB models, one proposed by Cho and Yoon (2001) having 9-DOFs and other 

proposed by Kim and Yoon (2005) having fourteen DOFs. These models were 

modified so as to best fitted to results from experiments of seated human body in 

various automobile postures. The proposed biodynamic is shown in the Figure 

1.14. This model in a seated position and human body response is assessed in 

terms of STH transmissibility, DPM impedance and AP mass. They showed that 

the back support condition and the body mass affect the results of apparent mass 

and overall response of human body. This study also showed that minimum 

vibration get transferred with a seat having backrest support at angle 21º in 

comparison with no backrest support and with 12º backrest support. 
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Figure 1.14 Liang and Chiang's fourteen-DOF model 

1.10 Experimental methods of assessing ride comfort 

For minimizing the discomfort, first it needs to be measured directly or indirectly. The 

vibration intensity is measured by the amplitude ratio, acceleration level, relative 

amplitude between adjacent body parts and vehicle pitch. Conventionally vehicle ride 

performance is measured using experimental approach. Now in this modern era of 

technology, other methods like simulation and dummy testing are used for this purpose. 

Human body is a dynamic system whose mechanical properties vary from moment to 

moment and from one organ to other. And also there is variation in the individual 

sensitivity to vibration. Therefore the most difficult problem of all ride comfort studies is 

considered to be the actual human subject who is seated in a vehicle. This is because of 

the human body’s variability, adaptability, sensitivity and absence of a fixed scale of 

values render study in the simpler engineering senses is difficult. Hence it is very difficult 

to determine the ride comfort.  
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The exact value of ride comfort is difficult to determine because it depends on various 

factors such as vibration amplitude, frequency, direction, posture, input position etc. But 

various researchers attempted to define the ride comfort. They are summarized as 

following (El-Gindy et al., 2001): 

 Ride measurement in vehicles 

In this method, the occupants are travelled on a road in real vehicle environment 

and their responses such as ‘unpleasant’ or ‘intolerable’ are recorded. Then these 

results are studied for that specific test location. This method considers random 

inputs which characterize the actual road regularities. Other methods like shake 

table and ride simulator test uses sinusoidal inputs which may result in 

simplifying the problem but the results are somewhat unrealistic. Thus ride 

measurement method is more efficient. At the same time its drawback is that this 

method is more based on judgment of jury results in assessment may vary from 

one jury to other.   

 Ride simulator test 

In this method, the actual vehicle body is mounted on the hydraulic actuators 

which is resembles vehicle motion with pitch, roll and bounce. An analog 

computer is used for simulation of vehicle suspension system. In analog 

computers, the actual road inputs are feed using recorded analog signals. This 

helps in changing suspension system parameters very easily (Deusen, 1967). 

Using this apparatus with well-trained jury, it is possible to obtain subjective 

impression of vibrations. However, this method also fails in establishing 

meaningful objective measure. The advantage of this method is that it reproduces 

vehicle vibration in three dimensions. Ride simulator test is accurate one, at the 

same time it is very expensive. 
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 Shaker table test 

This test is done in laboratory not on road conditions. In shaker table test with the 

help of hydraulic actuators, the sinusoidal forces inputs are generated and 

displacements (amplitude, velocity) are measured. As shaker table test uses 

sinusoidal input, it does not produce real vibration. Also it considers only vertical 

vibration and not longitudinal and lateral vibration. 

 Subjective ride measurement 

This is a traditional technique used for comparing ride quality of vehicles on 

given road section with well-trained ride jury. A well-designed evaluation scheme 

having 10 point rating is used for determination. According to this rating, vehicle 

test having minimum 5 (midpoint) is acceptable level. This method gives a 

meaningful comparison of ride quality of different vehicles but this difference 

cannot be quantitatively determined. Thus for an individual vehicle, this rating is 

meaningless. The accuracy of this experiment depends on set of experiment and 

jury. Therefore it can be increased by well-designed experiments and a large 

enough jury. 

1.11 Thesis overview 

This thesis is organized into six chapters.  As seen, the first Chapter introduces research 

objective and summarizes compressive literature review of human biodynamic models. 

Chapter 2 will present details about selected human biodynamic model and seat models. 

After that equations of motion are derived for the human body model with seat model. In 

Chapter 3, expressions for transfer function are derived and transmissibility plots are 

obtained for three types of seat models and results are compared. Chapter 4 derives 

expressions for the unweighted and weighted absorbed power for three types of seat 

models with human model. The absorbed power is calculated and human body fatigue is 

predicted based on it. In Chapter 5, seat dynamic parameters are optimized to minimize 

fatigue. At the end in Chapter 6, the conclusion and future work is summarized. 
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CHAPTER 2  

HUMAN BIODYNAMIC MODEL AND SEAT MODEL 

2.1 Introduction 

In this chapter, one human biodynamic model from the literature is explained in detail. 

Then three types of seat models are explained. Based on Newtonian method, the 

equations of motion are derived for coupled system of human model with seat model. 

A valid human biodynamic model is very useful for studying the human body response to 

whole body vibration. In literature various models were proposed which are essential for 

studying behavior of human body subjected to certain excitations. In literature, three 

types of biodynamic models were proposed. They are lumped parameter models, finite 

elements models and multibody models. The multibody dynamic models have various 

advantages like it can be used to predict body response in different directions like 

horizontal, vertical and rotational directions. They accurately represent human body 

postures in 2-D or 3-D. Therefore, in this research one multibody human model is used 

and it is coupled with three types of seats. For this coupled system, equations of motion 

are derived and presented. 

2.2 Human model development 

Kim and Yoon (2005) reported a biomechanical model of human body which can be used 

to analyze human body’s response to the vertical vibration. The apparent mass and the 

seat to head transmissibility are related with human body response and the comfort 

feeling. Kim and Yoon (2005) performed experiment on human subjects and the results 

were compared on different proposed models and finally developed an appropriate 

structure of human body in seated position based on results of apparent mass and head 

transmissibility. . Five subjects were collected to perform the excitation experiments. 

They were exposed to random vibration of 1 m/s
2 

rms acceleration in the vertical 

direction within the frequency range of 1 Hz to 50 Hz. These subjects were asked to sit in 

a normal posture, keeping their body in upright comfortable position. The feet were 
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rested on the foot-plate and the hands were put on lap. Based on experimental data (seat 

to head transmissibility and apparent mass of each subject), eight human mechanical 

models were proposed based on different body structure. These eight models had 

different body structure including different torso structure, different pelvis-thigh 

structure. For each model, the seat to head transmissibility’s and apparent masses were 

calculated. These results of eight different models were compared with experimental data 

from the five subjects and a best human body structure was proposed. Human body 

parameters were finalized based on literature and parameter search using dynamic 

analysis and genetic optimization. The human model had 5 mass elements each 

representing legs with feet, pelvis, torso, head and viscera of the human body. The body 

masses were interconnected by bushing elements which consists sets of linear 

translational and rotational spring damper. This bushing element represented body joints 

which are allowed to move in horizontal, vertical and rotational direction. So this human 

model is a multibody model in a seated position where the feet support was included in 

this model. However, this model did not consider any backrest support. Therefore, it 

limited to analysis with an erect sitting posture without backrest support. Based on the 

comparison results, this developed model showed about 1% least square error in apparent 

mass and head transmissibility.  

Liang and Chiang (2008) stated that for studying human body response in seated position 

to the vibrations, the model should be at least two-dimensional in the sagittal plane. Liang 

and Chiang selected two models from literature, one proposed by Kim and Yoon (2005) 

and other developed by Cho and Yoon (2001). Cho and Yoon’s model is 9-DOF model 

with backrest support and it does not consider feet support. Model developed by Kim and 

Yoon is 14-DOF and considers feet support but it does not consider seat backrest support. 

So certain modification needs to be done to match the model with actual vehicle seating 

environment. So Kim’s model was modified and backrest support was included as in 

Cho’s model. This modified model measured with the seat to head transmissibility, 

driving point mechanical impedance, and apparent mass for following three automotive 

postures:  
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1. Model without backrest support. 

2. Model with backrest support with backrest an angle 21º. 

3. Model with backrest support with backrest an angle 12º. 

They did experiments on actual human subjects with these three automotive postures. For 

validation purpose these experimental results were compared with simulation results 

obtained from the modified model. They found that human model by considering 

backrest support at an angle 21º gives better results as compared with other two models. 

Because the reason is that backrest support in automotive seating environment works on 

maintaining sitting posture and decreasing muscle tension in human torso. This proposed 

model was analyzed and validated in terms of seat to head transmissibility, driving point 

mechanical impedance and apparent mass with similar model published in literature. 

Therefore, this proposed model by Liang and Chiang can be recommended for studying 

human body response exposed to the vertical vibrations in seated position. 

2.3 Human biodynamic model and its properties 

In this study, a model proposed by Liang and Chiang (2008) is adapted for analyzing 

human body response. This is a linear 14-DOF model in the 2D sagittal plane. Note that 

this human body model was originally derived from experimental measurements from the 

hip contact point to head vertical transmissibility and apparent mass. The calculated 

responses using this model for Body 2 to 5 are more reliable than those for Body 1. This 

model is shown in Figure 2.1. 
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Figure 2.1 Human biodynamic model 

 β is the angle made by force line of Kv5, Cv5 with respect to the horizontal as shown in 

Figure 2.2. 
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As shown in this figure, the human body model has 5 body elements. Mass m1 represents 

the thighs with legs and feet, mass m2 represents the pelvis, mass m3 represents the torso, 

mass m4 represents the head, and mass m5 represents viscera of the human body. Mass 

and inertial properties and different center of gravity locations are summarized in Table 

2.1. Points marked as Gi (i=1 to 5) are the center of gravity points of each mass. This 

human body model is in a seated position in which the body is in contact with the seat, 

and the feet are supported on the floor. The feet are supported on a vibrating vehicle floor 

and the vibration input thorough the feet needs to be considered. So this model considers 

feet support in calculation. Because a considerable amount of vibrations are transferred 

through the backrest support, this model considers it at a 21º angle with the vertical plane. 

As shown in the figure, α is the backrest support angle. So, this model considers 

vibrations transferred through seat, the backrest support, and the feet and this human 

model is clearly analogous with actual vehicle driving environment. The coordinates of 

each body and its important points are defined as the contact situation between the human 

body and the inclined backrest support at a 21º angle with the vertical plane. According 

to this angle and sitting position, coordinates of important points are obtained and are 

summarized in Table 2.1. 

Each mass (from m1 to m4), except the mass of the viscera (m5), has 2 translational 

motions (one horizontal and one vertical) and 1 rotational motion, and the mass of the 

viscera (m5) has only 2 translational motions. All masses except mass m5 are connected to 

each other by bushing elements. Ji (i=1 to 4) are the locations of these bushing elements 

representing joints in between two respective bodies. The bushing elements are 

represented by translational and torsional sets of springs (Ki, Kri) and dampers (Ci, Cri). 

The mass of the viscera (m5) is connected by a horizontal and vertical translational set of 

springs and dampers as shown in Figure 2.1. The mass of the viscera (m5) is tilted at an 

angle β with the horizontal, as shown in Figure 2.2, due to an inclined backrest. 

Horizontal and vertical spring and damper (Kh5, Ch5 and Kv5, Ch5) are also inclined. In 

Figure 2.1, the contact between the seat and each body is represented by one point in each 

body ci (i=1 to 3) to simplify the force calculations where c1, and c2 are the contact points 
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of Body 1 and 2 with the seat cushion, and c3 is the contact point of Body 3 with the 

backrest cushion. The horizontal (Khi, Chi) and vertical (Kvi, Cvi) spring and damper under 

each mass represent the stiffness or flexibility of that respective mass. For example, the 

horizontal (Kh1, Ch1) and vertical (Kv1, Cv1) spring and damper represent the stiffness or 

flexibility of Body 1 (m1). For Body 2 (m2), its flexibility is represented by horizontal 

(Kh2, Ch2) and vertical (Kv2, Cv2) spring and damper. For Body 3 (m3),  the stiffness 

perpendicular to the Body 3 is marked as vertical spring and damper (Kv3, Cv3) and 

stiffness parallel to the Body 3 is marked as horizontal spring and damper (Kh3, Ch3). 

Values for all these parameters are selected from literature (Liang et al., 2008; Kim et al., 

2005) and summarized in Table 2.2. 

