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T R A C T O R  R I D E  V I B R A T I O N - - A  R E V I E W  

N I R A N J A N  P R A S A D * ,  V. K. T E W A R I *  and R A J V I R  Y A D A V *  

Summary--All human occupants vibrate to some degree in any moving vehicle, whether it is a 
car, truck, train, aeroplane or boat. The reviews on the effect of vibration on human health 
have shown serious evidence of operator ill health that may be attributed to tractor drivers. 
The frequency range of 2-6 Hz has been observed to be the most harmful for the human 
operator because resonance occurs within this frequency range. Considerable effort has been 
made to establish the optimum design parameters for tractor seats. Further reductions in the 
level of ride vibrations experienced by tractor operators appear to be necessary and some 
possible methods of achieving significant improvements have been outlined. These methods 
have led to the evolution of several seat suspension systems and emphasise the use of the 
principles of ergonomics in the operator's seat design. In this paper, a review of the work 
done in this area, particularly with respect to tractor operators, is presented and discussed. 

I N T R O D U C T I O N  

Vib ra t i on  occurs  in all mov ing  bod ies  and  t rac tors  a re  no excep t ion .  It resul ts  f rom 
the in t e rac t ion  of  the  vehic le  with the  rough  te r ra in  and  f rom the vehic le ' s  p o w e r  
source .  The  level  of  r ide  v ib ra t ion  on  t rac tors  dur ing  n o r m a l  o p e r a t i o n  is f r equen t ly  
in excess  of  i n t e rna t iona l ly  accep t ed  levels  [1]. A cons ide rab l e  a m o u n t  of  t ime and 
ene rgy  is spen t  in min imiz ing  this v ib ra t ion  p r o b l e m .  S u s p e n d e d  seats  f i t ted  to most  
t r ac to rs  r educe  the  ver t ica l  c o m p o n e n t  of  v ib ra t ion ,  bu t  the  levels  are  still undes i r ab ly  
high and  the re  is l i t t le  po t en t i a l  for  fu r the r  i m p r o v e m e n t  using this t echnique ,  A 
fu r the r  r educ t ion  in the  v ib ra t ion  level  m a y  be o b t a i n e d  by in t roduc ing  wheel  
suspens ion ,  bu t  it m a k e s  the  sys tem c o m p l i c a t e d  and cost ly.  Cab  suspens ion  is 
a n o t h e r  m e t h o d  of  r educ ing  r ide  v ib ra t ion  which is a lmos t  as expens ive  as whee l  
suspens ion ,  a l though  useful.  T h e  ob jec t ive  of  this rev iew is to col lect  i n fo rma t ion  
r ega rd ing  t r ac to r  v ib ra t ion  and r e sea rch  work  done  to da te  to r educe  it at the 
o p e r a t o r ' s  level .  

T Y P E S  O F  T R A C T O R  V I B R A T I O N  

Vib ra t i ons  p r imar i ly  are  of  two types:  s inusoida l  and  r a n d o m  [2]. S inusoida l  
v ib ra t ion  is r egu la r  in na tu re  and p red i c t ab l e .  R a n d o m  v ib ra t ion  is i r regu la r  and 
unp red i c t ab l e .  The  mechan ica l  v ib ra t ions  tha t  affect  the  h u m a n  body  can be g r o u p e d  
into two d i rec t iona l  v ib ra t ions ,  i .e .  r ec t i l inea r  and  ro t a t i ona l  (or  angular ) .  

The  rec t i l inea r  v ib ra t ions  (ver t ica l ,  l ong i tud ina l  and  t r ansverse )  a re  t r ansmi t t ed  to 
the  h u m a n  body  a long  a p p r o p r i a t e  d i rec t ions  in an o r t h o g o n a l  c oo rd ina t e  sys tem,  the  
or ig in  of  which co inc ides  with the  loca t ion  of  the  hea r t  (Fig.  1.). A c c o r d i n g l y ,  th ree  
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Fig. 1. Directions of basicentric coordinate system for mechanical vibrations influencing the human body [1]. 

components of vibrations, az, ax and ay, are considered. Accelerations in the foot or 
buttocks to the head along a vertical axis are designated as az; accelerations in the 
fore and aft (chest to back) axis as ax; and in the lateral (right to left side) axis as ay 
[11. 

