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Abstract: Many people are exposed to whole-body vibration (WBV) in their occupational lives especially drivers of vehicles 
such as tractor and trucks. The vibration-induced injuries or disorders in a substructure of human system are primarily 
associated with the vibration power absorption distributed in that substructure. Absorbed power is defined as the power 
dissipated in a mechanical system as a result of an applied force. The article presents the results of dynamic load analysis of 
the tractor mower set. The amount of absorbed power by the tractor's operator, based on physical models have been calcu-
lated, as a function of operating speed of tractor mower set.   
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1. Introduction 

Tractor drivers are exposed to whole-body vibration (WBV) in 
their work especially while working on the field with an aggregate. 
The main categories of side effects from WBV are perception 
degraded comfort interference with activities impaired health and 
occurrence of motion sickness. The vibration-induced injuries or 
disorders in a substructure of human system are primarily asso-
ciated with the vibration power absorption distributed in that sub-
structure. Absorbed power is defined as the power dissipated in a 
mechanical system as a result of an applied force [14]. The vibra-
tion power absorbed by the exposed body is a measure that com-
bines both the vibration hazard and the biodynamic response of the 
body.  

There is a tendency in the agriculture to increase the operation 
speed on the field in order to increase the efficiency of work, how-
ever with the increase of operation speed the level of vibration 
increases as well. The level of vibration on operator's seat depends 
on many factors like vibration originating from combustion engine 
and agricultural aggregate as well as irregularity of field surface 
and dumping system of seat and tractor etc.  Therefore it is neces-
sary to know, be able to calculate and predict the behavior of hu-
man body in that complex working conditions.  

The seated human is modeled as a series/parallel 7-DOF dy-
namic models. After introduction of the excitation data (obtained 
from the real experimental measurements on the field) we can 
analyze the response in particular segments of the human physical 
model. Based on that data, the vibration power dissipated in opera-
tor's body can be determined as a function of the operating speed 
1.39 - 4.16 ms-1 of tractor with aggregate. 

 

2. Biomechanical model 
 
Different biodynamical models of human body have been pro-

posed in the literature to estimate the magnitude of forces transmit-
ted to particular subsystems within the human body [9,10,14]. The 
human body in a sitting posture is modeled as a mechanical system 
consist of several rigid bodies interconnected by springs and dam-
pers [1]. The  main  difference  between  the  human  body  models 
refers to the number of degrees of freedom (DOF).  
One of the first model was presented in 1981 by the International 
Organization for Standardization (ISO) it was a parallel 2-DOF 
model for both sitting and standing positions. In 1995, Wan and 
Schimmels developed a series/parallel 4-DOF human dynamic 
model designed to match the response of seated humans exposed to 

vertical vibration. In this study for the calculation a Patil and Pala-
nichamy 7-DOF model have been used [6]. This model was further 
incorporated with the tractor model to study the behavior of hu-
man–seat–tractor system, and to assess various suspension designs 
and seat properties on the influence of vibration isolation 
In this model, the seated human body was constructed with seven 
separate mass segments interconnected by eight sets of springs and 
dampers, with a total human mass of 81.39 kg. The seven masses 
represent the following body segments: head (m1), back (m2), torso 
(m3), thorax (m4), diaphragm (m5), abdomen (m6) and pelvis (m7). 
The structure of Patil and Palanichamy the 7-DOF model is illu-
strated in Fig. 1 
 

 
Fig. 1 Schematic diagram of seated-human model 

 

The model parameters were obtained by comparing simulation 
results with the results of experimental tests on human subjects [6]. 
Biomechanical parameters of the model which were taken into 
account during calculations are listed in Table 1. 
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Table 1. Parameter values of the Patil and Palanichamy 7-DOF 
model 

 
Biomechanical parameters  

 
Mass (kg) Damping (kg/s) Stiffness (N/m) 

 
m1 = 5.55 c1 = 3651 k1 = 53640 
m2 = 6.94 c2 = 3651 k2 = 53640 
m3 = 33.33 c3 = 298 k3 = 8941 
m4 = 1.389 c4 = 298 k4 = 8941 
m5 = 0.4629  
m6 = 6.02 
m7 = 27.7  

c5 = 298  
c6 = 298  
c7 = 3651  
c8 = 378  

k5 = 8941  
k6 = 8941 
k7 = 53640  
k8 = 25500 

 

3. Estimation of biodynamic response characteris-
tics of human body 

There are two methods to solve system equations of motion; 
time domain and frequency domain. The system equations of mo-
tion for the model can be expressed in matrix form as follows: 

 
{ } { } { } { }fxKxCxM =++ ][][}[   

 
where: [M], [C] and [K] are mass, damping, and stiffness matrices, 
respectively; {f} is the force vector due to external excitation. For 
Patil and Palanichamy model the force vector is given as:  

 
{ } { }seatseat xkxcf 88,0,0,0,0,0,0 +=  . 

