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Gör det du kan, med det du har, där du är  

Theodore Roosevelt 
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Abstract

There is a growing interest in the topic areas of increased vibration comfort and reduced 

vibration levels in work vehicles. Legislation, health costs and demands for increased 

competitiveness are all important motivating factors in this growing interest. This 

Doctoral thesis, based on four papers, is about whole body vibration and focuses on 

subject responses to transient vibrations attributable to vibration discomfort.

Paper I focuses on developing a model that predicts subjective response from overall 

discomfort and perceived motion during forklift operation. The first objective of the 

study was to find the effect of various driving conditions on perceived motion and 

measured vibration. The second objective was to analyze the frequency dependence for 

each degree of freedom for subjective responses. Tall drivers perceived reduced motion 

more than did short drivers. In the case of individual results, the relationship between 

maximum transient vibration value based on the z-direction on the seat and pitch 

vibrations, and judgments of perceived motion were r=0.63. A perception model based on 

vibration accelerations in 1/3-octave bands of pitch vibrations and the background 

variable “body length” gave the best result (r=0.68).  

Paper II focuses on evaluating the effect of two seat designs in reducing the subjective 

response from transient vibrations during forklift operations. The seat designs were 

compared in an experiment based on variations in sitting posture, speed and type of 

obstacle. The comparison was done by means of assessment of discomfort and perceived 

motion, and vibration measurement. Results showed that a sliding seat is superior in 

attenuating vibrations that contain transient vibration in a horizontal direction. The 

sliding seat was perceived to give less overall discomfort and low back discomfort 

compared to a fixed seat. 

Paper III investigates vibration discomfort in a sports utility vehicle (SUV). Sought was 

to evaluate if and how a vibration exposure and a pause affect perceived vibration 

discomfort when exposed to a transient vibration. The vibration exposure of slightly 

uncomfortable vibration levels during 45 minutes did have a significant effect on the 

assessed vibration discomfort. The head vibrations were of major importance in 

predicting the vibration discomfort.

In Paper IV a methodology to reduce the effect of Whole-Body Vibrations (WBV) on 

subjects during simulated forklift operations was studied. Two experiments were 

performed: computer modelling of a forklift and platform simulation. The methodology 

to reduce the effect from WBV was validated and found to give significant improvements 

of vibration discomfort.

The papers demonstrate that it is possible to develop interventions that reduce perceptions 

of vibration discomfort. Design strategies such as changes in seat and cab suspension 

design and an improved understanding of operating condition assessment were identified 

as being effective in the amelioration of the effect of vibration on operators.   

Keywords: Whole Body Vibrations, transients, discomfort, seat vibrations, head vibrations, back vibrations, 

floor vibrations, evaluation methods, platform simulations  
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CHAPTER 1 Introduction

Millions of people are exposed every day to mechanically induced vibrations in their 

places of work, i.e. whole body vibrations (WBV) and segmental vibration, i.e. hand-arm 

vibrations (HAV). Whole body vibrations and hand-arm vibrations are well described by 

Griffin
1
 and measurement of whole body vibrations with comfort prediction is outlined in 

ISO 2631-1
2
. WBV and segmental vibrations occur when the human body is in contact 

with vibrating surfaces i.e. a driving seat, a seat back-rest or a floor, and segmental or 

hand-arm vibration (HAV) occurs when using different hand-held power tools.  

The focus of this thesis concerns WBV in vehicles, mainly caused by engine vibrations, 

road/surface irregularities and, in some cases, from loading operations, and its effect on 

humans.

Mechanical vibrations can be harmonic, random or transient and are characterized as a 

vector quantity and thus consists of both intensity or magnitude and a direction in three 

different points (feet, seat and back). Each point consists of six directions; three 

translations often called x-, y- and z-directions (mutually perpendicular) and three 

rotations called roll, pitch and yaw. 

The effect of whole body vibrations 

Reviews of injuries and other adverse effects of occupational exposures to whole-body 

vibration were performed by Kjellberg et al.
3
 and Griffin

1
.