Studies by Janeway [3] show that the predominant vibrational motion of a 
wheel-tractor is vertical and that the operator  is most sensitive to this vibration. The 
effect of longitudinal and transverse modes depends on the type of task being 
performed by the tractor [4]. 

The angular vibration that affects the human body can be resolved into yaw, pitch 
and roll (Fig. 1). The rotational mode of vibration does not usually cause much 
discomfort [5]. However ,  in some instances, such as tractors going over rough terrain, 
the pitching or rolling motions of the seat may be more disturbing than rectilinear 
vibrations. 

EFFECTS OF V I B R A T I O N  

Physiological effect 
The seat plays an important role in improving the man-machine  interface in the 

tractor system. The main reason for physiological damage is the transmission of 
excessively large forces to the body. (It has been recognized that pressure is one of 
the major causes of skin ulcers.) Pressure exerted over a long period of time can cut 
off blood supply to the tissue and cause mechanical damage. A good cushion on the 
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seat pan distributes the pressure more uniformly over the skin area. Thus it decreases 
the incidence of ulcers and lengthens the tolerable time period in a given body 
position [6]. 

In sitting for extended time periods, individuals can relieve stresses that are 
potentially damaging to their tissues by periodic shifting of position. The common 
regions of pressure-induced damage are the tissues near the ischial tuberosites and 
sacrum region where high stresses are sustained by the tissue during sitting. 

There is an inverse relationship between the tolerable pressure limits and the 
duration of such pressure. The t ime-pressure  relationship depends on many other 
factors, such as the general health of the subject, his or her diet, skin cleanliness, etc. 
It is also known that skin and tissue can tolerate much higher cyclic pressure than 
constant pressure. 

The stress analysis of a seated buttock is a complex contact problem involving large 
deformation and non-linear material properties. Chow [7] made the first systematic 
study of the but tock-cushion interaction problem. An axisymmetric experimental 
model of a buttock made of a PVC gel was used to conduct studies on various 
surfaces. The PVC gel material was cast into a hemisphere around a wooden core and 
embedded with lead pellets and rods so that the strains in the model could be 
measured experimentally from X-ray photographs before and after seating on various 
surfaces. Assuming a linear infinitesimal strain theory, Chow [7] calculated strain 
distributions in the gel and particularly examined how interface shear strain was 
influenced by the mechanical properties of the seat cushion and its covering material. 

Chow and Odell [6] extended the work by devising an axisymmetric finite element 
model of a buttock with which normal and shear stress distributions could be 
calculated throughout as functions of prescribed load or displacement conditions for 
surface nodes. They investigated stresses and strains in the model when supported by 
water, by mercury, by a flat, frictionless and rigid surface, by a modified cosine 
pressure distribution, and by a foam cushion, with and without interface friction. 
Attempts were not made in this work to evaluate the range of cushion materials in 
terms of stress and strain distributions arising in the buttock or to take account of the 
material properties of the gel which were known to be non-linear. 

In spite of the above theoretical and experimental investigations of the problem, 
there continues to be a need for a practical method whereby an objective judgement 
can be made as to the relative performance of tractor seat pan and back rest cushion 
materials with respect to reducing tissue stresses and stress gradients. It is therefore 
desirable to have a relatively simple model that can be used to assess the relative 
performances of cushion, seat pan and back rest profiles in terms of the stress pattern 
during seated conditions. 

Several researchers have measured the pressures at the human-sea t  interface 
[8-10]. However,  the visco-elastic behaviour at the interface is completely altered by 
the sensors used. Furthermore,  many of these sensors cannot be used under dynamic 
loading conditions. 

