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Abstract— Measuring the levels of vibration inside the human body and its sitting medium is one of the primary means of monitoring the health 

and safety of in-vehicle human. In this research paper, a unique finite element based simulation methodology has been proposed to predict the 

levels of vibration at different locations of human driver and seat inside a moving car. This technique aims to replace the costly and time 

consuming testing method to measure vibration. A non-robust car seated human model has been established and vertical accelerations with 

respect to time for human and seat segments have been extracted from simulation. Frequencies of human and seat portions have been evaluated 

and compared to data from past research works. Representation of human segments through ellipsoidal elements, assignment of shape specific 

three dimensional stiffness parameters and prediction of final vibration data inside entire human-car seat system, make this methodology unique 

in nature. 
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I. INTRODUCTION  

Computerized simulation methodologies for assessing, 

measuring and monitoring level of vibration inside the human-

automotive system have been developed over last few 

decades. The sitting posture, seat orientation and contact 

mechanism between the human body and automotive seat are 

the most crucial factors for the biodynamic vibration analysis 

of the in-vehicle seated human body. The posture of a seated 

human body inside any automotive must be in accordance 

with the relevant industrial standards. ISO/TC 159/SC 1, 

ISO/TC 159/SC 3, ISO/TC 159/SC 4 and ISO/TC 159/SC 5 

provide the guidelines for the anthropometry, bio-mechanics, 

human interface ergonomics and environmental ergonomics, 

respectively. 

Study on the entire vehicle dynamics using simulation 

method [1] stated that the computer based technologies for 

analyzing automotive dynamics are becoming advantageous 

cause of the high cost associated to the practical vehicle 

development process. One dimensional tool Modelica and 

three dimensional finite element tool were used [2] to simulate 

the riding comfort of human body, where the whole body was 

divided into fourteen segments. Contact mechanisms had been 

assigned in-between the mating surfaces and the level of 

vibration excitement was evaluated. Finite element based 

study for the vibration transmissibility between the human and 

automotive [3] considered torso, pelvis, thigh, leg, feet, neck, 

head, arm and hand along with the muscle properties. The 

outcome of that study was able to anticipate the vibration 

transmissions into the human spine in the fore-aft and vertical 

directions. Similar kind of finite element work on vibration 

transmissibility between the human and automotive seat [4] 

examined several human bodies under the effect of vertical 

vibration. All the portions of the human body were modelled 

in finite element environment, where the average mass and 

height of the experimental human bodies were 68.5 kg and 

174 cm, respectively. 

A finite element model of automotive seat was established 

[5] using polyurethane foam and springs to analyze the 

vibration in vertical direction. Three dimensional analysis of 

seated human body using LS Dyna was conducted [6] to 

assess the contact behaviour at the mating interfaces between 

the human body and automotive seat. Vibration transmission 

from the human occupant to seat backrest was analyzed [7] 

numerically using multi-point input method, which concluded 

that the levels of vibration at the corners of seat cushion would 

highly be dependent on the acceleration of seat backrest. Both 

the finite element and multi-body tools were used [8] to 

construct an aviation mode seat utilizing shell, beam and joint 

elements for understanding the effect of acceleration. 

Sitting process of the driver inside an automotive was 

simulated in RAMSIS [9] to analyze the human comfort with 

the concept of non-movable eye, hip, hand and heel. The 

results from that study optimized the comfortable orientations 

of various human portions.  

Modelling the appropriate properties of the foam material 

for the automotive seat is necessary to analyze the dynamic 

interaction between the seat and human body effectively. Non-

linear nature and hysteresis response of the seat foam material 

under the effect of repetitive loading conditions were shown in 

the study of car seat using finite element method [10]. 

Dynamic crash simulation of polymeric foam excited with 

uniaxial compression [11] showed the stress-strain behaviour 

of foam material in graphical format, while finite element 

study on the properties of car seat foam polyurethane material 

[10] reported that the relationship between stress and strain 

inside the foam material would be a function of the strain rate. 

After reviewing the earlier research works carried out on 

the automotive-human system, it is obviously clear that most 

of the past investigations were focused mainly on the very 

specific portions of the whole human-seat assembly. Few 
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studies considered the entire human occupant and automotive 

seat, though the assessments from those studies were limited 

to the vibration transmission, mode shape related frequency or 

contact interface between the mating surfaces. Moreover, most 

of the past investigations considered the stiffness parameters 

of the human segments from the standard database or 

handbook, therefore ignored the human size specific stiffness 

values. 

In the current research work, a finite element simulation 

based model of car-seated human driver has been constructed 

as per the real life diving posture and seat orientation. Material 

properties of the human bone and muscle have been combined 

together and anthropometric data have been consulted to 

evaluate the three dimensional size specific stiffness values for 

human portions. Hyperelastic and viscoelastic material 

properties have been assigned to the car seat foam and suitable 

contact mechanisms have been implemented at the mating 

surfaces in between the human body and car seat. Boundary 

and load conditions have been applied as per the real life 

driving conditions. Displacements and accelerations in the 

vertical direction have been extracted from the results and 

frequency magnitudes at various points of human body and car 

seat have been evaluated. The obtained frequencies have been 

compared to the outcomes of similar past research works, 

while the vertical accelerations have been compared to the 

practical testing data obtained from similar operating 

environment. The outlined unique finite element simulation 

methodology is successful in anticipating the levels of 

vibration at different locations of human body and seat inside 

a moving car. 