Table 2.1 Human body mass, inertial properties and geometry parameters 

Body Properties Body Locations (x, z), (mm) with 21° backrest support 

Body 
Mass 

(Kg) 
Body 

Inertia 

(Kg.m
2
) 

C.G. location Joint Location Seat Contact 

m1 20.3 I1 1.16 G1 (133, 70) J1 (329, 52) c1 (133,0) 

m2 11 I2 0.68 G2 (-23, 97) J2 (-17, 84) c2 (-19,0) 

m3 19.87 I3 1.53 G3 (-152.3, 471.6) J3 (-84, 139) 
c3  

(-147.3,379.3) 

m4 7.25 I4 0.402 G4 (-161.5, 720.9) J4 (-187.6, 620.9) - 

m5 12.9 - - G5 (-65.9, 250.9) - - 
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Table 2.2 Biomechanical properties of human body model 

Spring Stiffness Notations Value Damping Coefficient Notations Value 

Horizontal stiffness of 

Body 1 
Kh1 614 

Horizontal damping of 

Body 1 
Ch1 14 

Vertical stiffness of 

Body 1 
Kv1 16710 

Vertical damping of 

Body 1 
Cv1 8010 

Horizontal stiffness of 

Body 2 
Kh2 905 

Horizontal damping of 

Body 2 
Ch2 15 

Vertical stiffness of 

Body 2 
Kv2 121300 

Vertical damping of 

Body 2 
Cv2 47 

Horizontal stiffness of 

Body 3 
Kh3 17200 

Horizontal damping of 

Body 3 
Ch3 334.5 

Vertical stiffness of 

Body 3 
Kv3 2300 

Vertical damping of 

Body 3 
Cv3 154 

Horizontal stiffness of 

Body 5 
Kh5 1930 

Horizontal damping of 

Body 5 
Ch5 79 

Vertical stiffness of 

Body 5 
Kv5 18370 

Vertical damping of 

Body 5 
Cv5 197 

Translational stiffness 

of Joint 1 
K1 23550 

Translational damping 

of Joint 1 
C1 154 

Translational stiffness 

of Joint 2 
K2 6400 

Translational damping 

of Joint 2 
C2 61 

Translational stiffness 

of Joint 3 
K3 299 

Translational damping 

of Joint 3 
C3 1790 

Translational stiffness 

of Joint 4 
K4 113700 

Translational damping 

of Joint 4 
C4 66 

Rotational stiffness of 

Joint 1 
Kr1 220 

Rotational damping of 

Joint 1 
Cr1 104 
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Table 2.2 Continued 

Spring Stiffness Notations Value Damping Coefficient Notations Value 

Rotational stiffness of 

Joint 2 
Kr2 162 

Rotational damping of 

Joint 2 
Cr2 30 

Rotational stiffness of 

Joint 3 
Kr3 328 

Rotational damping of 

Joint 3 
Cr3 724 

Rotational stiffness of 

Joint 4 
Kr4 915 

Rotational damping of 

Joint 4 
Cr4 340 

Units : Translational stiffness : N/m, Translational damping : N-s/m, 

            Rotational stiffness : N-m/rad, Rotational damping : N-ms/rad 

 

2.4 Vehicle seats models 

A vehicle travelling on roads vibrates due to road irregularities. These vibrations are 

transferred to the vehicle chassis through the tires. From the chassis, these vibrations are 

transferred to the vehicle body parts, including the seat. As the human body is in direct 

contact with the seat cushion, it is very important that the seat should provide a good 

vibration isolator so that a minimum amount of vibrations can be transferred to the 

human body. So the seat design is very crucial part in the process of vehicle design. The 

vibration isolation property of the seat and the cushion depends on its dynamic properties 

(Griffin, 1978; Kolich, 2003). Two important dynamic properties of seat design are the 

stiffness and mass of the seat suspension and seat cushion. The mass of the seat with 

cushion and suspension plays a very important role in vibration isolation. Increasing the 

mass will result in decreasing the absorbed power, which finally results in decreasing 

vibration transmission (Amirouche et al., 1997). But it is less effective compared to the 

reduction in absorbed power by changing the stiffness of the cushion and suspension, and 

in practice, there is limitation on increasing the mass of the seat. Mechanical properties of 

the seat cushion and suspension can vary by the changing cushion material and seat 

suspension linkages (Kolich, 2003). Therefore, the human body responses will be 

different for seats with different seat properties (Amirouche et al., 1997). So, it is 
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interesting to study the effect of changing seat parameters on the human body’s response. 

In this research, three types of seat models are considered. The first seat model is with 

neither cushion nor seat suspension is called as a hard seat. Because there is nothing to 

isolate the human body from vibrations, all vibrations are directly transferred to the 

human body. This seat model coupled with a human body model is represented in Figure 

2.3. The second type of seat model has only a cushion but no seat suspension. In this type 

of seat, some vibrations are isolated because of cushion stiffness. The seat model with the 

human body model is shown in Figure 2.4. The third seat model has both cushions and 

seat suspension and is called the isolated seat. This is a better seat design because 

maximum vibrations are isolated from the environment due to stiffness of both the seat 

suspension and cushion. This seat model coupled with the human body is represented in 

Figure 2.5. 

Three different seat models with the human model are described in the following 

sections. 

2.4.1 Case 1 - Hard seat model 

In hard seat, both the seat suspension and cushion are neglected as shown in Figure 2.3. 

It’s similar to the human body kept on only seat frame. 
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Figure 2.3 Seat model for Case 1 – Hard Seat 

There is nothing to isolate the human body from vibrations in this seat. So, all the 

vibrations are directly transferred to the human body. As the seat directly receives inputs 

from the floor, the system (human model coupled with seat model) has a total of 14 

DOFs. So this coupled system of human body with seat model has 14 equations of 

motion
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2.4.2 Case 2 - Seat model with cushion but no seat suspension 

A 14-DOF human model is seated on a seat model with a seat cushion and backrest 

cushion but without seat suspension in Figure 2.4. 

 

Figure 2.4 Seat model with cushion but no seat suspension – Case 2
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With this seat, some vibrations are isolated as an effect of cushion stiffness. In Figure 2.4, 

mc is the mass of the seat cushion, and mbc is the mass of the backrest cushion. Each 

cushion has its own stiffness, which is highly nonlinear in its characteristics (Griffin, 

1978; Leenslag et al., 1997; Griffin, 1990; Guman and Vertiz, 1997; Zhang and Yu; 

2010). However, for simplicity, they are considered as linear in this study. Kch1 and Cch1 

represent the horizontal stiffness, and Kcv1 and Ccv1 represent the vertical stiffness of the 

seat cushion. Similarly, Kch2 and Kch2 represent horizontal stiffness, and Kcv2 and Ccv2 

represent the vertical stiffness of the backrest cushion. Its values are summarized in Table 

2.3. Each cushion has one horizontal motion and one vertical motion with respect to its 

contact surface. Overall, the system for Case 2 has 18 DOFs. So this coupled system of 

human model with seat model will have 18 equations of motion.  

2.4.3 Case 3 - Seat model with both cushion and seat suspension (Isolated Seat) 

A 14-DOF model is placed on a seat model with a seat cushion, backrest cushion and seat 

suspension as shown in Figure 2.5. 



Texas Tech University, Prasad Kumbhar, August 2013 
  

48 
 

 

Figure 2.5 Seat model for Case 3 - Isolated Seat 

In this figure, mst is the mass of the seat. The seat is connected to the vehicle body floor 

using some linkages, which act as seat suspension. Ksh1 and Csh1 represent horizontal 

stiffness, and Ksv1 and Csv1 represent the vertical stiffness of the seat suspension. This seat 

has one horizontal and one vertical motion for which it receives input from a vehicle 

body floor. Along with this suspension, this model is having seat cushion (mc) and 

backrest cushion (mbc) similar to Case 2. The values of all parameters of seat suspension 

and cushion are summarized in Table 2.3. So, by considering 2 DOFs of the seat, 2 DOFs 

of the each cushion, and 14 DOFs of the human model, the total DOF of the system is 20. 
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So this coupled system of human model with isolated seat model is having 20 equations 

of motion. 

Table 2.3 Seat and cushion material properties 

Vehicle Seat Properties (For Case 2 and Case 3) 

Seat 

Components 
Mass 

Horizontal 

Stiffness 

Horizontal 

Damping 

Vertical 

Stiffness 

Vertical 

Damping 

Units (Kg) (N/m) (N-s/m) (N/m) (N-s/m) 

Seat mst = 4 Ksh1 = 80000 Csh1 = 8000 Ksv1 = 8000 Csv1 = 800 

Seat 

Cushion 
mc = 3 Kch1 = 40000 Cch1 = 1600 Kcv1 = 20000 Ccv1 = 800 

Backrest 

Cushion 
mci = 3 Kch2 = 20000 Cch2 = 1500 Kcv2 = 10000 Ccv2 = 1000 

 

2.5 Equations of motion 

As explained in the last section, Case 1 is having 14 equations of motion, Case 2 is 

having 18 equations of motion and Case 3 is having 20 equations of motion. Here, the 

equations of motion are explained for the third case only, which is the most complicated. 

For other cases, the equations of motion can be derived similarly (Kumbhar et al., 2013). 

A Newtonian method is used to derive the equations of motion. 

Define the horizontal direction as the X-direction and the vertical direction as the Z-

direction as shown in Figure 2.1. So, each human body mass (from m1 to m4), except the 

mass of the viscera (m5) has 3 displacements, including 1 rotational displacement. The 

mass of the viscera (m5) has 2 translational displacements. These respective absolute 

displacements are shown together in vector format in equation 2.1. 
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1, 1, 1

2, 2, 2

3, 3, 3

4, 4, 4

5, 5

 

 

 

 

 

T

T

T

T

T

x z

x z

x z

x z

x z










  

   

 











 

   

  
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2

3

4

5

r

r

r

r

r

 (2.1) 

Also, the seat (
st

r ), seat cushion (
cr ) and backrest cushion (

bcr ) have two translational 

displacements in the X and Z-direction, respectively. These are represented in equation 

2.2. 

 

 

 

 

 ,  

 ,  

 ,  

T

st st

T

c c

T

bc bc

x z

x z

x z







st

c

bc

r

r

r

 (2.2) 

This combined system is on a vibrating floor (which is the same as the vehicle floor) with 

the input displacements (
0

r ) as shown in equation 2.3. 

 
0, 0 

T

x z  
0

r  (2.3) 

As each body mass has a rotational motion, displacement at different points in the body is 

different and depends on the value of the rotational displacement, its position with respect 

to body's CG location, and the body’s linear displacement. Therefore, it is necessary to 

calculate the actual displacement considering the angle of rotation. For example, in Body 

1 at contact point 1c , the following are the actual displacements in X and Z directions. 

1 1 1 1 1

1 1 1 1 1

( ).

( ).

c z z

c x x

x x c G

z z c G





  

  
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 

 

1 1 1

1, 1, 1

1 1 1

1 1 1

Where,

z Actual displacements of point  in X and Z direction 

  –  Displacements of Body 1

,   – Coordinates of Point  

,   – Coordinates of C.G. Point  

c c

x z

x z

x and c

x z

c

G

c

G

c

G



  

 

Similarly, the absolute displacements are calculated at important points such as joint 

locations, contact locations in all body parts. For representation purpose, the actual 

displacement of a point in the body is represented by a subscript as that point’s name 

after variable name. For example, 1cx represents the actual displacement of point 1c of 

Body 1 in the X-direction. For the joint’s actual displacements, two subscripts like ikJ  

are used. Where the first subscript represents the body number and the second subscript 

represents the joint number. For example, 11Jx  represents the actual displacement of Joint 

1 in Body 1 in the X-direction. Similarly, 21Jz  represents the actual displacement of Joint 

1 in Body 2 in the Z-direction. 

Now equations of motions are derived for Case 3 using Newtonian method. Following 

are the equations of motion for all bodies including the seat and cushion. 

The seat mass stm gets input vibrations from vehicle body and it is allowed to move in 

horizontal and vertical direction. So equations of motion of seat mass are expressed in 

equation 2.4 and 2.5.    

 01 1 1 0 1( ) ( ) ( ) ( )st st ch c st ch c st sh st sh stm x K x x C x x x xK x C x        (2.4) 

 01 1 1 0 1( ) ( ) ( ) ( )st st cv c st cv c st sv st sv stm z K z z C z z z zK z C z        (2.5) 

   

The mass of seat cushion cm is also allowed to move in X and Z direction. Its equations 

of motion are expressed in equation 2.6 and 2.7. 
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1 1 1 1 2 2 2 2

1 1

( ) ( ) ( ) (

)

)

( ) (

c c h c c h c c h c c h c c

ch sc st ch c t

m x K x x C x x K x x C x x

K x x x xC

       

   
 (2.6) 

 
1 1 1 1 2 2 2 2

1 1

( ) ( ) ( ) ( )

( ) ( )

c c v c c v c c v c c v c c

cv c st cv c st

m z K z z C z z K z z C z z

K z z C z z

       

   
 (2.7) 

   

The mass of seat backrest cushion bcm is also allowed to move in X and Z direction. Its 

equations of motion are derived by considering seat backrest angle  and can be 

represented in equation 2.8 and 2.9. 

 3bc bc c x bcxm x f f   (2.8) 

 3bc bc c z bczm z f f   (2.9) 

   

Where,  

2 2

2 2

2 2

2 2

( )cos sincos sin

sin cossin cos ( )

( )cos sincos sin

sin cossin cos ( )

bcx bc stcv cv

ch chbcz bc st

bc stcv cv

ch ch bc st

f x xK K

K Kf z z

x xC C

C C z z

  

  

  

  

     
     

      

    
    

    

 

3 33 3

3 33 3

33 3

3 3 3

( )cos sincos sin

sin cossin cos ( )

( )cos sincos sin

sin cossin cos ( )

c x c bcv v

h hc z c bc

c bcv v

h h c bc

f x xK K

K Kf z z

x xC C

C C z z

  

  

  

  

     
     

      

    
    

    

 

Where  is the seat backrest angle shown in Figure 2.2.  In this study, we used a 21° 

backrest angle (Liang and Chiang, 2008). 