Glance [11] developed a finite element model of the seat pan and foam cushion. 
Solid elements were utilized to represent the three-dimensional contour of the 
occupant sitting in the seat. The same analysis technique was utilized to represent 
pressure contours of the seat back. Pressure distributions derived from experimentally 
measured comfort  levels were utilized as a guide to arrive at the desired computer- 
generated theoretical pressure distribution. 



208 N. Prasad et al. 

Health effect of  whole body vibrations 
A number of subjective studies concerning the health and safety of highway and 

off-highway vehicle drivers have concluded that prolonged exposure to low-frequency, 
large-amplitude and whole-body vibrations either aggravates or causes degenerative 
physical symptoms and degrades the driver's response to certain stimuli (which may 
affect the driver health and safety). Probably the most comprehensive survey of the 
health effects of tractor driving is that by Rossegger and Rossegger [12] which covers 
a sample of 371 tractor drivers, extended over a number of years and includes a 
record of the subject's professional and medical history, initial and subsequent 
medical examination with X-ray, blood pressure, pulse frequency and other tests. 
Two forms of health problems are clearly demonstrated to result from long periods of 
tractor operation: stomach complaints and disorders of the spine. 

Dupuis and Christ [13] found that, over a period of five years, the percentage of 
tractor drivers with spinal deformations increased from 72.5 to 78.9%. They also 
found a marked increase in the severity of the abnormalities over the same period 
whereby the percentage of people with definite abnormalities increased from 50.2 to 
68.7%, and the limited abnormalities decreased from 22.3 to 10.2%. This indicates 
that prolonged exposure greatly increases the risk of spinal abnormalities. Drivers 
of vehicles subjected to low-frequency bounce vibrations risk developing motion 
sickness [14]. 

Performance effects of vibration 
Tractor drivers experience discomfort when exposed to excessive low-frequency 

vibration during many farming tasks. This results in impaired performance of tractor 
drivers, leading to under-utilization of the available power of the tractor [15]. 
Matthews [16] also investigated the effect of acceleration levels (in the range of 
0.0-0.35 g at 2.5 and 3.5 Hz) on compensatory tracking, ability to maintain constant 
foot pressure and deterioration of visual acuity. Performing tasks that require 
steadiness or precision of muscular control is likely to show decrement from vibration. 
Yet tasks that primarily measure central neural processes, such as reaction time, 
monitoring and pattern recognition, appear to be resistant to degradation during 
vibration. In fact, Poulton [17] points out that vibration between 3.5 and 6.0 Hz can 
have an alerting effect on subjects engaged in boring vigilance tasks. Within this 
range, tensing the trunk muscles attenuates the amplitude of shoulder vibration. 
Tensing the muscles is a good method for maintaining alertness. Outside of the 
3.5-6.0 Hz range the subject can attenuate shoulder vibration more by relaxing the 
trunk muscles. 

SUBJECTIVE RESPONSE TO WHOLE BODY VIBRATION 

The subjective response most often assessed in vibration studies is comfort. 
Comfort, of course, is a state of feeling and so depends in part on the subject 
experiencing the situation, defined as 'not having discomfort'. Generally, feelings 
quantified as uncomfortable, annoying, very uncomfortable, or alarming are used in 
almost all studies. Investigators [18-21] have also tried to link the physical character- 
istics of vibration, most notably frequency and acceleration, to the subjective 
evaluations of comfort. Their studies usually result in equal comfort contours (Fig. 2) 
for combinations of frequency and acceleration. The resulting contours differ widely 
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Fig. 2. Equal sensation contours produced in the laboratory by different investigators. 

from study to study [22]. This discrepancy is due to different methodologies, subject 
populations, vibration environments and semantic comfort descriptors. It appears that 
individuals react in markedly different ways to whole-body vibration, and it is difficult 
to determine the causes of these differences [23]. An individual's response to 
vibration can be quite stable over a period of time [24]. This issue of individual 
differences in response to vibration provides a challenge for researchers and designers 
alike. Oborne et al. [23], for example, determined equal sensation contours for 100 
subjects. They found that 70% of the subjects did respond in the same way as 
depicted by the average contour. 