II. SIMULATION METHODOLOGY  

A. Masses and Dimensions of Human Segments 

A 50th percentile male human model of 77.3 kg mass has 

been taken into account for setting up the simulation. The 

masses of the human portions have been calculated following 

the guidelines provided in the databases of human segmental 

parameters [12], [13]. Basic instructions for measuring the 

dimensions of the human body parts have been outlined in the 

international standards PD ISO/TR 7250-2:2010 and BS EN 

ISO 7250:1998. A comprehensive data set of anthropometric 

dimensions has been shown [14] based on the principal 

component analysis, while the essential factors for human 

comfort have been published in the handbook of human 

ergonomics [15]. After careful consultation with all the 

relevant literatures, standards and handbooks, human 

segmental dimensions have been gathered to set up the human 

model in simulation environment.  

B. Human portions represented by ellipsoidal bodies 

To carry out an effective simulation of the whole human 

body and automotive seat assembly, it is advantageous to 

simplify the human model prior to taking it into the simulation 

environment. One of the most effective ways to simplify the 

complex human body is to represent the human portions by 

ellipsoidal segments. Academic study on the eigen vectors of 

human portions [16] represented the human segments by 

truncated ellipsoids, axes lengths of which were taken from 

the anthropometric database. Study on the deformations of the 

human leg and arm [17] explained the displacement 

phenomenon of a point on ellipsoidal cross-section to 

understand the benefit of representing human segments by 

ellipsoids. 

 
Figure 1: (a) Displaced point on ellipsoidal cross-section and (b) half lengths 

along axial directions of ellipsoid 
 

The deviation of a displaced point on ellipsoidal section 

from its original location is shown in Figure 1 and can be 

derived from the Equation 1. 
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Head, torso, upper arms, lower arms, hands, thighs, legs 

and feet of the human body have been modelled as ellipsoidal 

bodies, the axes lengths of which are based on the collected 

anthropometric data. Later, ratios of lateral axes, average 

volume and density of each of the ellipsoidal segments have 

been calculated. 

One of the most effective ways to simplify the complex 

human body structure is to represent the human portions by 

ellipsoidal segment. Academic study on the eigen vectors of 

human portions considered [16] the truncated ellipsoids and 

the axes lengths were extracted from anthropometric database. 

Deformation study on the human leg and arm [17] gave an 

idea of representing human portion by ellipsoidal cross-

section.    

C. Driving posture of Human 

The comfortable orientations of the car seated human 

portions can be assigned based on the guidelines provided in 

global standards ISO/TC 159/SC 1, ISO/TC 159/SC 3 and 

ISO/TC 159/SC 4 for ergonomic principles, anthropometric 

informations and system-human bio-mechanic interaction, 

respectively.  

To make this simulation practical, photograph of a car 

seated male human driver of 77 kg mass has been imported 

into Solidworks 2019 drafting environment and all the angular 

dimensions of different portions have been measured. Based 

on these measured orientations of different body portions, a 

parametric three dimensional assembly of car seated human 

driver has been constructed and seating posture has been 

assigned. The photograph with angular dimensions and 

established assembly are shown in Figure 2. 
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Figure 2: (a) Real human male driver sitting on a car seat and (b) constructed 

CAD assembly of driver human 

D. Properties of Human Body Segments in Simulation 

Environment 

Mechanical properties of human bone and muscle are 

complex and non-linear in natures. Skins and muscles exhibit 

the combination of hyper-elastic and viscoelastic material 

properties and as a result, finding the accurate value of 

Young’s Modulus (YM) of the integrated structure of human 

bone and soft tissue is a challenging task. While exploring the 

properties of bones for the human bodies of different gender 

and age [16], the YM value of the human bone was found as 

20.04 GPa. Similar investigation using finite element tool 

considered [18] the YM of human bone as 15 GPa. Indentation 

test and tensile strength measurement of the biological tissue 

found the YM values for muscles and tissues in the range of 3 

kPa - 8 kPa. In the current research study, YM values for 

human muscles and bones have been taken as 8 kPa and 20.04 

GPa, respectively. 

Depending on the aspects of the bio-dynamic research 

work, the human bone-muscle integrated structure can be 

represented either through fibre, composite or silicon based 

substances. Composite materials have got distinct advantage 

over all other materials as the three directional stiffness 

parameters inside the composite body can be calculated using 

dedicated formulations. For all the human segments in the 

present simulation study, the percentages of muscles and 

bones have been considered as 85% and 15%, respectively as 

defined in the advanced human nutrition database [19] Later, 

using the formulations of Equation 2 and Equation 3, three 

dimensional YM values for each of the human portions have 

been evaluated. 