The subjective response from whole body vibrations is dependent on the frequency, 

intensity and duration of the vibrations. The indication of human sensitivity to vibration 

frequencies in each vibration point and direction are defined in the frequency range of 

0.1-100 Hz and shown by frequency weighting curves in ISO2631-1
2
 (point 6.4, Figures 

2 and 3). For example, the highest sensitivity is in the range of 3-12 Hz for seat vibrations 

in the vertical direction, 0.5-2 Hz for seat vibrations in the for-aft direction, and 0.5-1 Hz 

for pitch seat vibrations.

In many vehicles the strength of whole body vibrations often exceeds the perception 

limit that means that the senses, e.g. receptors, sight and the sense of balance are 

activated. The brain receives a great amount of information from the senses and receptors 

that need to be managed and interpreted. Monotonous vibrations of low frequency have 

been shown to be tiring but vibrations containing transients could be activating and cause 

stress. Consequently, there is both a physiological and psychological effect, more or less 

affected by the amount of information flowing to the brain. These effects are described in 

ISO 2631-1 (1997) as health risks, comfort and perception factors, and motion sickness.  
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Health risks

The physiological and psychological health risks from whole body vibrations on humans 

may be classified as acute or chronic.

The various categories of physiological effects from vibrations are: 1) cardiovascular 

(heart rate, blood pressure, etc.), 2) respiratory (e.g. increased ventilation and oxygen 

consumption), 3) endocrine and metabolic (e.g. increased body temperature), 4) motor 

processes (effect on muscle and tendon function, etc.), 5) sensory processes (e.g. illusions 

of moment and disorders of balance), 6) central nervous system (rhythmic changes in the 

EEG), and 7) skeletal (i.e. chronic effects such as degeneration and acute effects such as 

fracture)
1
.

Studies have shown that several of the categories of physiological effects from 

vibrations occur at the same time, e.g. increased heart rate at moderate vibration exposure 

correlated with increased frequency of breathing, lung ventilation and increased oxygen 

consumption
4, 5

. Other major medical effects of chronic WBV exposure are spontaneous 

abortions and related gynaecological problems in females
6
. A critical review of 

epidemiological literature (several articles published between 1992 and 1999) on whole 

body vibration and low back pain show that occupationally related whole body vibration 

is a cause of low back pain
7
. The picture of the relationship between low back disorders 

and WBV is obscured by the effect of heavy lifting; frequent twisting movements or 

static working postures for long durations. Improving seat and tyre properties can reduce 

the incidence of back pain
8
.

The hazards from WBV are probably underreported in occupational health statistics 

since not every physician is trained in the diagnosis vibration-related diseases. Therefore, 

diagnoses of illness may be inaccurately attributed to any number of acute or chronic 

diseases not commonly associated with vibration.  

The health risks from whole body vibrations is one reason for a growing interest on the 

part of vehicle designers and employers, for reducing the effects of whole body vibrations 

(i.e. vibration exposure and discomfort). Interest has also increased due to legislation (the 

Physical Agents Vibration Directive
9
) and the desire for increased working capacity and 

competitiveness (e.g. increased quality of work environments leading to lower 

discomfort, enhanced productivity and/or fewer health risks).  

Health risks are, in general, affected by vibration magnitude, frequencies and the 

duration of the vibration exposure. The recommended evaluation of health risks is based 

on guidance found in ISO 2631-1 (1997). The ISO vibration standard rather than regional 

or national standards is used in this thesis, as ISO is more and more becoming the 

reference for other standards or used to prepare those standards. This is not to 

deemphasize the importance of related materials. For example, Bovenzi et al.
10

 suggested 

a limit of daily vibration exposure which is equal to one limit described in the Physical 

Agents (Vibration) Directive
9
.

Vehicle drivers are not only exposed to periodic vibration but also occasional transient 

vibrations that could arise from external events such as driving over obstacles, potholes 

or due to stop-end impact of suspensions resulting in momentarily high vibration levels. 

It was postulated that exposure to vibrations with transient motion compared with 

periodic vibration is more hazardous to the health, particularly that of the spine
1, 11

. B. 

Rehn
12

 studied musculoskeletal disorders among professional drivers of forest machines, 
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snow grooming equipment and snowmobiles exposed to horizontally directed WBV and 

considerable shocks. It was found that musculoskeletal symptoms and disorders in the 

neck and upper extremities may have been due to long-term exposure to shock-type and 

horizontally oriented WBV while seated. 