The research on ride comfort (or discomfort) has been conducted at the NASA 
Langley Research Centre, with over 2000 test subjects [25]. To avoid semantic 
confusion, NASA developed a ratio scale of discomfort, measured in DISC units. The 
scale is anchored (1 DISC) at the discomfort threshold (i.e. where 50% of the 
passengers feel uncomfortable).  A vibration rated 2 DISC is considered twice as 
uncomfortable as a vibration rated 1 DISC. The percentage of people feeling 
uncomfortable rises rapidly with each unit of DISC. 

Leatherwood et al. [25] point out that the NASA model is useful for estimating the 
average level of discomfort experienced by a group of passengers in a combined noise 
and vibration environment and not for predicting the discomfort of an individual 
passenger. 

It is not easy to identify the bodily sensations that form the basis for comfort or 
discomfort judgments. Whitham and Griffin [26] indicated which specific body 
locations were uncomfortable at various vibration frequencies (acceleration was held 
constant at 1.0 m/s 2 rms). In general, most responses of seated subjects indicated pain 
in the lower abdomen at 2 Hz, moving up the body at 4 and 8 Hz, with most 
responses indicating the head region at 16 Hz. At 32 Hz the responses were divided 
between the head and the lower abdomen,  while at 64 Hz they were mostly located 
near the principal vibration input site. 
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VIBRATION EVALUATION 

There are four physical factors of primary importance in determining the human 
response to vibration, namely, the intensity, the frequency, the direction and the 
duration (exposure time) of the vibration. 

The intensity of vibration is generally described by acceleration, which is normally 
expressed in terms of metres per second squared (m/s2). The magnitude of vibration, 
that is, acceleration, is expressed as a root mean square (rms) value. When the peak 
values are measured, these are converted as appropriate to rms values before 
comparing with the limits given in ISO 2631 [1]. 

In the practical evaluation of any vibration of which a physical description can be 
given in terms of those factors, three main human criteria can be distinguished. These 
are given as: 

(i) the preservation of working efficiency (fatigue-decreased proficiency boundary), 
(ii) the preservation of health or safety (exposure limit), and 

(iii) the preservation of comfort (reduced comfort boundary). 

Fatigue-decreased proficiency 
The fatigue-decreased proficiency (fdp) is a function of exposure time and fre- 

quency. Figure 3 shows the vertical acceleration limits and Fig. 4 shows the 
longitudinal and transverse limits, respectively, as a function of frequency and 
response times from 1 min to 25 h. The boundary specifies a limit beyond which 
exposure to vibration can be regarded as carrying a significant risk of impairing 
working efficiency in many kinds of tasks, particularly those in which time-dependent 
effects (fatigue) are known to worsen performance. It should be noted that for man, 
the most sensitive frequency ranges are 4-8 Hz for vertical (Fig. 3) and below 2 Hz 
for longitudinal and transverse vibrations (Fig. 4), and that human tolerance for 
vibration decreases with increased exposure time. It is evident on comparing Figs 3 
and 4 that the tolerance for transverse vibration is lower than that for longitudinal 
vibration at very low frequencies, and that the reverse is true for higher frequencies. 

Exposure limit 
The exposure limit as a function of frequency and exposure time is of the same 

general form as the fatigue-decreased proficiency boundary, but the corresponding 
levels are raised by a factor of two (6 dB higher). In other words, maximum safe 
exposure is determined for any condition of frequency, duration and direction by 
doubling the values allowed according to the criterion of fatigue-decreased proficiency 
(Figs 3 and 4). Exceeding the exposure limit is not recommended without special 
justification and precautions, even if no task is to be performed by the exposed 
individual. 