For all the bodies except Body 5, the equations of motion are derived by considering its 

motion in horizontal, vertical and rotational direction. Equations of motion of Body 1 

(Thigh, Legs with Feet) are represented in equation 2.10, 2.11 and 2.12. 
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 1 1 1 2 1x x c xm x f f f     (2.10) 

 1 1 1 2 1z z c zm z f f f     (2.11) 

 1 1 1 11 1 11 1 1 1 1 1 1 2 12 2 12 1 2. . . . . .x v z h c x c v c z c h x v x h r rI f l f l f l f l f l f l f f           (2.12) 

   

Where,  

1 1 11 0 1 11 0

1 1 11 0 1 11 0

2 2 12 22 2

,
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 
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 
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Similarly equations of motion of Body 2 (Pelvis) are represented in equation 2.13, 2.14 

and 2.15. 

 2 2 2 3 2 5 cosx x c x vm x f f f f      (2.13) 

 2 2 2 3 2 5 sinz z c z zm z f f f f      (2.14) 

 
2 2 2 22 2 22 3 23 3 23 2 2 2 2 2 2

5 2 25 5 2 25 2 3

. . . . . .

.cos . .sin .

x v z h x v z h c x c v c z c h

v c v v c h r r

I f l f l f l f l f l f l

f l f l f f



 

     

   
 (2.15) 

Where, 
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Equations of motion of Body 3 (Torso) are derived in similar way as equations of seat 

backrest support are derived. They are expressed in equation from 2.16 to 2.18. 

 3 3 3 4 5 3 5 cosx x x c x hm x f f f f f       (2.16) 

 3 3 3 4 3 5 sinz z c z hm z f f f f      (2.17) 

 
3 3 3 33 3 33 4 34 4 34 3 3 3

3 3 3 5 3 3 5 3 35 3 4

. . . . .

. cos . sin .

x v z h x v z h c x c v

c z c h h c v h c h r r

I f l f l f l f l f l

f l f l f l f f



 

    

    
 (2.18) 

Where, 

4 4 34 44 4 34 44

4 4 34 44 4 34 44

4 4 3 4 4 3 4

5 5 5 35 5 35

5 5 35 5 35

( ) ( )

( ) ( )

( ) ( )

(( )cos ( )sin )

(( )cos ( )sin )

x J J J J

z J J J J

r r r

h h c c

h c c

f K x x C x x

f K z z C z z

f K C

f K x x z z

C x x z z

   

 

 

   

   

   

   

   

 

Where   is the angle made by force line of 5 5,h hK C with respect to the horizontal as 

shown in Figure 2.2. 

Equations of motion of Body 4 (Head) are derived in simple way and are expressed in 

equations from 2.19 to 2.21. 

 4 4 4xm x f  (2.19) 

 4 4 4zm z f  (2.20) 

 4 4 4 44 4 44 4. .x v z h rI f l f l f     (2.21) 

As already told Body 5 (Viscera) is allowed to move in X and Z directions only, it is 

having only 2 equations of motion and are represented in equation 2.22 and 2.23. 

 5 5 5 5cos cosv hm x f f    (2.22) 

 5 5 5 5sin sinv hm z f f     (2.23) 
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These are the 20 equations of motion for the system of isolated seat model with human 

body model (Case 3). For the other two cases, the equations of motion can be derived in 

the same manner. Now these equations are in following format shown in equation 2.24. 

 0MX = F(X,X,X )  (2.24) 

For evaluating the transfer function, we need separate mass, spring stiffness and damping 

coefficient matrices. Therefore, these equations are rearranged, and terms are separated. 

Now these modified equations are in the format shown in equation 2.25. 

 c 0MX +CX + KX = f X  (2.25) 

 

 

 

Where,  

 – Mass matrix For Case 3, size-20x20

 – Damping coefficient matrix For Case 3, size-20x20            

 Spring Stiffness matrix For Case 3, size-20x20          

– Input excitation coefficient m

  

  

   

c

M

C

K

f   

 

atrix For Case 3, size-20x4  

Output acceleration, velocity and displacement vector of each body 

For Case 3, size-20x1

 – Vector of the input floor displacements and velocity 

  

 

 







0X

X, X, X

 For Case 3, size-4x1 .  
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811 2

812 2

93 1

0.014 0.07 0.018

0.013

0.15 0.196

0.006

0.07

h

v

v

h

C C C C

C C

C C

C C

C C C C

C C C

C C

C C

C C

   

 

 

 

  

  

 

 

 
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97 2 1 1

98 2 1

99 2 1 1 2 2 1 1

910 2

911 2

912 2 2 2

103 2

107 2

109 2

1010

0.014 0.07 0.018

0.15 0.196

0.0225 0.038416 0.000196 0.0049 0.000324

0.014

0.15

0.0009 0.00018 -

0.014

 

 

 

h

r r h

r

h

h

C C C C

C C C

C C C C C C C C

C C

C C

C C C C

C C

C C

C C

C C

   

  

      





 

 

 



 2 5 2 3

1011 5

1012 2 5 2 3

1013 3

1015 3

1019 5

1020 5

114 2

118 2

119 2

1110 5

1111 3 5

0.1079

0.3102

0.097 0.00329 0.013 0.042

0.3326

0.1079

0.3102

0.15

0.3102

0.8923

 

 

 

 

 

 

 

v

v

h v

v

v

v

v

v

C C C

C C

C C C C C

C C

C C

C C

C C

C C

C C

C C

C C

C C C C

  

 

   

 

 

 



 

 



 

   2 2

1112 3 5 2 2

1114 3

1115 3

1119 5

1120 5

123 2

124 2

127 2

128 2

129 2 2 2

1210

0.061 0.0095 0.006 0.004

0.0683

0.3102

0.8923

0.097

0.004

0.013

0.006

0.00018 0.0009

0.097

 

 

 

 

v

v v

v

v

h

v

r

h

C

C C C C C

C C

C C

C C

C C

C C

C C

C C

C C

C C C C

C C



    

 

 



 

 

 

 

 

   

 2 5 2 3

1211 5 3 2 2

1212 2 2 5 3 2 2 3

2 3

0.0033 0.013 0.042

0.0095 0.061 0.006 0.004

0.0094 0.0001 0.0037 0.00017 0.00004

0.00002 0.0018  

v

v v

r h v r

v

C C C

C C C C C

C C C C C C C C

C C

  

   

      

 
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1213 3

1214 3

1215 3 3 3

1219 5

1220 5

135 3 3

136 3 3

1310 3

1312 3

1313 4 5 3 3

0.042

0.061

0.0042 0.01397

0.0033

0.0095

0.8716 0.1284

0.3346 0.3346

0.042

0.8719 0.8716 0.1284

 

 

 

 

 

r

v

v

h v

h v

h h v

C C

C C

C C C C

C C

C C

C C C

C C C

C C

C C

C C C C C





  



 

  

  

 



    3

1314 5 3 3

1315 4 5 3 3 3 3 3

1316 4

1318 4

1319 5

1320 5

145 3 3

146

0.3341 0.3346 0.3346

0.1493 0.2213 0.0805 0.0119 0.0017 0.0017 0.3326

0.1

0.8719

0.3341

0.3346 0.3346

0

 

 

 

h h v

h h v h v

h

h

h v

C

C C C C

C C C C C C C C

C C

C C

C C

C C

C C C

C



  

       

 

 

 

 

  

  3 3

1411 3

1412 3

1413 5 3 3

1414 4 3 3 5 3

1415 4 3 3 5 3 3 3

1417

.1284 0.8716

0.061

0.3341 0.3346 0.3346

0.1284 0.8716 0.1280

0.0353 0.0006 0.0044 0.0848 0.0683 0.0309 0.0309

 

 

 

h v

h h v

h v h

h v h h v

C C

C C

C C

C C C C

C C C C C C

C C C C C C C C

C



 



  

    

       

  4

1418 4

1419 5

1420 5

155 3 3 3 3

156 3 3 3 3

1510 3

1511 3

1512 3 3

0.0261

0.3341

0.1280

0.0805 0.0119 0.017 0.0017

0.00064 0.0044 0.0309 0.0309

0.3326

0.0683

0.0042 0.0139

 

 

 

 

 

h

h

h v h v

h v h v

r

C

C C

C C

C C

C C C C C

C C C C C

C C

C C

C C C C



 

 

    

    

 

 

    3

1513 5 3 3 3 3 4 3

1514 3 3 3 5 4 3 3

0.2213 0.0805 0.01185 0.0017 0.0017 0.1493 0.3326

0.0683 0.00064 0.0044 0.0848 0.0353 0.0309 0.0309

h h v h v

h v h h v

C C C C C C C C

C C C C C C C C

      

      
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1515 3 3 3 3 5 4 3

3 3 3 3 3 4

4 3

1516 4

1517 4

1518 4 4

0.0047 0.000003 0.00002 0.0562 0.0013 0.0074

0.0011 0.00015 0.00015 0.00015 0.00015 0.0223

0.1106

0.1493

0.0353

0.0009 0.01

 

 

r h v h h

v h v h v

r

r

C C C C C C C C

C C C C C C

C C

C C

C C

C C C

      

     

 





    4

1519 5

1520 5

1613 4

1615 4

1616 4

1618 4

1714 4

1715 4

1717 4

1718 4

1813 4

1814 4

1815 4 4 4

1816 4

181

49

0.2213

0.0848

0.1493

0.1

0.0353

0.0261

0.1

0.0261

0.00092 0.01493

0.1

 

 

 

 

 

h

h

r

C

C C

C C

C C

C C

C C

C C

C C

C C

C C

C C

C C

C C

C C C C

C C

C

 

 

 







 





 

 



   



7 4

1818 4 4 4

1910 5

1911 5

1912 5

1913 5

1914 5

1915 5

1919 5 5

1920 5 5

2010

0.0261

0.00068 0.01

0.1079

0.3102

0.0033

0.8719

0.3341

0.2213

0.8719 0.1079

0.3341 0.3102

0.3102

 

 

 

 

 

 

 

r

v

v

v

h

h

h

h v

h v

C

C C C C

C C

C C

C C

C C

C C

C C

C C C

C C C

C

 

  

 





 

 

 

 

 

 5

2011 5

2012 5

0.8923

0.0095

 v

v

v

C

C C

C C

 

 
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2013 5

2014 5

2015 5

2019 5 5

2020 5 5

0.3341

0.128

0.0848

0.3102 0.3341

0.8923 0.128

h

h

h

v h

v h

C C

C C

C C

C C C

C C C

 

 

 

  

 

   

All other entries are equal to zero. 

11 12 120

21 220

201 2020

K K K

K K

K K

 
 
 
 
 

  
 
 
 
 
 

K   

Where 

11 1

22 1 1

24 1

31 1

33 1

42 1

44 2 1 1

48 1

411 2

412 2

51 2 2

52 2 2

55 3 3 2 2

0.004

0.8716 0.1284

0.3346 0.3346

0.8716 0.1284 0.8716 0.1284

sh

sv cv

cv

ch

ch

cv

v v cv

v

v

v

ch cv

ch cv

h v ch cv

K K

K K K

K K

K K

K K

K K

K K K K

K K

K K

K K

K K K

K K K

K K K K K



 

 

 



 

  

 

 

 

  

  

   

56 2 2 3 3

513 3 3

0.3346 0.3346 0.3346 0.3346

0.8716 0.1284  

ch cv h v

h v

K K K K K

K K K

   

    
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514 3 3

515 3 3 3 3

61 2 2

62 2 2

65 2 2 3 3

66 3 3

0.3346 0.3346

0.0805 0.0119 0.0017 0.0017

0.3346 0.3346

0.1284 0.8916

0.3346 0.3346 0.3346 0.3346

0.1284 0.8716 0.1284

h v

h v h v

ch cv

ch cv

ch cv h v

h v ch

K K K

K K K K K

K K K

K K K

K K K K K

K K K K

  

    

  

  

   

   2 2

613 3 3

614 3 3

615 3 3 3 3

73 1

77 2 1 1

79 2 1 1

710 2

712 2

84 1

88 2 1 1

0.8716

0.3346 0.3346

0.1284 0.8716

0.0006 0.0044 0.0309 0.0309

0.014 0.07 0.018

0.013

 

cv

h v

h v

h v h v

h

h

h

v

v

K

K K K

K K K

K K K K K

K K

K K K K

K K K K

K K

K K

K K

K K K K

K



  

  

    

 

  

   

 

 

 

  

89 2 1

811 2

812 2

93 1

97 2 1 1

98 2 1

99 2 1 1 2 2 1 1

910 2

911 2

912 2

0.15 0.196

0.006

0.07

0.014 0.07 0.018

0.15 0.196

0.0225 0.038416 0.000196 0.0049 0.000324

0.014

0.15

0.0009 0

 

h

h

r r h

K K

K K

K K

K K

K K K K

K K K

K K K K K K K K

K K

K K

K K

  

 

 

 

   

  

      





  2 2

103 2

107 2

109 2

1010 2 5 2 3

1011 5

1012 2 5 2 3

1013 3

1015 3

.00018 -

0.014

0.1079

0.3102

0.097 0.00329 0.013 0.042

0.3326

 