)1( MuscleBoneMuscleMuscleAxiali fEfEE −+=−
                            (2) 

MuscleBoneMuscleMuscle

BoneMuscle
Transversei

fEfE

EE
E

+−


=−

)1(
                         (3) 

AxialiE −
= Axial YM of ith segment 

TransverseiE −
= Transverse YM of ith segment 

Combining the gathered dimensions and calculated YM 

values, three directional stiffness values for all the human 

portions have been calculated using the mathematical 

formulation of Equation 4 co-relating the force, stress, strain 

and cross-sectional area. 
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=− lDirectionaijK Stiffness of jth segment in ith direction 

=− lDirectionaijE YM of jth segment in ith direction 

=−− lDirectionaijpera Half axis (Transverse axis-1) length of the of jth 

segment perpendicular to ith direction 

=−− lDirectionaijperb Half axis (Transverse axis-2) length of the of jth 

segment perpendicular to ith direction 

=− lDirectionaijC Half axis length of the of jth segment in ith direction 

Human muscles are made of soft tissues, which are 

incompressible in natures. Poisson’s ratio for incompressible 

materials falls in the rage of 0.45 to 0.49. Finite element study 

on human muscles [20] considered Poisson’s ratio as 0.49995, 

while measurement of YM value for soft human tissue [21] 

considered the Poisson’s ratio as 0.49. Human bones are 

ideally constructed by rigid materials and most of the past 

research works used the rigid material properties to model the 

human bone elements. Practically, the soft and non-rigid 

human muscles are more viable to be deformed quicker than 

the rigid bones, hence, for this simulation methodology the 

Poisson’s ratio has been assigned as 0.49. 

Besides the YM, stiffness value and Poisson’s ratio, it is 

necessary to define the damping parameters for the human 

segments. The empirical expression to define a damped 

system can be described as shown in Equation 5. 
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 = Mass matrix multiplier constant 

 = Stiffness matrix multiplier constant 

j = Material dependent stiffness matrix multiplier constant 

c = Variable stiffness matrix multiplier constant 

C = Frequency dependent damping matrix 

kC = Element damping matrix 

j = Material (1,…..,
mat

N ) 

k = Element (1,…..,
ele

N ) 

This finite element based simulation study primarily 

focuses on the frequency dominated results. So, attention has 

been paid to the frequency dependent damping matrix of the 

system, which can be expressed through Equation 6 as a 

function of the mode shapes. 

rrr

T

r fuCu  4}]{[}{ =                                                           (6) 

ru = rth mode shape 

rf = Frequency at rth mode shape 

r = Damping ratio for rth mode shape  

 can further be explained through Equation 7. 

mrr  +=                                                                        (7) 

 = Constant damping ratio 

mr = Modal damping ratio for rth mode shape 
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Damping coefficients for the head, back, torso, thorax and 

abdomen had been considered as 3575.506 Ns/m, 3575.506 

Ns/m, 3575.506 Ns/m, 291.878 Ns/m and 291.878 Ns/m, 

respectively during the investigation of a seated human of 80 

kg mass [22]. Study on the vertical and fore-aft vibrations 

inside a human body of 75 kg mass [23] considered the 

damping coefficients as 2376.4 Ns/m, 145.8 Ns/m, 1797.7 

Ns/m and 1797.7 Ns/m for lower torso, arms, upper torso and 

hands, respectively. Analysis of human body of 90 kg mass 

[24] assumed the damping coefficients for head-neck, chest-

upper torso, lower torso and pelvis-thigh to be 620 Ns/m, 8550 

Ns/m, 5685 Ns/m and 3564 Ns/m, respectively.  

The damping co-efficients for the human portions in this 

simulation work have been chosen from the past investigations 

with the closest match in terms of human mass. For head, 

torso, upper arms, lower arms, hands, thighs, legs and feet, the 

damping coefficients have been selected as 620 Ns/m, 1797.7 

Ns/m, 145.8 Ns/m, 145.8 Ns/m, 1797.7 Ns/m, 2376.4 Ns/m, 

2376.4 Ns/m and 2376.4 Ns/m, respectively. Constant 

damping ratio has been assigned with a value of 0.2 as 

directed by the analyses of human joints [25], [26]. 

E. Car Seat Modelling and Material Properties in Simulation 

Environment 

Design of car seats and relevant processes had been 

modified over last many years based on the ergonomics and 

industrial aspects. From the database of one of the pioneer seat 

design houses named “Ricaro”, an idea of the evolution of car 

seats over last half century can be obtained. Specification on 

the human fitness parameters [27] suggested the least width of 

seat cushion to be 432 mm for 95th percentile female human 

body, though bigger size would be advantageous considering 

the clothing. Study on seat parameters [28] suggested the 

minimum width of seat cushion to be in the range of 480 mm 

to 500 mm. Length of the seat cushion had been recommended 

as 432 mm [29] and 440 mm to 550 mm [28]. Survey of seat 

design recommended the minimum width and height of 

backrest to be 360 mm and 410 mm to 550 mm above H-point, 

respectively. After consulting with relevant recommendations 

and databases, a computer aided model of car seat has been 

constructed. Metallic frames and other associated structures of 

the car seat have been ignored. 