Reduced comfort boundary 
The reduced comfort boundary (which is derived from various studies conducted in 

the transport industry) is assumed to lie at approximately one-third of the correspond- 
ing levels of the fatigue-decreased proficiency boundary in ISO 2631. Moreover, it is 
assumed to follow the similar functional relationship with time and frequency. Values 
for the reduced comfort boundary are thus obtained from the corresponding values of 
the fatigue-decreased proficiency boundary by a reduction of 10 dB (Figs 3 and 4). In 
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Fig. 3. Vertical (as) acceleration limits as a function of frequency and exposure time: fatigue-decreased 
proficiency boundary [1]. 

the transport situation the reduced comfort boundary is related to difficulties of 
carrying out such operations as eating, reading and writing. 

PREDICTION OF T R A C T O R  RIDE VIBRATION 

Several studies have simulated the ride vibration characteristics of unsuspended 
tractors. However,  in very few cases simulations have been tested against measured 
results. Dale [27] has described a linear frequency domain simulation based on a rigid 
body tractor with a pivoted front axle and linear tyre characteristics. Vibration 
predictions made for one particular tractor using this model were similar to the 
vibration measured on that tractor. Crolla et al. [28] showed that root mean square 
(rms) accelerations in excess of 40% are not unusual, and that, for some tractors, 
trends in the predicted rms levels with changing vehicle speed are quite different from 
those which occur in practice. 

It is widely accepted that poor tyre description is the main source of error in the 
vibration prediction [4, 29-31] .  The tyre model used by Dale [27] and most other 
researchers describes each tyre as three mutually perpendicular Voigt -Kelv in  units 
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(linear spring and viscous damper in parallel) joining the tractor to the ground in 
the vertical (or radial), longitudinal (or tangential) and lateral (or axial) directions 
(Fig. 5). Until recently there has been almost no reliable information available 
concerning the suspension characteristics of rolling agricultural tyres. Much of the 
published simulation work has relied on the measured characteristics of stationary 
tyres, although these were known to differ from those of rolling tyres. 

Measurements of the radial suspension characteristics of rolling agricultural tractor 
tyres have been made recently by Kising and Gohlich [32], and Lines and Murphy 
[33]. These measurements have indicated that for most purposes, a Voigt-Kelvin 
element is a suitable representation of the radial characteristics of agricultural tyres. 
However, it seems unlikely that this simple concept is valid for the lateral and 
longitudinal characteristics. Lines [34] has shown that a more appropriate description 
of these horizontal characteristics of rolling tyres might be obtained using a spring and 
viscous damper in series. This concept has been used by Crolla et al. [27] to produce 
a substantial improvement in the accuracy of ride vibration prediction (Fig. 6). Lines 
and Peachey [35] modelled a single degree of freedom system consisting of a tyre 

Fig. 4. Transverse (a~, a~) acceleration limits as a function of frequency and exposure time: fatigue- 
decreased proficiency boundary [l]. 
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Fig. 5. Tyre model consisting of Voigt-Kelvin units (linear spring and damper in parallel). 
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Fig. 6. Tyre model consisting of spring and damper in series. 

rolling over a rough profile while supporting a mass using tyre data obtained from 
rolling tyres. All the measures of simulation accuracy which have been applied show 
improvement using these data. Most noticeable is the prediction of mode frequency, 
where errors were less than 3%. The rms acceleration level was reliably predicted to 
better than 30% and, in half of the cases examined, to be better than 10%. 

Later, Lines et al. [36] modelled the vertical and pitch vibration of a four-wheel 
agricultural tractor. The accuracy of this model was assessed by comparison with 
measurements of tractor vibration. Improvements in modelling accuracy were ob- 
tained by the use of radial tyre suspension characteristics measured on rolling tyres 
rather than those obtained from stationary tyres. They stressed the need for 
longitudinal characteristic measurements for reliable prediction of levels of vibration. 