 

 

 

r

h

h v

v

h v

K K

K K

K K

K K

K K K K K

K K

K K K K K

K K

K K

 

 



   

 

   

 

 
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1019 5

1020 5

114 2

118 2

119 2

1110 5

1111 3 5 2 2

1112 3 5 2 2

1114 3

1115 3

1119 5

1120

0.1079

0.3102

0.15

0.3102

0.8923

0.061 0.0095 0.006 0.004

0.0683

0.3102

0.892

 

 

 

 

 

 

 

 

v

v

v

v

v v

v v

v

K K

K K

K K

K K

K K

K K

K K K K K

K K K K K

K K

K K

K K

K

 



 

 



 

   

    

 

 



  5

123 2

124 2

127 2

128 2

129 2 2 2

1210 2 5 2 3

1211 5 3 2 2

1212 2 2 5

3

0.097

0.004

0.013

0.006

0.00018 0.0009

0.097 0.0033 0.013 0.042

0.0095 0.061 0.006 0.004

0.0094 0.0001 0.0

 

v

h

v

r

h v

v v

r h v

K

K K

K K

K K

K K

K K K K

K K K K K

K K K K K

K K K K

 

 

 

 

   

   

   

    3 2 2 3

2 3

1213 3

1214 3

1215 3 3 3

1219 5

1220 5

135 3 3

136 3 3

1310 3

1

037 0.00017 0.00004

0.00002 0.0018

0.042

0.061

0.0042 0.01397

0.0033

0.0095

0.8716 0.1284

0.3346 0.3346

 

 

 

 

 

r

v

r

v

v

h v

h v

K K K K

K K

K K

K K

K K K K

K K

K K

K K K

K K K

K K

K

  

 





  



 

  

  

 

312 3

1313 4 5 3 3 3

1314 5 3 3

1315 4 5 3 3 3 3 3

0.042

0.8719 0.8716 0.1284

0.3341 0.3346 0.3346

0.1493 0.2213 0.0805 0.0119 0.0017 0.0017 0.3326

 

 h h v

h h v

h h v h v

K

K K K K K K

K K K K

K K K K K K K K



    

  

       
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1316 4

1318 4

1319 5

1320 5

145 3 3

146 3 3

1411 3

1412 3

1413 5 3 3

1414 4 3 3

0.1

0.8719

0.3341

0.3346 0.3346

0.1284 0.8716

0.061

0.3341 0.3346 0.3346

0.1284 0.8716 0.1280

 

 

 

 

h

h

h v

h v

h h v

h v

K K

K K

K K

K K

K K K

K K K

K K

K K

K K K K

K K K K K

 

 

 

 

  

  

 



  

    5 3

1415 4 3 3 5 3 3 3

1417 4

1418 4

1419 5

1420 5

155 3 3 3 3

156 3

0.0353 0.0006 0.0044 0.0848 0.0683 0.0309 0.0309

0.0261

0.3341

0.1280

0.0805 0.0119 0.017 0.0017

0.00064 0

 

 

 

 

h

h v h h v

h

h

h v h v

h

K

K K K K K K K K

K K

K K

K K

K K

K K K K K

K K



       

 



 

 

    

   3 3 3

1510 3

1511 3

1512 3 3 3

1513 5 3 3 3 3 4 3

1514 3 3 3

.0044 0.0309 0.0309

0.3326

0.0683

0.0042 0.0139

0.2213 0.0805 0.01185 0.0017 0.0017 0.1493 0.3326

0.0683 0.00064 0.0044 0.

 

 

v h v

r

h h v h v

h v

K K K

K K

K K

K K K K

K K K K K K K K

K K K K

 

 

 

   

      

    5 4 3 3

1515 3 3 3 3 5 4 3

3 3 3 3 3 4

4 3

1516 4

15

0848 0.0353 0.0309 0.0309

0.0047 0.000003 0.00002 0.0562 0.0013 0.0074

0.0011 0.00015 0.00015 0.00015 0.00015 0.0223

0.1106

0.1493  

h h v

r h v h h

v h v h v

r

K K K K

K K K K K K K K

K K K K K K

K K

K K

K

  

      

     

 



17 4

1518 4 4 4

1519 5

1520 5

1613 4

1615 4

1616 4

1618 4

1714 4

1715 4

0.0353

0.0009 0.0149

0.2213

0.0848

0.1493

0.1

0.0353

 

 

 

 

r

h

h

K

K K K K

K K

K K

K K

K K

K K

K K

K K

K K



   

 

 

 







 


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1717 4

1718 4

1813 4

1814 4

1815 4 4 4

1816 4

1817 4

1818 4 4 4

1910 5

1911 5

1912 5

1913 5

0.0261

0.1

0.0261

0.00092 0.01493

0.1

0.0261

0.00068 0.01

0.1079

0.3102

0.0033

0.8719

 

 

 

  

 

 

r

r

v

v

v

h

K K

K K

K K

K K

K K K K

K K

K K

K K K K

K K

K K

K K

K K



 

 



   



 

  

 
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All other entries are equal to zero. 
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All other entries are equal to zero. 

 4 5 5

T

st st c cx z x z x zX   

and 

 0 0 0 0

T
x z x z

0
X  

These four matrices ( , ,M  C  Κ and
cf ) are used for evaluating different transfer functions. 

2.6 Summary 

In this chapter human biodynamic model and different seat models are explained in 

detail. First how this human model is developed is explained with its advantages. Then 

properties of this human model are summarized which include its mass, inertia, stiffness 

and geometrical properties. After the three types of seat model are explained. The first 

seat is called hard seat which is neither having seat suspension nor cushion. The second 

seat has seat and backrest cushion but not having seat suspension. The third seat has both 

seat suspension and cushion called as isolated seat. To get clear idea about arrangement, 

these three seats with human body are represented using figures.  
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At the end equations of motion are derived for isolated seat using Newtonian approach. 

These equations of motion are rearranged to get mass, damping, stiffness and input 

coefficient matrices. These matrices are useful for obtaining transmissibility functions. 
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CHAPTER 3  

TRANSFER FUNCTION AND TRANSMISSIBILITY 

3.1 Introduction 

In this chapter, the human body response is evaluated in horizontal and vertical direction 

for sinusoidal displacement input. First, the expressions of transfer function are derived 

and transmissibility values are calculated. Then, the transmissibility plots are obtained for 

human model with three types of seat. Finally, the seat performances are compared. 

The response of a human model under certain excitation is studied in terms of 

transmissibility function. Most commonly used transmissibility function is STHT which 

is a complex ratio of response motion of the head to the forced vibration motion at the 

seat-body interface. STHT signifies the extent to which the input vibration to the body is 

transmitted to head. But is does not give any information about response of other body 

parts. Therefore, in this study transmissibility values are calculated for all five body parts.  

The ride comfort depends on the exposure duration, amplitude, and frequency of 

vibration to a human body (ISO 2631-1). The human body sensitivity to the vibration 

varies with respect to frequency. For same vibration input, the human body response is 

different at different frequencies. ISO 2631-1 defines frequency weighting factors based 

on human body sensitivity to vibration at different frequencies. While seated, the human 

body is most sensitive to the vibrations at 4-10 Hz in vertical direction and 0.5-3 Hz in 

horizontal direction as shown in Figure 3.1.  
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Figure 3.1 Human body vertical and horizontal frequency weighting 

 

3.2 Derivation of transfer function and transmissibility 

In previous chapter, the equations of motion are derived for human body model with 

three types of seats. 

From equation 2.25, the equations of motion for human-seat model can be written as 

 c 0MX +CX + KX = f X  (3.1) 

This equation is a linear time invariant differential equation used to represent dynamic 

system of human-seat model. In linear time invariant system, the differential equation has 

constant coefficients. 

A dynamic system with small number of mass, spring, and damper can be solved by 

taking Laplace transform of its equation of motion. For a system having large number of 

input and output, it requires taking large number of Laplace transform. So as the system 

become more complex it becomes more and more cumbersome and time consuming. 

Therefore for solving this complex system, the state space method is used. In the state 

0

0.2

0.4

0.6

0.8

1

1.2

0 2 4 6 8 10 12 14 16 18 20

Fr
eq

u
en

cy
  W

ei
gh

ti
n

g 

Frequency (Hz)  

Vertical

Horizontal



Texas Tech University, Prasad Kumbhar, August 2013 
  

70 
 

space representation, the mechanical system is represented by a mathematical model with 

a set of input, output and state space variables. The state space representation is a 

convenient and compact way for modeling and analyzing a dynamic system with multiple 

inputs and outputs. In this method the original input and output variables are represented 

by the state space variables. The system is expressed as a set of n coupled first order 

ordinary differential state variables where n is the order of original differential equation. 

As human-seat model in 2D has second order, here n is equal to two. 

Defining the state equations with state variables as, 

 
1

2 

Y  = X

Y = X
 (3.2) 

From these equations, 

 1 2Y = Y  (3.3) 

Using these state space variables, equation 3.1 can be written as 

 2 2 1 c 0MY +CY + KY = f X   

 
-1 -1 -1

2 1 2 c 0Y = -M KY - M CY + M f X  (3.4) 

From equation 3.3 and 3.4,  

 
           

       
           

01 1

-1-1 -1

2 c 02

X  0     0               IY Y
= +

Y M f-M K - M C XY
  

 
   

  
   

0-1-1 -1

c

   0     0            I
Y = Y + X

M f-M K - M C
 (3.5) 

If the displacement is considered as the output, the output equations can be written as, 

  
      

     
     

0

0

XX Y1
  =  I  0   +  [0  0]

Y2X X
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    0
X =  I  0 Y +  [0  0]X  (3.6) 

 

 

Equation 3.5 and 3.6 can be written in state space representation as, 

 
0

0

Y = AY + BX

X = CY + DX
 (3.7) 

Now from these equations, A, B, C  and D  matrices are obtained. A  and B  are the 

properties of system and determined by system elements and structure. C  and D  are 

output matrices and are determined by required output variables. 

These matrices are given as input in MATLAB and this state space is converted into 

transfer function using MATLAB inbuilt function ss2tf. The transfer functions are 

obtained for this system for sinusoidal input excitations.  

In a dynamic system expressed in terms of ordinarily differential equation, the transfer 

function is relation between input excitation function and output response function. This 

is schematically represented in Figure 3.2.   

 

Figure 3.2 Schematic representation of transfer function 

Consider the model having following equation. 

 ( )u au f t   (3.8) 

With zero initial conditions, taking Laplace transform of equation 3.8 

 
( ) ( ) ( ) ( )

( ) ( ) ( )

sU s aU s U s F s

s a U s F s

  

 
  

 
( ) 1

( ) ( )

U s

F s s a



 (3.9) 

Excitation Function Response Function

INPUT OUTPUTTRANSFER 

FUNCTION
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This ratio of forced output response to input excitation is called as transfer function. The 

transfer function expresses relation between input and output signals and can be used to 

study its relative magnitude and phase of that signal. The transfer function is a complex 

function of frequency. It can be expressed using either single complex number or both 

phase and magnitude together. The transfer functions can be calculated in frequency 

domain by considering input and output response at specific frequency as shown in 

equation 3.10. 

 
Re ( )

( )
( )

sponse Function f
Transfer Function f

Input Function f


 


 (3.10) 

The transfer function of a body at frequency f is calculated by considering response 

motion of that body and the input excitation motion. It is a complex ratio of respective 

output and input displacements, velocities or accelerations as shown in equation 3.11. 

 
0 0 0

( ) ( ) ( )
( )

( ) ( ) ( )

x f v f a f
H f

x f v f a f
    (3.11) 

Where ( ), ( ) ( )x f v f and a f    are the output response displacement, velocity and 

acceleration of respective body at frequency f and 0 0 0( ), ( ) ( )x f v f and a f   are 

displacement, velocity and acceleration of input excitation at same frequency. This 

( )H f  is the transfer function which is a complex number and it is having real and 

imaginary parts. 

As seen in the previous section, using MATLAB inbuilt function and state space 

representation, the transfer functions are obtained. 

3.3 Transmissibility 

As seen in the last section, the transfer function gives relationship between the input 

excitation and output response representing the dynamic response of the system. The 

transfer function is a complex number which represents both magnitude and phase of 

relation between input and output signals. Out of this, its magnitude is represented by 
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transmissibility. Thus the complex number is represented by transfer function and 

transmissibility is the magnitude of this complex number. 

Transmissibility is a non-dimensional term and can be calculated from the transfer 

function. The transmissibility of body at frequency f is calculated by considering modulus 

of the transfer function as shown in equation 3.12. Also its phase angle can be calculated 

as shown in equation 3.13 which represents the time delay between two measurement 

positions.  

 
^2 ^2 1/2( ) [(Re[ ( )]) (Im[ ( )]) ]H f H f H f   (3.12) 

 
Im[ ( )]

( ) tan 1
Re[ ( )]

H f
f

H f


 
   

 
 (3.13) 

With the help of equation 3.11, the transfer functions are calculated for all five bodies in 

given frequency range. From these transfer functions, the transmissibility values are also 

calculated as shown in equation 3.12. The transmissibility plots are obtained by 

considering its values in given frequency range. 