In general, there are some categorized preventative measures and advice that can be 

used to prevent and reduce the effects of WBV, e.g. administrative, technical and medical 

preventative measures. Increased awareness of the hazard on the part of exposed 

individuals and manufacturers of vibrating machines and vehicles might be 

administrative, technical or medical in nature. Examples of preventative measures from 

the Handbook of Human Vibration (Griffin 1990) are:

• warnings of possible adverse effects;  

• training on the proper use of equipment;  

• reporting and monitoring of vibration measurements;  

• use of vehicles, machines or road surfaces which gives lowest magnitude;  

• periodic medical screening of exposed workers;  

• use of good, comfortable postures;  

• use of seats with effective vibration attenuation;

• maintained and properly adjusted machines and vehicles; and 

• machines and vehicles designed to reduce WBV. 

A health surveillance
13

protocol for whole-body vibration was developed by a working 

group of partners funded through a European Community Network (BIOMED2 concerted 

action BMH4-CT98-3251: Research network on detection and prevention of injuries due 

to occupational vibration exposures). The aim was to develop a tool that: 

• assesses worker health status prior to, during and after vibration exposure; 

• causes earlier diagnoses of vibration-induced disorders;  

• informs workers about potential risks associated with vibration exposure; 

• give prevent ion advice for employers and employees; and 

• offers vibration prevention and control strategies. 

It was felt that if the recommendations were followed then vibration-related work place 

problems would decrease. 

Comfort and perception  

Comfort is a complex definition that contains both physiological and psychological 

components; this includes the subjective feeling of well being with the absence of 

discomfort, stress and pain
1
. Comfort not only consists of the absence of negative effects; 

it is also the experience of positive aspects of comfort. Therefore, comfort includes a 

form of evaluation, i.e. “it feels well” and has as its opposite, negative sensations. When 

studying the subjective feeling of vibration alone, the term "vibration discomfort" is 

preferred
1
.

From interviews of vehicle operators it’s obvious that ride comfort is dependent not only 

on the magnitude but also on the occurrence of occasional shocks or transients. When 

measuring the extent of vibration discomfort, different types of questionnaires with scales 

are used to quantify the extent of discomfort, intensity, disturbance or trouble. The most 

appropriate procedures for assessment of seating discomfort have been reviewed by 
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Mehta & Tewari
14

; they described objective as well as subjective assessment methods. 

The objective techniques are; physiological methods, i.e. EMGs; seat pressure 

measurement through the use of electronic, pneumatic or electro pneumatic; and ride 

vibration assessment by using established methods described in the standard SAE J 

1384
15

. There are two preferred subjective assessment methods that are used the most 

frequently out of four described methods
14

. These are: a paired comparison technique and 

rating scales. The first method is used to identify seats preferred and least preferred by 

subjects. The second method, the rating scale, rates comfort on a scale of 1 to 10. 

The subjective responses are based on subject perceptions; the subjects assess transient 

vibrations using descriptions such as “this transient was annoying, I judge it as being a 

‘5’ on the scale”. Subjects often modify their judgments according to their expectations 

so that what is considered “comfortable” in one environment might be viewed as 

“uncomfortable” in another. The degrees of discomfort can therefore vary significantly 

between environments. 

As mentioned earlier, the subjective response from whole body vibrations is dependent 

on extrinsic variables, i.e. magnitude, frequency, direction, and intrinsic variables such as 

body posture, position, orientation, weight, etc. The important variables have to be taken 

into consideration when finding an appropriate prediction model for subjective response 

to discomfort from WBV. In general, it has been found that the doubling of the 

acceleration magnitude results in a doubled subjective strength
16-20

. At the most sensitive 

frequency, the threshold is about 0.01 m/s
2 1

. Studies
21

 of tolerable levels for different 

frequencies of sinusoidal vibration in the z-axis showed that the maximum was 35 m/s
2
 at 

1 Hz and 20 m/s
2
 at 4-8 Hz and 65 m/s

2
 at 15 Hz. A large quantity of reported results 

have been used when developing standards, i.e. ISO 2631-1 (1997); but the ISO standard 

does not clearly provide an optimal recommendation for the prediction of vehicle 

discomfort
22

. Also, Griffin
23

 opined that the descriptions in ISO 2631-1 are open to a 

variety of interpretations that then could result in differing discomfort predictions.