As the modern industries are inclined more towards the 

foam type seats over mechanical suspension type, a 

polyurethane foam type car seat has been used during this 

simulation study. Polyurethane material can be modelled by 

using the hyper-elastic, combined hyper-elastic and visco-

elastic or stress-strain formulation.  

Following the international standard ASTM D 3574 – 01 

for test methods of flexible cellular materials, co-relation 

between the strain and stress inside foam material had been 

evaluated [30]. During that study, the strain energy absorption 

capacity of the hyper-elastic material was described through 

the formulation of Ogden model as presented in Equation 8. 
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= Principal strength j  

elJ = Elastic volumetric ratio 

iii  ,, = Material dependent parameters 

Later, the outputs from the test set up were exported to 

finite element environment and Ogden hyper-elastic 

coefficients had been evaluated using the curve fitting 

technique. The coefficient values of the strain energy potential 

function obtained from that investigation were µ1 = 164.861 

kPa, α1 = 8.88413, β1 = 0.0, µ2 = 0.023017 kPa, α2 = 

4.81798, β2 = 0.0. Similar kinds of mathematical models had 

been offered for the performance studies of slightly 

compressible hyper-elastic materials [31] and highly 

compressible hyper-elastic materials [32]. Finite element 

based modelling of the hyper-elastic foam material [33] 

optimized the Ogden parameter values for finite element 

applications. The optimized Ogden coefficient (N=2) values 

were µ1 = 0.00481 MPa, α1 = 19.8, β1 = 0.01450, µ2 = 

0.00360 MPa, α2 = 19.8, β2 = 0.00650. In the present 

simulation study, hyper-elastic properties have been assigned 

to the seat foam material using these optimized Ogden 

coefficient (N=2) values. 

Modelling of automotive seat [10] found the density of the 

foam material as 67 kg/ m3. Assessment of different kinds of 

polyurethane foams [34] reported a comprehensive database of 

foam densities with respect to variable cell sizes. Thesis on 

auxetic polyurethane foam [35], study on automotive comfort 

[36], modelling of visco-elastic material [37] and investigation 

of the Poisson’s ratio of seat foam material [38] used the 

densities of polyurethane material as 27 kg/ m3, 37-52 kg/ m3, 

28 kg/ m3 and 32-64 kg/ m3 respectively. In the current 

simulation work, the density value of the polyurethane foam 

has been used as 64 kg/ m3. 

Practically, the seat foam material deforms mostly under 

the effect of compression in absence of any sidewise 

constraint and as a result, no direct relationship can be 

established between the lateral strain and longitudinal strain. 

Considering this fact, the computational analysis method of 

the car seat [30] assumed the Poisson’s ratio as 0. Finite 

element based modelling of the automotive seat [10] ignored 

the Poisson’s ratio, too. Poisson’s ratio has been ignored 

during this course of simulation work. 

F. Car Seat Modelling and Material Properties in Simulation 

Environment 

Design of car seats and relevant processes had been 

modified over last many years based on the ergonomics and 

industrial aspects. From the database of one of the pioneer seat 

design houses named “Ricaro”, an idea of the evolution of car 

seats over last half century can be obtained. Specification on 

the human fitness parameters [27] suggested the least width of 

seat cushion to be 432 mm for 95th percentile female human 

body, though bigger size would be advantageous considering 

the clothing. Study on seat parameters [28] suggested the 

minimum width of seat cushion to be in the range of 480 mm 

to 500 mm. Length of the seat cushion had been recommended 

as 432 mm [29] and 440 mm to 550 mm [28]. Survey of seat 

design recommended the minimum width and height of 

backrest to be 360 mm and 410 mm to 550 mm above H-point, 
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respectively. After consulting with relevant recommendations 

and databases, a computer aided model of car seat has been 

constructed. Metallic frames and other associated structures of 

the car seat have been ignored. 

As the modern industries are inclined more towards the 

foam type seats over mechanical suspension type, a 

polyurethane foam type car seat has been used during this 

simulation study. Polyurethane material can be modelled by 

using the hyper-elastic, combined hyper-elastic and visco-

elastic or stress-strain formulation.  

Following the international standard ASTM D 3574 – 01 

for test methods of flexible cellular materials, co-relation 

between the strain and stress inside foam material had been 

evaluated [30]. During that study, the strain energy absorption 

capacity of the hyper-elastic material was described through 

the formulation of Ogden model as presented in Equation 8. 
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N = Defining parameter for the approximation of the model 

j
~

= Principal strength j  

elJ = Elastic volumetric ratio 

iii  ,, = Material dependent parameters 

Later, the outputs from the test set up were exported to 

finite element environment and Ogden hyper-elastic 

coefficients had been evaluated using the curve fitting 

technique. The coefficient values of the strain energy potential 

function obtained from that investigation were µ1 = 164.861 

kPa, α1 = 8.88413, β1 = 0.0, µ2 = 0.023017 kPa, α2 = 

4.81798, β2 = 0.0. Similar kinds of mathematical models had 

been offered for the performance studies of slightly 

compressible hyper-elastic materials [31] and highly 

compressible hyper-elastic materials [32]. Finite element 

based modelling of the hyper-elastic foam material [33] 

optimized the Ogden parameter values for finite element 

applications. The optimized Ogden coefficient (N=2) values 

were µ1 = 0.00481 MPa, α1 = 19.8, β1 = 0.01450, µ2 = 

0.00360 MPa, α2 = 19.8, β2 = 0.00650. In the present 

simulation study, hyper-elastic properties have been assigned 

to the seat foam material using these optimized Ogden 

coefficient (N=2) values. 