In this research, transmissibility plots are obtained for all five bodies in horizontal and 

vertical directions (Kumbhar et al., 2013). Sinusoidal displacement inputs are considered 

in horizontal and vertical directions and its dynamic response is analyzed.  

At a specific frequency f, the transfer function from the vehicle floor to the human body 

in the horizontal direction is defined as shown in equation 3.14. 

 
0

( )
( )

( )

x f
H f

x f
  (3.14) 

Similarly at frequency f, the transfer function from the floor to the human body in the 

vertical direction is defined as shown in equation 3.15. 

 
0

( )
( )

( )

z f
V f

z f
  (3.15) 

In the human-seat model, two seat models are considered based on varying seat backrest 

angle in this study. The first seat model has 0º backrest angle and the second seat model 
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has 21º. For each seat model, there are three types of seats based on cushion and seat 

suspension. These three types of seat models are explained in Chapter 2. Human body 

response is analyzed for both of these angles using transmissibility plots. 

3.3.1 Seat model with backrest angle α = 21º 

Human seat model with backrest angle 21º for 3 types of seats is shown in the Figures 

2.3, 2.4 and 2.5. The transmissibility values are calculated for all five bodies for three 

types of seat models.  

Using equation 3.14, the horizontal transfer functions are calculated for all five body 

elements. Respective transmissibility values are obtained as shown in equation 3.12. This 

horizontal transmissibility’s for Body 1 to 5 as shown in the Figure 3.3 to 3.7. 

 

Figure 3.3 Transmissibility of Body 1 in the horizontal direction ( =21º) 
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Figure 3.4 Transmissibility of Body 2 in the horizontal direction ( =21º) 

 

Figure 3.5 Transmissibility of Body 3 in the horizontal direction ( =21º) 
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Figure 3.6 Transmissibility of Body 4 in the horizontal direction ( =21º) 

 

Figure 3.7 Transmissibility of Body 5 in the horizontal direction  ( =21º) 
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Figure 3.3 to 3.7 shows transmissibility plots of Body 1 to 5 in the horizontal direction. 

All these figures have three plots and each one represents one type of seats. For all the 

body parts, the values of the horizontal transmissibility are high for the hard seat (Case 

1). The transmissibility values are reduced in Case 2 and 3. Also the peak in this 

transmissibility plot which represents the resonance frequency of body is also reduced. It 

can be seen clearly that for Case 3, natural frequency is reduced in comparison with Case 

1 and 2. This is because seat structure in Case 3 is softer than that in Case 1 and 2. For 

this reason, it will result in reduced natural frequency. As shown in Figure 3.1 and 

explained ISO 2631-1, the human body’s horizontal comfort is highly sensitive between 

0.5 and 6 Hz. This phenomenon is observed in these figures. The magnitudes can be 

further reduced if the cushion and seat use higher damping coefficients in horizontal 

direction and the backrest cushion use a higher damping coefficient in the vertical 

direction with respect to their contact surfaces. Therefore, the cushion and seat can 

improve horizontal ride comfort.  A seat with both seat suspension and a cushion is the 

best setup for reducing vibrations transmitted to the human body.  

Using equation 3.15, the vertical transfer functions are calculated for all body elements. 

Respective transmissibility values are obtained as shown in equation 3.12. This vertical 

transmissibility’s for Body 1 to 5 as shown in Figure 3.8 to 3.12. 
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Figure 3.8 Transmissibility of Body 1 in the vertical direction ( =21º) 

 

Figure 3.9 Transmissibility of Body 2 in the vertical direction ( =21º) 
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Figure 3.10 Transmissibility of Body 3 in the vertical direction ( =21º) 

 

Figure 3.11 Transmissibility of Body 4 in the vertical direction ( =21º) 
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Figure 3.12 Transmissibility of Body 5 in the vertical direction ( =21º) 

Figure 3.8 to 3.12 show the transmissibility's for Body 1 to 5 in the vertical direction. 
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selecting proper stiffness and damping coefficients of the cushion and seat to minimize 

the vibration transmissibility to the human body and maximize the ride comfort.  

3.3.2 Seat model with backrest angle α = 0º 

Figure 2.1 shows the human model with backrest angle 21º. For analyzing human body 

response in erect position, transmissibility plots are obtained with vertical backrest 

support. In vertical backrest support, the backrest support angle is equal to zero. For 

vertical backrest support, the Body 3 (torso) is rotated 21º in clockwise direction with 

respect to joint J3 as shown in Figure 2.1. Head (Body 4) is moved back to keep original 

posture of head and for making eye sight in straight line ahead. These changes simplify 

the equations of motion for all three cases. For each case, equations of motion are derived 

in similar fashion as did in Chapter 2. From these equations, the mass, stiffness, damping 

and input coefficient matrices are obtained. From this, transfer functions and 

transmissibility values are obtained in similar fashion as previous section.  

Using equation 3.14, the horizontal transfer functions are calculated for all body elements 

with erect body posture. Respective transmissibility values are obtained as shown in 

equation 3.12. This horizontal transmissibility’s for Body 1 to 5 as shown in Figure 3.13 

to 3.17. 
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Figure 3.13 Transmissibility of Body 1 in the horizontal direction ( =0º) 

 

Figure 3.14 Transmissibility of Body 2 in the horizontal direction ( =0º) 
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Figure 3.15 Transmissibility of Body 3 in the horizontal direction ( =0º) 

 

Figure 3.16 Transmissibility of Body 4 in the horizontal direction ( =0º) 
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Figure 3.17 Transmissibility of Body 5 in the horizontal direction ( =0º) 
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explained in ISO 2631-1 and from these figures, human body horizontal response is 

sensitive in 0.5 to 3 Hz frequency range. 

The vertical transfer functions are calculated using equation 3.15 for all body parts with 

erect body posture. Respective transmissibility values for erect body posture are obtained 

as shown in equation 3.12. The vertical transmissibility's for Body 1 to 5 are shown in 

Figure 3.18 to 3.22. 
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Figure 3.18 Transmissibility of Body 1 in the vertical direction ( =0º) 

 

Figure 3.19 Transmissibility of Body 2 in the vertical direction ( =0º) 
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Figure 3.20 Transmissibility of Body 3 in the vertical direction ( =0º) 

 

Figure 3.21 Transmissibility of Body 4 in the vertical direction ( =0º) 
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Figure 3.22 Transmissibility of Body 5 in the vertical direction ( =0º) 
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3.3.3 Comparison of two backrest angles 

In previous two sections, transmissibility plots are obtained for 0º and 21º backrest angles 

for human model in all three cases. This transmissibility plots clearly shows that a seat 

with 21º backrest angle has minimum magnitude of transmissibility and resonance 

frequency in both horizontal and vertical direction. Also Body 3 and 4 shows some 

irregular behavior with backrest angle 0º. Due to erect sitting position, there is increase in 

muscle tension in Body 3 (Wang et al., 2004). This muscle tension result in fatigue of 

Body 3. This suggests that seat with backrest angle 21º gives better vibration isolation in 

comparison with 0 º.   

3.4 Summary 

In the first part of this chapter, the equations of motions are converted in state space 

representation and transfer functions are obtained using MATLAB. The transmissibility 

values are calculated for all 5 bodies. From these values, the transmissibility plots are 

obtained for each body in the horizontal and vertical direction. The transmissibility plots 

for each body are obtained for three types of seat models and comparison is made. Also 

in the seat model, two backrest support angles are used. Results shows that seat with 

backrest support angle 21º gives better results in comparison with seat having 0º backrest 

angle. The transmissibility plots shows that the isolated seat (Case 3) gives reduced 

magnitude of transmissibility than hard seat and seat with only cushion. The resonance 

frequency for isolated seat is also reduced. This is because the seat structure in isolated 

seat is softer and resulting in reducing vibration transmission.  

These results shows that the magnitude of transfer function can be reduced by increasing 

damping coefficient of cushion and seat suspension. Therefore, a low transmissibility at 

excitation frequency can be achieved by selecting proper stiffness and damping 

coefficients of the cushion and seat. This will minimize the vibration transmission to the 

human body and maximize the ride comfort. 
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CHAPTER 4  

ABSORBED POWER AND FATIGUE PREDICTION 

4.1 Introduction 

In this chapter, the absorbed power is calculated for three cases. Both weighted and 

unweighted absorbed power are calculated and based on absorbed power values, the 

driver’s fatigue is predicted. For weighted absorbed power calculations, weighting factors 

are considered using ISO 2631-1. 

The transfer functions allow analytical solution and transmissibility plots give graphical 

representation of human body response to vibration. But as it is not giving any numerical 

value, we cannot use these plots to understand severity of vibration. Whenever human 

body interacts with vibrating environment, the flow of energy takes place. After extensive 

study, it is seen that this rate of flow of energy can be used to study human body 

vibrations. The rate of flow of this energy is known as absorbed power. The absorbed 

power is a scalar quantity so it places vibration severity on an absolute scale and it is used 

in both time and frequency domain. With the help of this parameter it is possible to study 

variation for different seat parameters, seating arrangements and different people. 

Absorbed power depends upon human body type. For the same vibration input with same 

parameters, muscular person will get less absorbed power in comparison with obese 

person having same weight. It also depends upon seat contact area. Seats having larger 

contact area will reduce body movement which results in its elastic properties. This will 

produce lower absorbed power. 

In literature, number of researcher used the absorbed power for analyzing human body 

response to the vibrations. Pradko and Lee (1965a; 1965b; 1966) introduced this concept 

of absorbed power in mid-1960 and they are mostly responsible for qualifying absorbed 

power as an indicator of human response to the vibrations. Pradko and Lee suggested that 

the time dependency of fatigue or discomfort can be determined from absorbed power 

(Lee and Pradko, 1968). Janeway (1975a; 1975b) experimented and strongly suggested 
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that absorbed power should be added in ISO standards. Lidstrom (1977) used this concept 

in the study of hand-arm vibrations. Lundstrom et al. (1998) studied relation between 

absorbed power and frequency, exposure level, direction, gender and body weight. There 

experiments showed that the absorbed power is strongly related to frequency and peak 

value occurs in the range of 4-6 Hz.  

4.2 Power calculation in mechanical system 

Power in the mechanical system is the rate of work done. Work done by a moving 

mechanical system calculated over a period of time T is given by equation 4.1, 

 
0

( ). ( )

T

W F t x t dt   (4.1) 

Where ( )F t  is applied force and ( )x t  is the resulting displacement. Both of these entities 

are function of time. 

The power is defined as rate of work done by a system. So power of this mechanical 

system is the product of force and velocity as shown in equation 4.2. 

 .
dx

P F
dt

  (4.2) 

When a sinusoidal force, 0 sin( )F t   is applied to a body and results in a displacement, 

0 sin( ),X t  the power in the body is given by 

 
0 0

0 0

[ sin( )]. [ .sin( )]

1
[sin( ) sin(2 )]

2

d
P F t X t

dt

X F t

  

   

 

  

 (4.3) 

The equation 4.3 includes two parts: steady part and fluctuating part of power. The first 

term in this equation is constant and depends on phase angle between the force and 

displacement ( ). The second term in this equation is sine wave and it is a function of 
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time and it represents fluctuating part of power. The average value of fluctuating part of 

power is equal to zero over a complete cycle of motion. So the average power over a 

complete cycle of motion can be represented as shown in equation 4.4.  

 0 0

1
sin( )

2
P X F   (4.4) 

Human body is a mechanical system having different masses interconnected by springs 

and dampers. So we need to consider power absorbed by three parts: mass, spring and 

damper. 

When sinusoidal force is applied to ideal spring, phase angle between force and 

displacement is in phase ( 0  ). There is work done by applied force in deflecting the 

spring followed by an equal and opposite amount of work done by the spring returning 

the force to its starting point. During this complete cycle, the total work done by the 

spring is zero. When the spring passes through equilibrium position all energy is in the 

form of kinetic energy and it is in the form of potential energy when spring is fully 

compressed or extended. So energy is converted between kinetic and potential energy and 

no energy is dissipated. This is also shown in equation 4.4 where the average power will 

be equal to zero as phase angle is zero. 

When force is applied to ideal mass, the force and displacement are out of phase by 180º 

which results in sin 0.   So from equation 4.4, the average power will be equal to zero. 

There is work done by applied force in accelerating and decelerating the mass but the 

energy is converted back and forth within kinetic and potential energies and no energy is 

dissipated. As a result, absorbed power over a complete cycle is equal to zero. 

The scenario for ideal damper is somewhat different. The phase angle between force and 

displacement is 90º which results in sin 1.   So for damper there is both constant and 

fluctuating component as shown is equation 4.3. As already explained average fluctuating 

component of power is equal to zero over a complete cycle. So for damper, constant 

component represents the absorbed power in it. It is expressed in equation 4.5. 
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 0 0

1

2
P X F  (4.5) 

Equation 4.5 is used as basic expression for the absorbed power for a complex dynamic 

system containing masses, dampers and springs. Above equation can be modified to 

express in terms of velocity or acceleration. Therefore it is possible to determine the 

absorbed power by measuring complex force and either the complex displacement, 

velocity or acceleration.  