Therefore, further studies of subjectively judged discomfort and field measurements 

(applications) are needed if a more universal understanding of the subject area is to be 

achieved.

A number of studies have addressed the problem of finding an appropriate technical 

method for judging the effect of mechanical shocks on discomfort
22, 24-27

. Holmlund
27

studied and quantified absorbed power and mechanical impedance. Paddan and Griffin
28

showed that fore-and-aft vibration of a seat backrest could cause appreciable body 

vibration and could be a dominant cause of discomfort
29

. Their work gave examples of 

important extrinsic variables. 

From a prediction model, different design properties in a vibrating work environment (i.e. 

in work vehicle) can be correlated and changed to provide for optimal comfort. 

The terminology of comfort is not only based on vibration comfort, it also includes noise 

comfort, thermal comfort, visual information and social comfort. These other factors can 

influence correlations between predicted and assessed discomfort. Several authors have 

studied the interaction between noise and vibration and, in general, found that the two 

have a complex interaction. For instance at a low vibration level, noise seemed to mask 

vibration discomfort
30

. At a high level of noise and a high magnitude of vibration it 

appeared that assessed discomfort become a composite rating of both noise and 

vibration
30

.



5

Another source that may limit correlation between predicted and assessed discomfort is 

time-dependency. In the literature it has been reported that after five minutes vibration 

affects back muscles
31

. Based on these findings it is not unreasonable to conclude that 

comfort perception might change after 5 minutes. Other studies in laboratories by Griffin 

and Whitham
32

 showed that a time dependency of whole-body vibration discomfort could 

be expressed by equation (1) 

a
4

*t = constant             (1) 

where a is the acceleration and t is the exposure time at constant discomfort. 

From these findings, a prediction model of discomfort from transient vibrations might 

need to be adjusted according to the effect of vibration exposure time. 

Motion sickness

While not directly addressed in this thesis, it is valuable to acknowledge the potential 

influence of motion. Susceptibility to motion discomfort varies widely; the consequence 

is usually what is commonly called “motion sickness”. The negative impact upon human 

performance due to motion sickness is widely recognized; the mechanism itself is a 

complex phenomenon. Some of the factors are: the visual system, the vestibular 

apparatus, the somatosensory system, psychological effects, individual susceptibility and 

various conflicts between these factors, e.g. between visual and vestibular. The most 

apparent and perhaps inconvenient consequence is vomiting but many people are affected 

in other, less obvious, ways. A more serious effect of motion sickness is a reduction in 

the ability to carry out vital tasks; the possibility exists that motion sickness can indirectly 

contribute to fatal accidents. A review in the Handbook of Human Vibration
1
, upon 

which these comments are based, provides considerably more detail on this topic. 
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___________

CHAPTER 2   Research objectives and approach

The aim of this thesis is to examine the different methods and solutions for evaluating 

and reducing the effect of whole body vibrations during vehicle operation. By doing so, 

some evaluation methods can be refined and the most effective approaches identified. 

The studies in this thesis were carried out using forklift trucks and a sports utility vehicle 

(SUV) operated by professional and non-professional drivers in real and laboratory 

environments. Driver comfort is important because it will dictate how willingly a driver 

will use a seat and vehicle
33

. It’s also a common experience among drivers that their 

comfort is also influenced by the occurrence of transients. Therefore, this thesis uses the 

subjective response to discomfort as the effect from transient whole body vibrations. It is 

hoped that the ultimate value of the data generated through this thesis will be to benefit 

design and thus provide increased vehicle comfort, better worker protection and reduced 

employer liability. 

The main objective and approach of this research was to develop an accurate prediction 

model of vibration discomfort by correlating vibrations with subjective responses. 