Modelling of automotive seat [10] found the density of the 

foam material as 67 kg/ m3. Assessment of different kinds of 

polyurethane foams [34] reported a comprehensive database of 

foam densities with respect to variable cell sizes. Thesis on 

auxetic polyurethane foam [35], study on automotive comfort 

[36], modelling of visco-elastic material [37] and investigation 

of the Poisson’s ratio of seat foam material [38] used the 

densities of polyurethane material as 27 kg/ m3, 37-52 kg/ m3, 

28 kg/ m3 and 32-64 kg/ m3 respectively. In the current 

simulation work, the density value of the polyurethane foam 

has been used as 64 kg/ m3. 

Practically, the seat foam material deforms mostly under 

the effect of compression in absence of any sidewise 

constraint and as a result, no direct relationship can be 

established between the lateral strain and longitudinal strain. 

Considering this fact, the computational analysis method of 

the car seat [30] assumed the Poisson’s ratio as 0. Finite 

element based modelling of the automotive seat [10] ignored 

the Poisson’s ratio, too. Poisson’s ratio has been ignored 

during this course of simulation work. 

G. Simulation Set Up- Assembly, Boundary Condition, 

Interaction, Meshing and Load Case 

The modelled human body and car seat have been 

assembled avoiding any interference and maintaining closest 

possible proximity. Later the full assembly has been imported 

into finite element tool ABAQUS CAE 6.13. The boundary 

conditions have been applied as practical as possible. The 

head is restrained to be in touch with the headrest, but 

sidewise movement is allowed. Rotation of the hands about 

the steering wheel is permitted, but detachment from the 

steering wheel is restricted. Angular orientations of the feet 

about the ankle connections are acceptable, but separations 

from the clutch and brake positions are restricted. All the 

adjacent human segments are connected through tie-up 

constrains as shown with lines in Figure 3. Bottom surface of 

the seat cushion is fixed, angular fore-aft movement of the 

backrest about the seat pivot point is permitted, sidewise 

movement of the backrest backend is restricted, angular fore-

aft orientation of headrest about the connecting point to the 

backrest is allowed and sidewise movement of the headrest 

backend is restricted. 

 

 
Figure 3: (a) Meshed assembly (b) tie constraint between human head and seat 

headrest and (c) tie constraint between human torso and seat backrest (d) tie 

constraint between human thighs and seat cushion (e) tie constraint between 
human portions 

 

In the next stage of simulation set up, contact mechanisms 

at the mating surfaces between human body and car seat have 

been assigned. Most of the past automotive contact related 

research works investigated mainly the pressure distribution, 

stress level or vibration transmission by taking into account 

the portions of human body and seat. From the outcomes of 

the studies on comfortable human orientation [30] [39] [40], 

pressure at the human-seat interface [41] [42], seat cushion 

with human buttock [43] and human sitting process [9], it is 

inevitably clear that all the past automotive-human interaction 
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related investigations tried to minimize the number of mating 

surfaces to reduce the complexity inside simulation. After 

careful judgment of pros and cons of different contact 

mechanisms, multi-point constraint (MPC) formulation has 

been assigned in-between the human body and car seat in this 

simulation work. MPC ties the movements of contacting 

surfaces together and supports large deformations in the 

simulation system. 

Ten-node tetrahedral element - C3D10 has been used for 

generating meshes inside human body and car seat. 

Linear perturbation and modal dynamic steps have been 

implemented to run the analysis. Figure 3 displays the driver-

seat meshed assembly and the tie constraints between the 

human body and car seat. 

Load scenario in this simulation is based on a non-racer 

type accelerating car picking up speed of 30 miles/hr from 

static condition on smooth road terrain. Hence, the load has 

been assumed to be appearing primarily from the effect of 

startup acceleration. Acceleration values of non-racer 

automobile at 60 km/hr and 40 km/hr [44] had been reported 

to be 1.083 m/sec2 and 0.861 m/sec2, respectively. Average 

and maximum acceleration values for the passenger vehicle 

operating in rural area were predicted using the Equation 9 

and Equation 10 [45]. 
bv

av aea =                                                                                (9) 

dvca +=max
                                                                       (10) 

=ava  Average acceleration in m/sec2 

=maxa  Maximum acceleration in m/sec2 

=v Vehicle speed in m/sec 

=dcba ,,, Constants 

Considering the closest match in terms of the nature of the 

vehicle operating environment, the acceleration value of 0.861 

m/sec2 has been considered in the current simulation study. 