4.3 Derivation for the absorbed power 

The instantaneous power transmitted at time t  can be written as, 

( ) ( ). ( )P t F t v t  

This is the total power transmitted which has two parts. 

 ( ) ( ) ( )total spring damperP t P t P t   (4.6) 

The first part of the equation 4.6 (
springP ) is power stored and released in the springs and 

the second part (
damperP ) is the power dissipated in the dampers.  
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Figure 4.1 Simple dynamic system 

Figure 4.1 shows simple dynamic system having two masses connected by a spring and 

damper. The two bodies i  and 1i  are interconnected by spring iK  and damper .iC  For 

these two bodies, ix  and 1ix   are the absolute displacements respectively.  

Average power stored and released in the spring over a complete cycle of time period T

is calculated using equation 4.7, 

 1 1

0

1
( ).( )

T

spring i i i i iP K x x x x dt
T

     (4.7) 

In the case of damper, absorbed power is calculated in the similar way by using equation 

4.8, 

1 1

0

1
( ).( )

T

damper i i i i iP C x x x x dt
T

     

 
2

1

0

1
( )

T

i i iC x x dt
T

   (4.8) 

Body i

Ki Ci

Body i+1

xi

xi+1
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As already explained above, the energy in the spring is converted back and forth between 

kinetic and potential energy and no energy is dissipated. So over a complete cycle, the 

power transfer through spring will be equal to zero. So over a complete cycle, the total 

average unweighted absorbed power of damper i  will be equal to the energy dissipated in 

the damper. 

2

1

0

1
( )

T

i i i iP C x x dt
T

   

When the system is subjected to sinusoidal excitation, the total unweighted absorbed 

power averaged over a complete time cycle can be derived as follows, 

Input sinusoidal excitation: sin( )i i ix X t    

Time period: 
2

T



  

So the total unweighted absorbed power for damper iC  averaged over a complete time 

cycle is 

2 /

2 2

1 1

0

[ cos( ) cos( )]
2

i i i i i iP C X t X t dt

 


    


      

Solving this integration, 

 
2 2 2

1 1 1

1
[ 2 cos( ) ]

2
i i i i i i i iP C X X X X         (4.9) 

Equation 4.9 can be written in terms of transmissibility functions: 

2 2

2 2 1 1
0 1

0 0 0 0

1
2 cos( )

2

i i i i
i i i i

X X X X
P C X

X X X X
   



    
       
     

 

Assume that transmissibility function at frequency f is 
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0

( ) i
i

X
G f

X
  

Therefore above equation can be modified as 

2 22 2

0 1 1 1

1
( ) 2 ( ) ( ) cos( ) ( )

2
i i i i i i i iP C X G f G f G f G f    

     
 

 

             
22

0 1

1
[ ] ( ) ( )

2
i i iC X G f G f    (4.10) 

Where ( )iG f  and | ( ) |iG f are the complex and modulus of transmissibility function of 

mass i  whose values are already known. Equation 4.10 is used to calculate unweighted 

absorbed power for damper .iC   So if the transmissibility function values are known, one 

can calculate unweighted absorbed using equation 4.10. 

Unweighted absorbed power gives power absorbed during exposure to vibration. But it 

does not consider effect of frequency of vibration. Effect of change in the frequency need 

to be considered as human body sensitivity to vibration is not fixed but it is varying with 

respect to frequency. Therefore, concept of weighted absorbed power is used which 

considers effect of frequency. Frequency weighting factors are developed by 

International Standards Organization (ISO) and summarized in ISO 2631-1. Frequency 

weighting factors compensate and normalize human body sensitivity and susceptibility at 

different frequencies. ISO 2631-1 standard summarizes frequency weighting factors for 

different direction and different comfort levels. 

With the help of this weighting factors and equation 4.10, the weighted absorbed power is 

calculated as shown in this equation. 

 
22 2

0 1

1
[ ( )] [ ] ( ) ( )

2

w

i i k i iP C W f X G f G f    (4.11) 
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With the help of equation 4.11, the weighted absorbed power is calculated. Weighting 

factor in equation 4.11 is taken from ISO 2631-1 and it is explained in Chapter 1. By 

using equation 4.10 and 4.11, the unweighted and weighted absorbed power is calculated 

for damper .iC   

In the human model explained in Chapter 2, different dampers in horizontal and vertical 

direction exist. So for all dampers in horizontal and vertical direction, the absorbed power 

is calculated in similar fashion. Sinusoidal input displacement is given in horizontal and 

vertical direction independently. At the end the total absorbed power is calculated by 

taking summation of absorbed power of each damper that is absorbed power of different 

segments of the body.  

For a human model having n body segments, initially absorbed power is calculated for 

individual body segment and the total unweighted absorbed power is calculated by taking 

summation of individual absorbed power. This is shown in equation 4.12. 

 
1

22

0 1

1

1
[ ] ( ) ( )

2

n
un

total i

i

n

i i i

i

P P

X C G f G f









 





 (4.12) 

Similarly, the total weighted absorbed power is calculated as below, 

 
22 2

0 1

1

1
[ ( )] [ ] ( ) ( )

2

n
w

total k i i i

i

P W f X C G f G f 



   (4.13) 

Equation 4.12 and 4.13 gives the total unweighted and weighted absorbed power for 

complete body having n body elements in the given frequency range. 

4.4 Derivation for Case 1 - Hard seat model 

Figure 2.2 shows human model with seat model for Case 1. As shown in this figure, there 

are springs and dampers at each joint and contact point. First the absorbed power is 

calculated for these dampers one by one. 
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At joint J1, there are two translational dampers, one in the horizontal direction and the 

other in the vertical direction. So the unweighted absorbed power due to these two 

dampers is 

 
22

1_ 1 0 0 1

1
[ ] ( ) ( )

2
J hP C X H f H f   (4.14) 

 
22

1_ 1 0 0 1

1
[ ] ( ) ( )

2
J vP C Z V f V f   (4.15) 

Where, 
1_J hP  and 

1_J vP are the unweighted absorbed power in horizontal (C1) and vertical 

(C1) damper at joint J1 respectively. H0 and V0 are the transmissibility function of ground 

on which feet are rested whose values are equal to 1 as input is given through ground. H1 

and V1 are the complex horizontal and vertical transmissibility’s of body 1. X0 and Z0 are 

the magnitudes of input displacement in horizontal and vertical direction respectively as 

shown in Figures 2.2, 2.3 and 2.4. 

At joint J2, Body 1 is connected to Body 2 with one horizontal (C2) and one vertical (C2) 

translational damper. So the unweighted absorbed power due to these two dampers is 

 
22

2_ 2 0 1 2

1
[ ] ( ) ( )

2
J hP C X H f H f   (4.16) 

 
22

2_ 2 0 1 2

1
[ ] ( ) ( )

2
J vP C Z V f V f   (4.17) 

Where, 
2_J hP  and 

2_J vP  in the equation 4.16 and 4.17 are the unweighted absorbed power 

in horizontal and vertical damper at joint J2 respectively. H2 and V2 are the complex 

horizontal and vertical transmissibility’s of Body 2. 

At contact point 1,c   there is one horizontal damper 1hC  and one vertical damper 1vC  

which represents the flexibility of Body 1. The unweighted absorbed power due to these 

two dampers is shown in the equation 4.18 and 4.19. 
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22

1_ 1 0 0 1

1
[ ] ( ) ( )

2
c h hP C X H f H f   (4.18) 

 
22

1_ 1 0 0 1

1
[ ] ( ) ( )

2
c v vP C Z V f V f   (4.19) 

Where, 
1_c hP  and 

1_c vP  are the unweighted absorbed power due to horizontal ( 1hC ) and 

vertical ( 1vC ) damper at contact point c1 respectively. 

At contact point
2 ,C   there is a horizontal damper 2hC  and vertical damper 2vC which 

represents damping of Body 2. The unweighted absorbed power due to these two dampers 

is shown in equation 4.20 and 4.21. 

 
22

2_ 2 0 0 2

1
[ ] ( ) ( )

2
c h hP C X H f H f   (4.20) 

 
22

2_ 2 0 0 2

1
[ ] ( ) ( )

2
c v vP C Z V f V f   (4.21) 

Where, 
2_c hP  and 

2_c vP  are the unweighted absorbed power due to horizontal ( 2hC ) and 

vertical ( 2vC ) damper at contact point 2 ,c  respectively. 

At joint J3, there is one horizontal ( 3C ) and one vertical ( 3C ) damper connecting Body 2 

with body 3. The unweighted absorbed power due to these two dampers is expressed in 

equation 4.22 and 4.23. 

 
22

3_ 3 0 2 3

1
[ ] ( ) ( )

2
J hP C X H f H f   (4.22) 

 
22

3_ 3 0 2 3

1
[ ] ( ) ( )

2
J vP C Z V f V f   (4.23) 

Where, 
3_J hP  and 

3_J vP  are the unweighted absorbed power due to horizontal ( 3C ) and 

vertical ( 3C ) damper at joint J3 respectively. H3 and V3 are the complex horizontal and 

vertical transmissibility’s of body 3. 
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At point 25 ,c  damper 5vC   connects Body 2 with Body 5. This damper is inclined at an 

angle β with horizontal as shown in the figure 2.2. So the expression for unweighted 

absorbed power is derived separately based on previous formulation by considering 

displacement along inclined plane. Following equation 4.24 gives the unweighted 

absorbed power due to damper Cv5. 

 

2 2

0 5 2 0 5 2

2

25 5 0 0 5 5 2 2

5 2 2 5 5 2

[ cos ( ) ( ) ] [ sin ( ) ( ) ]
1

sin(2 )[ ( ) ( ) ( ) ( )
2

( ( ) ( ) ( ) ( ) )cos( )]

c v

X H f H f Z V f V f

P C X Z H f V f H f V f

H f V f H f V f

 

 

 

       
 

   
 
   

 (4.24) 

Where 25cP  is the unweighted absorbed power in damper 5.vC  H5 and V5 are the complex 

transmissibility functions and |H5| and |V5| are modulus of transmissibility functions of 

Body 5 in horizontal and vertical direction respectively. In this equation, 5  and 2  are 

the phase angle of Body 5 and Body 2. 

At joint J4, there is a horizontal ( 4C ) and vertical ( 4C ) damper which connects Body 3 

and Body 4. The unweighted absorbed power can be calculated in the similar fashion and 

shown in equation 4.25 and 4.26. 

 
22

4_ 4 0 3 4

1
[ ] ( ) ( )

2
J hP C X H f H f   (4.25) 

 
22

4_ 4 0 3 4

1
[ ] ( ) ( )

2
J vP C Z V f V f   (4.26) 

Where, 
4_J hP  and 

4_J vP  are the unweighted absorbed power due to horizontal ( 4C ) and 

vertical ( 4C ) damper at joint J4, respectively. H4 and V4 are the complex horizontal and 

vertical transmissibility’s of Body 4. 

At point 35c  , damper 5hC  connects Body 3 with Body 5. This damper is at an angle   

with horizontal as shown in the figure 2.2. So the expression for unweighted absorbed 

power is derived separately based on previous formulation by considering displacement 
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along inclined plane. Following equation 4.27 gives the unweighted absorbed power due 

to damper 5hC . 

 

2 2

0 5 3 0 5 3

2

35 5 0 0 5 5 3 3

5 3 3 5 5 3

[ cos ( ) ( ) ] [ sin ( ) ( ) ]
1

sin(2 )[ ( ) ( ) ( ) ( )
2
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X H f H f Z V f V f

P C X Z H f V f H f V f

H f V f H f V f

 

 

 

       
 

   
 
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 (4.27) 

The contact point of human torso (Body 3) with seat backrest is 3c  . At this point, there 

are two dampers representing horizontal and vertical damping of human torso. Damper 

perpendicular to torso is 3vC  representing vertical damping and damper parallel to torso 

is 3hC  representing horizontal damping of Body 3. As backrest support is considered in 

this model at an angle ,   we need to consider this angle during calculation of absorbed 

power due to damper 3hC and 3.vC  For these two dampers, unweighted absorbed power is 

derived separately based on previous formulation by considering displacement along 

inclined plane and shown in equation 4.28 and 4.29. 

The unweighted absorbed power due to damper 3vC is, 

 

2 2

0 3 0 32
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0 0 3 3 3 3 3

[ cos 1 ( ) ] [ sin 1 ( ) ]1

2 sin(2 )[1 ( ) ( ) ( ( ) ( ) )cos ]
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

 

        
  

     

 (4.28) 

The unweighted absorbed power due to damper 3hC is, 
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

 

        
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     

 (4.29) 

The individual absorbed power is calculated for all the dampers. Equations 4.14 to 4.29 

give the unweighted absorbed power due to each translational damper in human model. 

Using equation 4.12, the total unweighted absorbed power of human model is calculated 
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by taking summation of individual absorbed power of all dampers. This will give the total 

unweighted absorbed power ( un

totalP ) of human model. 

 
1_ 1_ 2_ 2_ 3_ 3_ 4_ 4_

1_ 1_ 2_ 2_ 3_ 3_ 25 35

un

total J h J v J h J v J h J v J h J v

c h c v c h c v c h c v c c

P P P P P P P P P

P P P P P P P P

       

       
 (4.30) 

Equation 4.30 gives total unweighted absorbed power of human model due to all 

translational dampers transferred to human body in Case 1. 