Lines and Peachey [35] modelled a simple one-wheel vehicle (Fig. 7) as it rolled 
over a rough surface using the suspension characteristics of rolling agricultural tyres. 
The comparison with vibrations measured on such a vehicle showed that the natural 
frequencies of vibration were consistently predicted to within +3% and that the rms 
acceleration levels were predicted to within +30% with a 0.97 probability. Predictions 
made using the suspension characteristics of rolling tyres are more accurate than those 
made using stationary tyre characteristics. The greatest limitation on the accuracy of 
the model is the error in the definition of the profile of the rough surface. 
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Fi l te red  prof i le 

Fig. 7. Schematic model of the vibrating wheel carriage. 

IMPROVING OPERATOR COMFORT 

Conventional agricultural tractors are not equipped with special suspension systems 
between the axles and the chassis. Some amount of suspension between the road 
excitation and the tractor is provided by the tractor tyres and the reaction of the 
vibration behaviour of the tractor itself. Because of the low damping rate of the tyres, 
resonance occurs when the tractor is excited by the other frequencies in the range of 
its natural frequency. Based on this fact, the tractor has to be considered as an 
underdamped vibration system. Usually it is equipped with either suspended seats or 
suspended cabs to improve operator comfort. 

Suspended seat 
Suspension type seats are usually fitted to high speed rubber tyred agricultural 

machines. Suspension seats are cushion-mounted to a resilient spring, damper and 
linkage mechanism called the seat suspension. The purpose of the suspension is to 
reduce the level of machine vibrations transmitted to the operator, especially in the 
low-frequency range (2-6 Hz). 

Seat suspension model 
Several seat suspension models have been developed by various researchers. Verma 

[36] developed a two degrees of freedom system model for the seat-operator system 
in which he used a spring and damper for suspension and two masses, one spring and 
one damper for the operator (Fig. 8). In the operator model, the pelvis mass was 
lumped with the seat mass to yield a total mass of ml. The thorax plus head masses 
(m2) were lumped together and connected with the pelvis mass by a spring and 
damper, which were analogous to spine stiffness and muscle damping, respectively. 
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Fig. 8. Mechanical model of seat with the operator as a single degree damped spring mass system. 
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The ratio between thorax plus head and pelvis masses was considered to be 5:4. The 
cushion parameters were omitted in the model. 

Gouw et al. [37] modelled suspension seats as a two degrees of freedom system 
(Fig. 9). Incorporating the driver mass on the seat (m0), cushion characteristics 
(spring constant Kc and damping coefficient Co), suspension mass ms, suspension 
spring rate Ks, damping coefficient of shock absorber Cs, forces due to Coulomb 
friction Ff and elastic limit stops Fs (due to spring rate Kst ). The contribution of 
driver mass to the seat was represented by inert mass equal to ~- of the total driver 
mass. 

Shankar and Afonso [38] studied the concept of a lateral seat suspension (Fig. 10) 
as a means of improving the ride comfort in off-road vehicles. The ride performance 
of such a suspension was investigated through computer modelling and simulation. A 
computer parametric study showed that a lateral seat suspension with a dynamic 
vibration absorber can significantly improve ride comfort by 75% and reduce peak 
relative displacement by 7%. 

Rakheja and Shanker [39] developed a combined seat isolator for bounce, pitch and 
roll accelerations (Fig. 11). This isolator showed excellent attenuation of tractor 
vibration with satisfactory relative motion responses. However, the seat height was 
increased due to the additional frames for lateral suspension, which necessitated 
modification in the design of the controls around the operator. 

Active seat suspension is another development to improve the sitting comfort of the 
tractor operator. Stikeleather and Suggs [40] have developed such a system, which 
consists of a vibration-sensing vibrometer, phase compensating network, power 
amplifier, feedback system, servo valve, hydraulic power supply and a linear actuator 
to drive the seat up and down which makes it possible to maintain the seat location 
constant irrespective of the vertical motion of the chassis. Performance of the active 
suspension system can definitely be justified, however, for many applications, 
economic justification may be difficult because of the cost of good servo-valves. 