 
By taking the Fourier transformation of equation , the following 
matrix form of equation can be obtained: 
 

{ } { })(]][][][[)( 12 ωωωω jFCjMKjX −−−=  
 
Where, {X(jω)} and {F(jω))} are the  complex Fourier transforma-
tion vectors of {x} and {f}, respectively.  ω  is the excitation fre-
quency. 
Vector { })(),...,(),(),()( 321 ωωωωω jXjXjXjXjX n=  contains 
complex displacement responses of n mass segments as a function 
of  ω. )( ωjF  consists of complex excitation forces on the mass 

segments as a function of ω as well, and for Patil and Palanichamy 
model is given as: 
 

{ })()(,0,0,0()( 88 ωωω seatXcjkjF +=  

 
where )(ωseatX  is the amplitude of input displacement excitation [6]. 
The biodynamic of seated human subjects exposed to vertical vibra-
tion has been widely assessed in terms of the driving-point mechan-
ical impedance (DPMI) , apparent mass (APMS) and the seat-to-
head transmissibility (STHT). 
The DPMI relates the driving force and resulting velocity response 
at the driving point (the seat-buttocks interface), and is given by: 
 

)(
)()(

ω
ωω

jV
jFjZ =  

where, )( ωjZ  is the complex DPMI, )( ωjF  and )( ωjV  are the 
driving force and response velocity at the driving point. 
In a similar manner, the apparent mass response relates the driving 
force to the resulting acceleration response, and is given by: 
 

)(
)()(

ω
ωω

ja
jFjAPMS =  

where, ( )ωja  is the acceleration response at the driving point. The 
magnitude of APMS offers a simple physical interpretation as it is 
equal to the static mass of the human body supported by the seat at 
very low frequencies, when the human body resembles that of a 
rigid mass. 

The instantaneous power, TrP , transmitted to the human body 
during vibration can be calculated from the product of the force, F, 
and velocity, v, measured at the interface between the body and the 
vibrating surface. In this study, the velocity was obtained by inte-
grating the measured acceleration time history.  

The instantaneous power TrP transmitted to the body, consist-
ing of the product of force F(t) and velocity v(t), is: 

 
)()()()( tPtPtvtFP ElAbsTr +=⋅=  

 
)(tPAbs  is the absorbed part of the power, accounting for the 

energy necessary for keeping pace with the energy dissipated 
through structural damping. The elastic power )(tPEl is conti-
nuously delivered to and removed from the structure during each 
period of excitation and averages zero for each sinusoidal cycle of 
motion. Thus, the time averaged absorbed power < AbsP > equals 

the transmitted power, < TrP > i.e.  
 

)()( tvtFPP TrAbs ⋅==  
 
The power transmitted to the body can be calculated in the fre-

quency domain from the cross-spectrum between the force and the 
velocity [8 ,9,14]. 
The real part of the transmitted power represents the power ab-
sorbed by the body [11, 13]: 
 

{ })(Re fGP vFabs =  
 
where absP  is the absorbed power, { })(Re fGvF  is the real part of 
the cross-spectrum between the velocity and the force. The ab-
sorbed power spectrum, absP , has units of Nms-1Hz-1. 

The imaginary part of the transmitted power represents the 
power that enters and leaves the body (i.e., there is energy exchange 
between the body and the vibrating surface during each cycle of 
motion). 

The biological system with finite damping consumes the vibra-
tory energy by means of relative motions between the tissues, mus-
cles and skeletal systems, which is transformed into heat. It has 
been speculated that this dissipative component could be related to 
musculoskeletal disorders, while the restoring part relates to vibra-
tion comfort and perception [11]. 

The total power absorbed at each input interface was obtained 
by integrating the absorbed power spectra over the frequency range.  

Absorbed power has the advantage of allowing scalar summa-
tion: the overall power absorbed by the body can be found by add-
ing the absorbed power in each direction of excitation and at all 
interfaces between the body and vibrating surfaces.  