As discussed in the last section, human body response is frequency dependent. So by 

using frequency weighting factors, the weighted absorbed power needs to calculate. The 

weighted absorbed power can be calculated by multiplying above all equations by square 

of respective weighting factor. First individual weighted absorbed power is calculated for 

all dampers separately and then summation is taken. 
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Where, three types of weighting factors are used. Wk is used for vibrations in Z direction, 

Wd is used for vibrations in X and Y direction and Wc is used for vibrations at seat-back 

interaction. These weighting factors are function of frequencies and it is given in the 

frequency range of 0.1 Hz to 400 Hz. These equations 4.31 to 4.46 gives weighted 

absorbed power due to each damper at each location. At each point, same notation as 

unweighted absorbed power is used for this power to avoid confusion except underscore 

w is added in front of each notation for the weighted absorbed power. In these equations 

frequency weighting factors are obtained from ISO 2631-1 and are summarized in Table 

1.3.  

The total weighted absorbed power ( w

totalP ) is calculated by taking summation of 

individual absorbed power of all dampers in equation 4.31 to 4.46 as shown in equation 

4.47. 
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c h c v c h c v c h c v c c

P P P P P P P P P

P P P P P P P P

       

       
 (4.47) 

Equation 4.30 and 4.47 gives the total unweighted and weighted absorbed power of 

human model for hard seat in Case 1. 

4.5 Derivation for Case 2 and Case 3 

For Case 2, seat and backrest cushion is added and for Case 3, seat suspension and seat 

and backrest cushion are added. Due to this, expressions for the both absorbed power are 

changed at some locations like contact points with seat and backrest support cushion.  
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At contact point 1,c  the unweighted absorbed power is calculated using following 

equation 4.48 and 4.49. 
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Where, cH  and cV  are the complex horizontal and vertical transmissibility’s of seat 

cushion. 

In the similar ways, the weighted absorbed power at contact point 1c  is calculated using 

following equation 4.50 and 4.51. 
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At contact point 2 ,c  the unweighted absorbed power is calculated as shown in equation 

4.52 and 4.53 
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In the similar ways, the weighted absorbed power at contact point 2c  is calculated using 

following equations 4.54 and 4.55. 
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c v v d CP C W f Z V f V f   (4.55) 

At contact point 3 ,c  the unweighted absorbed power is calculated as shown in equation 

4.56 and 4.57. 
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In the similar ways, the weighted absorbed power at contact point 3c is calculated using 

following equations 4.58 and 4.59. 

 

2

0 3

2

0 32 2

3_ 3

0 0 3 3

3 3 3

[ cos ( ) ( ) ]

[ sin ( ) ( ) ]1
[ ( )]

2 sin(2 )[ ( ) ( ) ( ) ( )

( ( ) ( ) ( ) ( ) )cos( )]

bc

bcw

c v v c

bc bc

bc bc bc

X H f H f

Z V f V f
P C W f

X Z H f V f H f V f

H f V f H f V f








 

   
 
    

  
  
 
   

 (4.58) 

 

2

0 3

2

0 32 2

3_ 3

0 0 3 3

3 3 3

[ sin ( ) ( ) ]

[ cos ( ) ( ) ]1
[ ( )]

2 sin(2 ) [ ( ) ( ) ( ) ( )

( ( ) ( ) ( ) ( ) )cos( )]

bc

bcw

c h h c

bc bc

bc bc bc

X H f H f

Z V f V f
P C W f

X Z H f V f H f V f

H f V f H f V f








 

   
 
    

  
   
 
   

 (4.59) 

For both Cases 2 and 3, the remaining points like C25, C35 and joints J1, J2, J3 and J4, the 

expression for unweighted and weighted absorbed power are same and are calculated 

using same expressions as that of Case 1. After this, the total unweighted and weighted 

absorbed power of human model is calculated using equations 4.30 and 4.47 for Case 2 

and Case 3 separately. 
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4.6 Plots of absorbed power under sinusoidal displacement excitation 

At this stage, all expressions for the total unweighted and weighted absorbed power for 

all three cases are obtained. One can plot these absorbed power as a function of frequency 

for three cases together. There are two plots, the first is frequency verses unweighted 

absorbed power and the second one is frequency verses weighted absorbed power. 

Assume that the system is excited by following sinusoidal excitation with constant 

amplitude of displacement. 

0 0 0

0 0

X-direction: sin , 0.005 m

Z-direction : sin , 0.005 mo

x X t where X

z Z t where Z





     

     
 

Figure 4.2 illustrates frequency verses unweighted absorbed power for all three cases. 

Figure 4.3 illustrates frequency verses weighted absorbed power for three cases. Both are 

the results by considering constant displacement input in frequency range of 0 Hz to 20 

Hz.  

 

Figure 4.2 Frequency verses unweighted absorbed power (Displacement Input) 
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Figure 4.3 Frequency verses weighted absorbed power (Displacement Input) 

For hard seat (Case 1), the magnitude of both unweighted and weighted absorbed power 

is very high for all frequencies in given range in comparison with Case 2 and 3.  This is 

clearly seen in both the Figures 4.2 and 4.3. This is because there is nothing to isolate 

human body from input vibration and all the input vibrations get transferred to human 

body. This results in higher values of absorbed power which resembles to high fatigue. 

For Case 2, the magnitude of absorbed power is substantially reduced as shown in Figure 

4.2 and 4.3. This is because the seat and backrest cushion isolates human body from 

vibration to some extent. So absorbed power values are reduced but still it is higher than 

Case 3. This absorbed power value in Case 3 is very small in comparison with Case 1 and 

2. This is because in Case 3, human body is isolated using seat suspension and seat and 

backrest cushion. This arrangement isolates human body from input vibrations. So for 

isolated seat, human body will feel very less fatigue. 

The plots in the Figure 4.2 and 4.3 illustrate the unweighted and weighted absorbed 
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these plots, we know the absorbed power values for each frequency for all three cases. So 

as shown in the equation 4.60 and 4.61 for unweighted and weighted, if we add these 

values together for all the frequencies, we will get one number which will give a 

numerical value of total absorbed power in the given frequency range. This is similar to 

discretizing these plots.  

 
20

1

( )un un

total total i

i

P P f


  (4.60) 

 
20

1

( )w w

total total i

i

P P f


  (4.61) 

The total unweighted absorbed power is calculated using equation 4.60 and the total 

weighted absorbed power is calculated using equation 4.61 in the given frequency range. 

These quantities are scalar numerical values. As suggested by Pradko and Lee (1965, 

1966) we can use this total absorbed power to represent fatigue of human body. 

Summation is taken for all three cases and for comparing bar plots are used. Figure 4.4 

and 4.5 shows bar plots comparing the total unweighted and weighted absorbed power for 

three cases. 
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Figure 4.4 Total unweighted absorbed power for 3 cases (Displacement Input) 

 

Figure 4.5 Total weighted absorbed power for 3 cases (Displacement Input) 
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Figure 4.4 and 4.5 compares the unweighted and weighted absorbed power for Case 1, 2 

and 3. These bar plots compares respective unweighted and weighted absorbed power for 

these three cases. There numerical values are summarized in Table 4.1.  

Table 4.1 Total unweighted and weighted absorbed power for 3 cases (Displacement) 

Unweighted AP (W) Weighted AP (W)

Case 1 13604 8591.4

Case 2 706.69 268.59

Case 3 655.88 234.72

Displacement Input

 

From these values it is very clear that absorbed power for Case 2 is substantially reduced 

in comparison with Case 1. Also absorbed power in Case 3 is also reduced in comparison 

with Case 1 and 2. This clearly concludes that human body will get very less fatigue in 

Case 3 in comparison with Case 1 and 2.  

4.7 Absorbed power under constant amplitude of acceleration excitation 

In previous section, the absorbed power is calculated for different body parts under 

constant sinusoidal displacement. But it is not fully meaningful to calculate absorbed 

power at higher frequencies under constant sinusoidal displacement. This is because it is 

not realistic to have constant displacement at higher frequencies. For example, when 

human body is subjected to constant sinusoidal displacement of amplitude 0.005 m at 

excitation frequency of 20 Hz, the resultant acceleration will be 0.005x(2πx20)
2 

= 79 

m/s
2
. This value is unrealistically high and in practical life there is very less chance of 

getting this kind of high vibrations during vehicle driving.  

So in this section absorbed power is calculated under input excitation with constant 

amplitude of acceleration. The relationship between amplitudes of acceleration and 

displacement in equation 4.62 is used.  

 
2

0 0 ( )A X   (4.62) 
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The left hand side of equation 4.62 (amplitude of acceleration) is constant and the right 

hand side quantities (that is amplitude of displacement and angular velocity) should 

change in such a way that their multiplication result in a constant value.  

In this model, input excitations are given in X and Z directions independently. Let’s 

assume 0xA  and 0zA  are the amplitudes of input accelerations in horizontal and vertical 

direction, respectively. 

Following are the expressions derived for the unweighted absorbed power by considering 

constant amplitude of acceleration for Case 1. Same notations are used as previous 

section for absorbed power at each point and joints for avoiding confusion. 
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Equation 4.63 to 4.78 gives the unweighted absorbed power due to each individual 

translational damper considering constant amplitude of acceleration input. As shown in 

equation 4.79, the total unweighted absorbed power ( un

totalP ) is calculated by taking 

summation of individual absorbed power of all dampers. 
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 (4.79) 

Equation 4.79 gives the total unweighted absorbed power of human model considering 

constant amplitude of acceleration input for Case 1. 

Similarly expressions are obtained for the weighted absorbed power by considering 

constant amplitude of acceleration for Case 1. These equations are expressed from 

equation 4.80 to 4.95. 
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 (4.95) 

The total weighted absorbed power ( w

totalP ) is calculated by taking summation of 

individual absorbed power of all dampers together as shown in equation 4.96. 
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 (4.96) 

Equation 4.96 gives total weighted absorbed power of human model considering constant 

amplitude of acceleration input for Case 1. 

In a similar fashion, expressions for the unweighted and weighted absorbed power are 

obtained for Case 2 and Case 3 under constant amplitude of acceleration input excitation. 

4.8 Plots of absorbed power under constant amplitude of acceleration excitation 

After the formulations for unweighted and weighted absorbed power with constant 

amplitude of acceleration excitations are derived, one can plot these absorbed power as a 

function of frequency for three cases.  

Assume that the system is excited by excitations with acceleration having amplitude 

values equal to 1 m/s
2
 in both horizontal and vertical direction. 

Figure 4.6 illustrates the unweighted absorbed power as a function of frequency and 

Figure 4.7 illustrates the weighted absorbed power verses frequency by considering 

constant amplitude of acceleration amplitude.  
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Figure 4.6 Frequency verses unweighted absorbed power (Acceleration Input) 

 

Figure 4.7 Frequency verses unweighted absorbed power (Acceleration Input) 
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Figures 4.6 and 4.7 gives clear idea about absorbed power in the given frequency range. 

For both unweighted and weighted absorbed power plots, absorbed power magnitude is 

higher for Case 1 in comparison with other two cases. As in Case 2 the seat and backrest 

cushion minimizes vibrations to human body, absorbed power values are substantially 

reduced. For Case 3, minimum amount of vibrations is transferred to human body as it is 

isolated using seat suspension and cushion. So for isolated seat, the human body will feel 

very less fatigue. 

Similar to previous section, from these plots one can obtain absorbed power for each 

frequency. By taking summation of absorbed power of each frequency, the total absorbed 

power of human body is calculated in the given frequency range. This is expressed in the 

following equations 4.97 and 4.98. 

 
20
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  (4.97) 

 
20
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  (4.98) 

As the values of total unweighted and weighted absorbed power are scalar quantities, one 

can use it to represent fatigue of human body. Summation is taken for all three cases 

separately and for comparing bar plots are used. Figure 4.8 shows bar plots comparing 

the total unweighted absorbed power for three cases. Figure 4.9 also shows bar plots for 

comparing the total weighted absorbed power for three cases. 
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Figure 4.8 Total unweighted absorbed power for 3 cases (Acceleration Input) 

 

Figure 4.9 Total weighted absorbed power for 3 cases (Acceleration Input) 
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Figure 4.8 shows the total unweighted absorbed power and Figure 4.9 shows the total 

weighted absorbed power for Case 1, 2 and 3. These bar plots compares respective 

unweighted and weighted absorbed power for these three cases. There numerical values 

are summarized in Table 4.2. 

Table 4.2 Total unweighted and weighted absorbed power for 3 cases (Acceleration) 

Unweighted AP (W) Weighted AP (W)

Case 1 235.45 104.96

Case 2 34.41 49.51

Case 3 31.58 45.3

Acceleration Input 

 

From these values it is very clear that absorbed power for Case 2 is substantially reduced 

in comparison with Case 1. Also absorbed power in Case 3 is also reduced in comparison 

with Case 1 and 2. This clearly concludes that human body will get very less fatigue in 

Case 3 in comparison with Case 1 and 2. 