Loading scenario has been made to be effective in the modal 

dynamic step after obtaining eigen frequencies from the linear 

perturbation step. Modal dynamics step takes into account the 

damping of the system and constructs the system matrix based 

on the mode shapes received from previous step. 

III. RESULTS FROM THE SIMULATION 

A 64 bit computer with Windows XP operating system, 6 

GB of RAM and two dual-core 2.1 GHz Intel(R) Pentium(R) 

CPU B950 processors has been used to run the simulation. 

Cause of the hardware limitation, the simulation running time 

was set to 10 seconds and ABAQUS solver took around 11 

wall-clock hours to complete the analysis. 

Finding the responses of the human body and car seat 

portions under the effect of vertical vibration is the primary 

aim of this simulation study. Hence, vertical accelerations and 

displacements at head, upper arm, lower arm, chest, waist, 

thigh, legs, cushion, headrest and backrest have been extracted 

from the ABAQUS post processor. The points of interest for 

extracting the vertical accelerations are shown in Figure 4. 

Figure 5, Figure 6, Figure 7, Figure 8, Figure 9, Figure 10, 

Figure 11, Figure 12, Figure 13 and Figure 14 are showing the 

vertical acceleration values with respect to time for all the 

human body and car seat portions. 

 
Figure 4: Points of interest and vertical acceleration 

 

 
Figure 5: Vertical acceleration at head 

 

 
Figure 6: Vertical acceleration at chest 

 

 
Figure 7: Vertical acceleration at waist 

 

 
Figure 8: Vertical acceleration at upper arm 
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Figure 9: Vertical acceleration at lower arm 

 

 
Figure 10: Vertical acceleration at thigh 

 

 
Figure 11: Vertical acceleration at leg 

 

 
Figure 12: Vertical acceleration at headrest 

 

 
Figure 13: Vertical acceleration at backrest 

 
Figure 14: Vertical acceleration at cushion 

 

Vertical displacement values with respect to time for all 

the human body and car seat portions are shown in Figure 15. 

 
Figure 15: (a) Vertical displacements at the points of interest for human body 

(b) Vertical displacements at the points of interest for car seat 

 

The empirical co-relation between the mass, acceleration, 

displacement, damping, stiffness, time and frequency is shown 

in Equation 11. 








 ++
= −

F

dkvcam
Sin

t

11
                                      (11) 

=m  Mass 

=a  Acceleration 

=c Damping coefficient 

=v  Velocity 

=k  Stiffness 

=d Displacement 

=F  Force 
=  Frequency 

=t Time 

For multi-mass system, Equation 11 can be expressed in 

matrix format as shown in Equation 12.  

      }{}{}{}{ fXKXCXM =++
•••

                                              (12) 

Where,  
 M = Mass matrix 
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 C = Damping matrix 
 K = Stiffness matrix  

}{ f = External force applied to the system.  

Complex displacement function of multi-mass system can 

be denoted as a function of frequency  and displacement by  

Fourier transformation of Equation 12 derives Equation 

13, which can denote the complex displacement of multi-mass 

system as a function of frequency and displacement. 

       )}({)}({
12  jFCjMKjX
−

+−=                            (13) 

Where, 

)}({ jF  = the complex Fourier transformation vector 

of }{ f  
  = Frequency 

X  = Displacement 

Implementing the formulations of Equation 11, Equation 

12 and Equation 13, the frequencies at all the designated 

points on the human body and car seat have been extracted 

and graphically plotted in Figure 16. 

 

Figure 16: (a) Frequencies of human body portions (b) Frequencies of car seat 

components 

The average and root mean square (RMS) frequencies of 

the human body and car seat portions have been calculated 

from the frequency plots and recorded in TABLE I. 

 
TABLE I: Average and RMS frequencies of human segments. 

Human segment Average frequency (Hz) RMS frequency (Hz) 

Human: Head 7.10 15.85 

Human: Chest 4.13 10.89 

Human: Waist 4.18 10.69 

Human: Upper Arm 4.01 12.06 

Human: Lower Arm 12.92 34.45 

Human: Thigh 16.13 43.03 

Human: Leg 3.20 5.49 

Seat: Headrest 7.91 17.64 

Seat: Backrest 4.61 12.24 

Seat: Cushion 18.00 48.47 

IV. VALIDATION AND DISCUSSION 

To validate the vertical accelerations obtained from this 

simulation technique, testing data have been gathered from an 

on-road non-racer type of car. A standard hatchback car with a 

male human driver of 78 kg mass was maintained to pick 

speed up to 30-35 miles/ hour from the static condition. There 

was no visible sign of irregular road terrain and the testing 

data had been recorded for 60 seconds. 

Vibration measurement system NI 9234 module with 

CompactDAQ chassis and transducer Dytran 3055 had been 

utilized for reading out the vibration data at different points. A 

standard laptop with “m+p analyzer” software tool had been 

used for signal processing. Plots for vertical acceleration with 

respect to time and power spectrum density with respect to 

frequency had been logged. Arranged test set up and a sample 

of raw vibration data received for the thigh portion of human 

driver are displayed in Figure 17 and Figure 18, respectively. 