Suspended cab 
Numerous cab suspensions have been developed for highway vehicles over the past 

decade, namely Ford's CL-9000, Easy Rider-I, Easy Rider-II, etc. Easy Rider-l, a 
completely pneumatic cab suspension for highway tractor-trailer vehicles, provides 
low and variable natural frequency along with static position compensation [41]. 

! mo I Kc/ 

I 1 

Fig. 9. Two degrees of  f reedom model  of  a suspension seat. 
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Crosby and Allen [42] presented the highway vehicle cab analysis associated with the 
centre of gravity of cab geometry and the ratio of sprung to unsprung mass. The 
analysis showed that such factors influence the ride significantly. 

Although exhaustive efforts have been made to develop effective cab suspension for 
highway vehicles, only limited studies have been conducted to develop cab suspen- 
sions for off-road vehicles. A scale model for a one degree of freedom tractor had 
been simulated by Suggs and Huang [43]. The suspension system consisted of two 
torsion springs and the natural frequency was observed to be 2.5 Hz. The scaled 
model offered improved ride at high frequencies alone. Hilton and Moran [44] 
conducted experiments on tractor cab suspension with natural frequencies of 0.8 and 
1 Hz in bounce mode, 0.6, 0.85 and 1.2 Hz in pitch mode, and 0.5 Hz in roll mode. 
They found that bounce, pitch and roll vibrations could be effectively attenuated with 
natural suspension frequencies of 0.8, 0.6 and 0.5 Hz, respectively. Using computer 
models for a linear four degrees of freedom agricultural tractor cab, performance 
characteristics of cab suspension have been evaluated for passive, active and semi- 
active suspension elements [45]. Rakheja and Shanker [46] developed a five degrees 
of freedom cab suspension model selecting optimal suspension parameters to mini- 
mize roll and lateral vibrations of the tractor. A bounce suspension seat mounted on 
a sprung cab was modelled (Fig. 12) and the corresponding ride performance was 
assessed with regard to ISO proposed fatigue decreased proficiency limits. They found 
that a sprung cab can provide an excellent ride in the longitudinal and pitch modes. 
Moreover, the cab suspension was capable of isolating the driver not only from 
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terrain-induced vibrations but also from forces introduced due to implement loads. 
The lateral ride of the tractor improved significantly by lowering the c.g. of the cab. 

The need for suspended cabs requires changes in tractor design which will 
ultimately lead to increased cost, which renders it unfeasible for developing countries. 

CONCLUDING REMARKS 
The review on the effect of vibration has shown serious evidence of ill health and 

impaired performance ability of tractor drivers leading to an under-utilization of 
available power from the tractor. The frequency range of 2-6 Hz is the most harmful. 
Therefore, the vibration level at the operator's seat needs to be attenuated within 
acceptable limits in this frequency range. There continues to be the need for a 
practical method to judge objectively the relative performance of tractor seat pan and 
back-rest cushion materials with respect to reducing tissue stresses and stress 
gradients. Therefore, a simple model is needed to assess the relative performance of 
cushion, seat pan and back-rest profiles. Considerable efforts have been made to 
develop an optimum design for tractor seats for European and American operators. 
However, no such systematic effort is available for Asian subjects and hence there is 
a need for more study. Further reductions in the level of ride vibrations experienced 
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by tractor operators appear to be necessary and some possible methods of achieving 
significant improvements have been outlined, while effective methods of transverse 
vibration reduction may well emerge from subsequent research. 

The attenuation of ride vibration to a considerable extent could by achieved by 
employing an appropriate seat suspension system, but the adequate attenuation of 
low-frequency vibration is not possible to achieve by seat suspension only. Extensive 
research is needed on suspended cab designs, which are very expensive but can 
provide an excellent ride in the longitudinal and pitch modes. 
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