4.9 Summary 

In this chapter, the unweighted and weighted absorbed power is calculated for the human 

body model for all three cases. The time dependency of fatigue or discomfort can be 

predicted from the absorbed power. Initially expressions are derived for unweighted 

absorbed power. This derived equation shows that absorbed power of each damper is not 

only proportional to its damping coefficient but also it depends on the square of relative 

transmissibility function between two connecting bodies. The transmissibility function 

depends on relative motion and phase of each body. This proves that these factors have 

significant impact on absorbed power of human body. As human body response is 

frequency sensitive, the weighted absorbed power is calculated by considering frequency 

weighting factors. These factors are obtained from ISO 2631-1. The absorbed power is 

calculated only for translational dampers. 

Two types of input excitations are used in this chapter. First sinusoidal displacement 

input excitations are given in horizontal and vertical direction. Both unweighted and 
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weighted absorbed powers are calculated for three cases. Constant displacement 

amplitude input is not practical at higher frequencies. So constant amplitude of 

acceleration input is given and both unweighted and weighted absorbed powers are 

calculated for three cases. Results are compared for three types of seat models and found 

that seat with both seat suspension and cushion and backrest cushion works best in 

isolating human body from vibrations. For this seat, the absorbed power value is very less 

as compared with other two seats. So we can predict that for isolated seat, the human 

body will experience very less fatigue. 

Result also shows that human body response is very sensitive to seat and cushion 

parameters. A small change in these parameters will result in substantial change in human 

body response. So for better vibration isolation, these seat and cushion parameters needs 

to be optimized. 
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CHAPTER 5  

SEAT DYNAMIC PARAMETERS DETERMINATION 

5.1 Introduction 

The mechanical parameters of the seat include its mass, stiffness and damping 

coefficients.  The mass of the seat suspension and cushion has significant contribution in 

the vibration isolation. Increasing its mass will reduce the absorbed power. But according 

to Amirouche et al. (1997), the effect of increasing mass is less effective comparing with 

effect by changing stiffness and damping coefficients of seat dynamic parameters. In the 

today’s competitive world, the industries are trying to reduce the weight of vehicle. This 

puts limitation on increasing mass of seat component. The stiffness and damping values 

of seat component can be changed for reducing vibration transmission to human body 

(Kolich, 2003). Therefore in this research, the stiffness and damping coefficients of seat 

component are selected as design variables and their masses are kept constant.  

In this chapter, an optimization problem is formulated to minimize the weighted absorbed 

power to determine optimal seat dynamic parameters. The optimization problem is solved 

in MATLAB using genetic algorithm. Based on these optimal values, human body 

fatigue is predicted for seat model in Case 2 and Case 3.The seat model in Case 2 have 

only seat and backrest cushion. Hence there are 8 cushion parameters. In Case 3, the seat 

model has both seat suspension and cushion. Hence there are total 12 parameters. 

5.2 Optimization problem formulation  

The optimization problem can be defined as follows: 
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w w
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Where, ξ  is the vector having seat and cushion parameters 
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w

totalP  is the total weighted absorbed power 

l

k  and u

k  denotes the lower and upper bounds of design variables and m  is the total 

number of design variables.  

One of the important parts of this optimization problem is selection of algorithm in 

Matlab. For this work, genetic algorithm (GA) is used because it can find the global 

optimal solution. Genetic algorithm gives very good results for an objective function 

which is depending on large number of variables. 

The genetic algorithm follows the principle of biological evaluation. It uses gene 

combination rule in biological reproduction and modifies population of individual points. 

This algorithm starts with creating initial population by default or based on user provided 

population size. For this optimization 100 is given as population size. Based on this 

population and number of variables, current population is calculated called as parents. 

These value are used to find minimum value of objective function and based on result, 

the next generation is created called as children. These new values are used for next 

iteration. The new values are found out for next subsequent iteration targeting on 

minimizing objective function. The algorithm runs until given function tolerance is met.  

In the previous chapter, the weighted absorbed power is calculated for two types of input 

excitations. First one is sinusoidal displacement excitation with constant displacement 

amplitude of 0.005 m in X and Z-directions and second is constant acceleration amplitude 

excitation with amplitude 1 m/s
2 

both in X and Z-directions. Therefore for each 

excitation, we can calculate optimized parameters for seat model in Case 2 and 3. This 

will result in four optimization problems as shown: 

1. Case 2 seat model with sinusoidal displacement excitation 

2. Case 2 seat model with constant magnitude of acceleration excitation 

3. Case 3 seat model with sinusoidal displacement excitation 

4. Case 3 seat model with constant magnitude of acceleration excitation 
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5.2.1 Case 2 seat model  

The optimization problem for Case 2 is defined as: 
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Table 5.1 gives the values of lower and upper bounds and optimal values for Case 2 with 

two types of input excitations: sinusoidal displacement excitation and constant amplitude 

acceleration input excitation. 

Table 5.1 Optimal values of seat dynamic parameters for Case 2 

Value 

(Units: 

k: N/m 

C: N-s/m) 

l

k  
u

k  

Optimal value 

for displacement 

Input 

Optimal value 

for acceleration 

Input 

kch1 1000 50000 5867.675 3007.537 

Cch1 100 2500 2371.013 2309.527 

kcv1 1000 30000 2609.49 1924.379 

Ccv1 100 5000 4931.741 1594.685 

kch2 1000 25000 1187.633 5847.221 

Cch2 100 3000 2368.324 2681.862 

kcv2 1000 50000 1579.234 1121.473 

Ccv2 100 3000 2894.247 2744.155 

Figure 5.1 shows the weighted absorbed power for seat model calculated using original 

and optimal seat dynamic parameters for Case 2. 
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Figure 5.1 Original and optimized weighted absorbed power for Case 2 

Figure 5.1 shows original and optimized weighted absorbed power for human body with 

seat model in Case 2. Figure shows comparison plots for two types of input as explained 

in the previous section. For sinusoidal input excitations, the comparison plots shows that 

magnitude of absorbed power is reduced for all frequencies. Also the frequency at which 

peak value occurs is got reduced. Same phenomenon is observed for the plots of absorbed 

power with constant magnitude acceleration input. In these plots also values of absorbed 

power are significantly decreased and peak frequency is reduced. This all shows that with 

optimal seat dynamic parameters, the human body fatigue is reduced. The total absorbed 

power is calculated for original and optimal seat dynamic parameters and is compared in 

Table 5.3 and Figure 5.3 and 5.4. 
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5.2.2 Case 3 seat model  

For Case 3, the optimization problem is defined as: 

1 1 1 1 1 1 1 1 2 2 2 2
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Table 5.2 summarizes the values of lower and upper bounds and optimal values for Case 

3 with sinusoidal displacement excitation and constant magnitude acceleration input 

excitation. 

Table 5.2 Optimal values of seat dynamic parameters for Case 3 

Value 

(Units: 

k: N/m 

C: N-s/m) 

l

k   
u

k   

Optimal value for 

displacement 

Input 

Optimal value 

for acceleration 

Input 

ksh1 2000 100000 2918.76 3304.444 

Csh1 100 10000 9607.18 9909.829 

ksv1 100 10000 251.068 8442.496 

Csv1 100 5000 4884.08 988.245 

kch1 1000 50000 3089.86 8699.976 

Cch1 100 2500 2380.12 679.79 

kcv1 1000 30000 27612.2 5280.55 

Ccv1 100 5000 4875.32 3104.676 

kch2 1000 25000 13678.8 2029.023 

Cch2 100 3000 2213.58 296.224 

kcv2 1000 50000 1286.72 27627.197 

Ccv2 100 3000 857.226 2931.248 

Figure 5.2 shows comparison plots of the weighted absorbed power with original and 

optimal seat stiffness and damping coefficients for seat model in Case 3. 
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Figure 5.2 Original and optimized weighted absorbed power for Case 3 

For Case 3, the original and optimized absorbed power is shown in Figure 5.2. This 

figure compares the weighted absorbed for original and optimized seat dynamic 

parameters. In first two plots, the absorbed power is calculated under sinusoidal 

displacement input. Constant magnitude acceleration input is considered for calculating 

absorbed power in last two plots. For both these inputs, original absorbed power values 

are high and it got reduced for optimal seat dynamic parameters. Also frequency at peak 

values of absorbed power is also diminished. This all proves that human body will get 

very less fatigue for a seat with optimal seat dynamic parameters. For original and 

optimal seat dynamic parameters, the total absorbed power is calculated and is compared 

in Table 5.3. Figure 5.3 and 5.4 shows bar plots comparing the total absorbed power for 

two types of input excitations. 
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5.3 Discussion 

In the previous section, optimal seat dynamic parameters are determined for Case 2 and 

3. Based on these optimal parameters, the weighted absorbed powers are calculated and 

compared with the weighted absorbed power with original parameters. From Figure 5.1 

and 5.2, it has been seen that absorbed power values are reduced. From these values, the 

total absorbed power is calculated using equation 4.61 and 4.98. This total weighted 

absorbed power is an indication of human body fatigue over a period of time (Pradko, 

1965; 1966). Table 5.3 puts together these total absorbed power values for both 

sinusoidal displacement input and constant magnitude acceleration input excitations 

calculated with original and optimized seat dynamic parameters. 

Table 5.3 Original and optimal total weighted absorbed power for Case 2 and 3 

 Total Weighted Absorbed Power (W) 

 Displacement Input Acceleration Input 

 Original Optimal Original Optimal 

Case 2 268.59 190.091 49.51 34.92 

Case 3 234.72 84.49 45.3 16.12 

For visual comparison purpose, these total absorbed power values are plotted using bar 

plots. Figure 5.3 shows original and optimal total weighted absorbed power for Case 2 

and 3 with sinusoidal displacement input and Figure 5.4 shows their values with constant 

acceleration input excitations.  
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Figure 5.3 Total absorbed powers with original and optimal seat dynamic parameters for 

sinusoidal displacement input  

 

Figure 5.4 Total absorbed powers with original and optimal seat dynamic parameters for 

constant magnitude acceleration input  
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From Figure 5.3 and 5.4, it is clear that total weighted absorbed power with optimal seat 

dynamic parameters is reduced in comparison with its values fir original seat parameters 

for both types of input excitations in Case 2 and Case 3. This clearly indicates that during 

driving, the human body will feel less fatigue with optimal seat dynamic parameters.  

5.4 Summary 

In this chapter, the seat and cushion dynamic parameters are optimized for reducing 

human body fatigue. The genetic algorithm is used in MATLAB for optimization and 

optimal seat dynamic parameters are determined for Case 2 and 3. The weighted 

absorbed power with optimal seat parameters is compared with its value with original 

seat parameters. The result shows that the absorbed power value is substantially reduced 

for a seat with optimal seat dynamic parameters. This indicates that during driving, the 

human body with feel less fatigue on seat with optimal seat dynamic parameters. 
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CHAPTER 6  

CONCLUSION AND FUTURE WORK 

6.1 Conclusion 

This thesis attempts to develop a simulation method to predict human body response 

under whole body vibration. A comprehensive literature review was conducted to have 

the state of the art of biodynamic models and an advance biodynamic model was chosen 

for this study. The selected model is a 14-DOF multibody biodynamic model in 2D 

sagittal plane. This human model was coupled with three types of seat models which will 

help in highlighting the selection of seat dynamic parameters. The first seat called hard 

seat which had neither cushion nor seat suspension. The second type of seat had seat and 

backrest cushion but did not have seat suspension. The isolated seat had seat suspension, 

seat and backrest cushion. For these coupled human seat models, the equations of motion 

were derived. 

The transfer functions were calculated for sinusoidal excitations and transmissibility plots 

were obtained in horizontal and vertical directions. Based on these plots, performance of 

three seat model was compared. For predicting human body fatigue, the expressions for 

the absorbed power were derived for all three seat models. Based on transmissibility and 

absorbed power results, the isolated seat had the best performance compared to the hard 

seat or the seat without seat suspension. 

To design a vehicle seat, one has to determine the optimal seat dynamic parameters. An 

optimization problem was formed and the cost function was the weighted absorbed 

power. GA was used to solve the optimization problem. The result shows that the seat 

with optimal seat parameters had better performance. 
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6.2 Future work 

1. This simulation work considered input excitations in the form of sinusoidal 

displacements or constant magnitude acceleration. But in reality, the human body 

is exposed to complex random vibrations generating from road contours. It will be 

very interesting to consider real road random excitations in the future work.  

2. The biodynamic human model selected in this research considered the feet were 

fixed on the vehicle floor. However, in real world drivers have shoes and shoes 

will not be fixed with the vehicle floor. In the future work, the shoes will be 

modeled as an elastic component and connected with the vehicle floor. 

3. In this research, the absorbed power is calculated by considering only 

translational dampers. The results will be more accurate if absorbed power due to 

rotational dampers is included. 

4. The biodynamic model can be made more accurate by increasing its degrees of 

freedom. 

5. The simulation results need to be validated to crosscheck accuracy of proposed 

simulation method. For this experimental method on human subject can be used 

or Multi-body dynamic software like MSC ADAMS can be used. 

6. Biodynamic model used in this research can be used to analyze human body 

response in horizontal and vertical direction as this model is 2-D in sagittal plane. 

For analyzing human body motion in other directions like fore-aft directions or 

role and pitch motion, this model needs to extend to 3-D. 
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