 

 
Figure 17: Test set up (a) Standard laptop with the signal processing tool 

“m+p Analyzer” (b) NI 9234 module for measurement (c) Dytran 3055 sensor 

mounted on human driver thigh 

 

The raw testing data had been collected for a duration of 

initial 60 seconds. Later, the testing data were curtailed to 

initial 10 seconds to match to the span of simulation running 

time and filtered in .XLS format. 

The vertical accelerations obtained from the simulation 

results and the corresponding vertical accelerations gathered 

from the testing data have been merged together though plots 

for convenient comparison purpose. Figure 19, Figure 20, 

Figure 21, Figure 22, Figure 23, Figure 24, Figure 25, Figure 

26, Figure 27 and Figure 28 are showing the comprehensive 

contrasts between the simulation output and testing data in 

terms of vertical acceleration for all the segments of human 

body and car seat. 

 

 
Figure 18: Raw vibration test data for human driver thigh (a) Acceleration vs 

time (b) Power spectrum density vs frequency 
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Figure 19: Vertical accelerations of human head from simulation (blue) and 

testing (red) 

 

 
Figure 20: Vertical accelerations of human chest from simulation (blue) and 

testing (red) 

 

 
Figure 21: Vertical accelerations of human waist from simulation (blue) and 

testing (red) 

 

 
Figure 22: Vertical accelerations of human upper arm from simulation (blue) 

and testing (red) 

 
Figure 23: Vertical accelerations of human lower arm from simulation (blue) 

and testing (red) 

 

 
Figure 24: Vertical accelerations of human thigh from simulation (blue) and 

testing (red) 
 

 
Figure 25: Vertical accelerations of human leg from simulation (blue) and 

testing (red) 
 

 
Figure 26: Vertical accelerations of seat headrest from simulation (blue) and 

testing (red) 
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Figure 27: Vertical accelerations of seat backrest from simulation (blue) and 

testing (red) 

 

 
Figure 28: Vertical accelerations of seat cushion from simulation (blue) and 

testing (red) 

 

From the comparison graphs, it is observed that the 

acceleration values from the simulation are more conservative 

than those of received from the testing. Graphs in Figure 20, 

Figure 22, Figure 23, Figure 27and Figure 28 are showing the 

comparative data for the head, waist, upper arm, headrest and 

backrest, respectively, which indicate that the upper and lower 

limits of the testing data are falling well below the respective 

limits of the simulation results. Graphs in Figure 21, Figure 

24, Figure 25 and Figure 28 are showing the comparisons of 

the vertical accelerations for the chest, lower arm, thigh and 

cushion, respectively, where the upper limits of the testing 

data are below the corresponding limits of the simulation 

results, but the lower limits of the testing data are exceeding 

the respective limits of simulation results. Graph in the Figure 

26 is showing the comparison data of the leg, where both the 

upper and lower limits of the testing data are higher than the 

respective limits of the simulation results. If the absolute 

maximum magnitudes of all the plots are examined, then 

almost all the peak acceleration values from the testing data 

are lower than those from the simulation results. 

To validate the frequency values obtained from this 

simulation work, past references in the similar fields have 

been consulted. In this simulation study, the average 

frequencies for the head, chest, waist, upper arm, lower arm, 

thigh, leg, headrest, backrest and cushion are obtained as 7.10 

Hz, 4.13 Hz, 4.18 Hz, 4.01 Hz, 12.92 Hz, 16.13 Hz, 3.20 Hz, 

7.91 Hz, 4.61 Hz and 18.00 Hz, respectively. Earlier bio-

dynamic investigation on the human body [23] concluded that 

the range of resonating frequencies inside the human body 

under the effect of vertical vibration to be in between 0.5 Hz 

and 20 Hz. Similar kind of study on the human organs [46] 

evaluated the maximum natural frequencies for head, jaw, 

eyes, chest, upper limb, stomach, bladder, pelvis, muscles and 

liver as 5 Hz, 8 Hz, 90 Hz, 9 Hz, 3 Hz, 10 Hz, 18 Hz, 9 Hz, 20 

Hz and 4 Hz, respectively.  

The assembled human body and the car seat configuration 

is a very complex system, where numerous parameters are 

involved and each of these parameters has got the ability to 

manipulate the system behaviour on its own. Study on 

vibration transmission in between the car seat and human body 

[47] utilized standard and rigid car seats and found that the 

vertical excitation would have great influence on the vertical 

vibration inside the human body and car seat. That study 

explored further the frequency values, which were found to be 

varying from one human body to other. The possible reasons 

for those variations were addressed as changes in the contact 

surface area and sitting posture. Similar kinds of research 

works on the human body and car seat [48], [49], [50] detailed 

the influence of the human posture on the vertical vibration 

transmission. Study on the vibration analysis of the car seat 

[48] reported that the resonance frequency would become 

higher for a more backward inclined car seat. Assessment of 

acceleration transmission from the seat to the human lumbar 

spine [51] found the natural frequencies to be in the range of 4 

Hz to 5 Hz. Work on car seat to human head transmissibility 

[50] found the natural frequency value as 5 Hz. Acceleration 

transmission from seat to human trunk and associated mode 

shapes were inspected [49], [52] and the first two natural 

frequencies for the whole body were found to be 5 Hz and 8 

Hz- 9 Hz. Resonating behaviour of the human body under the 

effect of vertical vibration [47] evaluated the natural 

frequency for the standard car seat as 5 Hz. International 

standard ISO 5892 (2001) defined the natural frequency as 5 

Hz for the human sitting on a car seat without the backrest. 