 

4. Vibration power absorption of tractor mower set 
operator 

The data used for identification power absorbed by the body 
was collected from a series experiments on the field in a typical 
operational condition driving scenario - fig.2. Agricultural combi-
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nation tractor – mover  have been worked at a different operating 
speed 0.74 ÷ 2,45 ms-1. 

 
Fig.2. Tractor mower set during field tests  

 

The International Standard ISO 2631 [4] presents guidelines for 
measurement and risk assessment of whole-body vibration (WBV).  
Accordingly measurement of WBV should be conducted in three 
orthogonal directions (x=fore-and-aft; y=lateral; z=vertical) on the 
surface transmitting vibration to the human body. 
According to ISO2631, the weighted value of acceleration  aw can 
be used to evaluate human riding comfort of man- agricultural 
combination system (ISO 2631-1,1997). 
The weighted r.m.s. acceleration shall be calculated in accordance 
with the following equation or its equivalents in the frequency 
domain:  

2
1

0

2 )(1








= ∫

T

ww dtta
T

a  

 
where: aw(t) is the weighted acceleration as a function of time, in 
metres per second squared (m/s2), T is the duration of the mea-
surement, in seconds. 
Vector sum of weighted values of acceleration can be obtained:  
 

2])[(2])(4,1[2])(4,1[)( zwaywaxwawekwa ++=  

 
During the tractro's operation a vibration level on driver seat have 
been measured.  

The amount of vibration energy absorbed and/or exchanged be-
tween the source and body may be a better measure of the physical 
stress on the body since it takes into consideration the interaction 
between the vibrating structure and the body. 
Excitation force at operator's pelvic have been presented in Fig.3. 
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Fig. 3. Example plot of the excitation force at pelvic during the 

work of the aggregate with working speeds 1.17 m/s 

 

The instantaneous power TrP transmitted to the pelvic, consisting 
of the product of force F(t) and velocity v(t) have been presented in 
Fig.4. 
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Fig.4. Example plot of the instantaneous power TrP transmitted to 
the pelvic during the work of the aggregate with working speeds 

1.17 m/s 

PSD of excitation force at the pelvic during the work of the aggre-
gate with various working speed have been presented in Fig.5. 

2 4 6 8 10 12 14 16 18 20

100

105

 f [Hz]

G
ff

 

 

0.74 m/s
2.13 m/s
1.17 m/s
2.45 m/s

 
Fig. 5. Patil and Palanichamy 7-DOF model, PSD of excitation 
force at the pelvic during the work of the aggregate with various 

working speed 
 

Patil and Palanichamy 7-DOF model absorbed power measured at 
the pelvis during the work of the aggregate with various working 
speed have been presented in Fig.6. 
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Fig. 6. Patil and Palanichamy 7-DOF model absorbed power 
measured at the pelvic during the work of the aggregate with vari-

ous working speed 
 

The weighted value of acceleration in vertical direction and the 
vibration energy absorbed by the body during the work of the trac-
tor mower set with various working speeds have been presented in 
Table 2.  
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Table 2. The weighted value of acceleration in vertical direction  
and the vibration energy absorbed by the body during the work of 
tractor mower set with various working speeds.  

No Tractor mow-
er set speed 

[ms-1] 

Weighted value 
of acceleration 

in vertical direc-
tion  
(aw)z 

Patil and Palanicha-
my  

7-DOF model  
Absorbed power by 
the body (pelvic) in 

vertical direction  
[W]  

     
1 0.74 0.39 29.4    
2 1.17 0.43 25.9     
3 2.13 0.47 35.0     
4 2.45 0.82 79.3    
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5. Conclusions 
The concept of absorbed power as a measure for evaluation of 

WBV exposure opens a new area for research. A useful way to 
compare this concept with other measures of vibration exposure in  
relation to health effects would be to conduct epidemiological 
studies on different categories of professional drivers. 

Structural model of human operator allows to determine the dy-
namic characteristics of the model and to study the energy flow 
between the elements of the model based on the real exciting forces 
from experimental research in field condition. 

During the field test of the agricultural unit, it was found that 
the whole body vibration is about 2  times higher, in vertical direc-
tion, when working at a speed of 2.45 ms-1 than for the speed of  
0.74 ms-1. The vibration energy absorbed by the operators body is 
also increased by increasing the driving speed of the agricultural 
combination.  

The energy absorbed by the operator can as can become in the 
future an indicator of vibration level acceptable in the place of 
human work.  
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