International standards on biodynamics and ergonomics 

ISO/TC 159/SC 1, ISO/TC 159/SC 3 and ISO/TC 159/SC 4 

recommend that the frequency of any human segment must 

not exceed the limit of 20 Hz while designing the human 

interfacing system. 

The frequencies for the segments of the human body and 

car seat received from the current finite element based 

simulation study, are below the limit of 20 Hz. Hence, this 

unique simulation technique is successful in predicting the 

frequencies of the various portions of the human body and car 

seat. This methodology can be implemented to judge the 

health, comfort and safety levels of the seated human inside a 

moving car, regardless of the justified amounts of mismatches 

between the simulation results and testing data. 

V. CONCLUSIONS AND SCOPES OF FURTHER 

DEVELOPMENT 

In this research paper, a unique finite element based 

simulation technique has been proposed to predict the final 

levels of vibration at various locations of human body and seat 

inside a moving car. From the results of this research work, 

the following conclusions can be drawn: 

A. This unique simulation technique can be implemented to 

anticipate the frequency levels at different segments of the 

human body and car seat. Inside the simulation 

environment, a lot of parameters have been incorporated, 
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namely; shape specific three dimensional stiffness values, 

damping parameters, Young’s moduli of the human body 

segments, boundary conditions, loading scenario, contact 

mechanism and analysis steps. In contrast, the testing data 

are greatly dependent on the instruments and signal 

processing systems. For explanation purpose, a simple 

spring-damper-mass system representing human pelvis and 

seat has been shown in Figure 29. 

 
Figure 29: Spring-damper-mass system representing human and car seat 

 

For any amount of vibration input to the seat, the resulting 

vibration at the human pelvis is a function of the frequency 

domain defined by the Laplace transform. The signal transfer 

function of the system for vibration transmission is presented 

in Equation 14. 

ppp

pp

KsCsm

KsC
sH

++

+
=

..

.
)(

2
                                                     (14) 

pC = Total damping value 

pK  = Total stiffness value 

pm  = Mass of the human pelvis 

s  = Laplace domain transformation function 

Equation 14 emphasizes that small alterations in the values 

of mass, damping and stiffness can tune the transfer function 

resulting the final vibration output to be changed. Hence, the 

mismatches between the simulation results and testing data are 

unavoidable. As the results from this unique simulation 

methodology are more conservative compared to the testing 

data, this simulation set up can be used for optimizing the 

health, comfort and safety levels of the car seated human 

body. 

B. Human body segments can be represented through 

ellipsoids to calculate the shape specific three dimensional 

stiffness parameters for the human portions. The stiffness 

data evaluated in this research work, have the higher 

degrees of practicality than the stiffness parameters 

collected from standard database. 

C. Average frequencies of the human body and car seat 

segments received from this unique simulation technique 

are below the permissible limit of 20 Hz, though the 

obtained peak frequency magnitudes are falling outside the 

allowable frequency ranges for the human organs. More 

detailed investigations on the simulation parameters are 

necessary to lower the peak frequency levels.  

Enormous opportunities are there to improve this emerging 

simulation methodology further. Firstly, a longer span of 

simulation running time will help to obtain more 

comprehensive acceleration and frequency plots. It is observed 

from the simulation outcomes that the frequency magnitudes 

are getting stabilized and lowered over the time. Therefore, 

longer simulation operating time will inevitably display lower 

ranges of frequencies for the segments of human driver and 

car seat. Secondly, each of the human segments can be split 

into more numbers of ellipsoids to form the physical anatomy 

of the human body. Three dimensional stiffness data for each 

of the ellipsoidal elements can be calculated, which will 

eventually provide more precise stiffness parameters for all 

the portions of the human body. Thirdly, viscoelastic 

properties can be assigned to the seat foam material besides 

the hyper-elastic properties. The frequency curves received 

from the simulation are getting steady over time, which 

indicates that the assigned stiffness values, damping co-

efficients and hyper-elastic material properties are behaving 

flawless inside the simulation environment. Incorporation of 

viscoelastic coefficients for the time dependent shear modulus 

function will yield more convincing results from the 

simulation. Lastly, in the present simulation study, only the 

vertical vibration has been assessed at different segments of 

the human body and car seat. To provide a more 

comprehensive solution, it will be beneficial to consider the 

fore-aft and sidewise vibrations.  
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