Vibration discomfort is evaluated using a computer-modelling approach based on a 

verified prediction model. From this, can come engineering solutions that reduce 

vibration discomfort. Exposing subjects to varying conditions while on a platform 

simulator and then evaluating their responses validated theoretical improvements in the 

computer modeling approach. This strategy made it possible to test and refine the model. 

The research approach is outlined in Figure 1.  

As shown immediately below, studies in the laboratory and field were carried out to 

develop an accurate prediction model (1), evaluate the effect on discomfort assessment 

from vibration exposure and a pause (2), and evaluate possible engineering solutions in 

(3): 

1- Investigate as to whether present methods in ISO 2631-1 (1997) yield appropriate 

predictions of vibration discomfort. Which vibration points, directions, 

frequencies and evaluation methods are preferable when seeking to predict 

discomfort from transients in a work vehicle. 

2- Investigate possible effects from long-term vibrations (i.e. a 45-minute vibration 

exposure) and a vibration pause (i.e. a 10-minute pause) on discomfort.  

3- Evaluate different seat designs with the idea that it is possible to reduce the effect 

of transient whole body vibrations by altering seat design. 

A review of the literature, the results from the papers summarized in this thesis 

narrative and from earlier research have all been combined to make up the comfort 

prediction model described in this narrative. Having a model that accurately predicts 

operator comfort then makes it possible to develop, test and implement solutions that 

result in reduced vibration discomfort. The research approach used in this process is 

depicted in Figure 1. 
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2: Field 

experiments   

1: Computer 

modelling

3: Platform 

Simulation  

4: Subjective 

response

Prediction 

model

Figure 1. The research strategy illustrated uses four approaches to acquire information. 

The arrows connecting the approaches depict the information flows. The black thin 

arrows correspond to validations of the prediction model of discomfort and the thick 

arrows correspond to the modification procedure for vehicle designs when using the 

prediction model of discomfort. 

Reducing vibration discomfort can be carried out using dynamic computer simulations 

(#1 in Figure 1) but it requires a prediction model (the square in centre of Figure 1) of 

discomfort that includes variables associated with vibration discomfort (#4 in Figure 1). 

Usual operating conditions are measured in field conditions (#2 in Figure 1) for exciting 

the computer simulation vehicle model (i.e. vibration input) to identify the minimal 

vibration discomfort condition (#4 in Figure 1) as related to engineering solutions (#1 in 

Figure 1). Computer model optimisations lower development cost for potential users such 

as vehicle manufacturers. Platform simulations (#3 in Figure 1) can be used to collect 

subjective response data from appropriate subjects without the need to build a vehicle 

prototype. The platform simulations also make it possible to collect data on different 

kinds of vehicles/and to model possible improvements without there being a need to 

construct/modify prototype or production vehicles.  

The software ADAMS 12.0® (Automatic Dynamic Analysis of Mechanical Systems) can 

be used to build models and to simulate and was therefore used for the computer 

modelling phase of the research reported on here.  
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CHAPTER 3    Prevention

Methods for preventing the effects from WBV can be:  

• taking a break from WBV since there seems to be an effect from time-

dependency;  

• employee rotation, i.e. reducing the time of vibration exposure; and 

• use of non-driver vehicles – an approach already used in mining operations, i.e. 

in case of trains, milling machines and loaders at the company LKAB
34

.

These methods, while laudable, are not always easy to implement or enough of a solution 

for all work places.  

Other possible prevention measures, i.e. engineering solutions to reduce the effects 

from WBV have been suggested and worked out by several scientists
8, 35-40

. Facility 

approaches, i.e. engineering solutions (the design properties of seats and tyres) were 

found to reduce back problems by almost 50 % and was more effective than personal 

solutions
8
 (lumbar support, arctic jacket and physical exercise). Engineering solutions for 

minimizing the effects on operators are usually grouped into three areas, e.g. described by 

Donati
35

:

1- Reduction of vibration at its source (i.e. quality of terrain) 

2- Reduction of vibration transmission by different suspension systems (i.e. tyres 

and suspensions) 

3- Improvements of cab ergonomics and seat profiles to optimise operator posture. 

Several authors report on the influence of a suspension system on the effects of whole 

body vibration on humans. Examples of performed studies on suspension systems such 

as: seat suspension, cab/chassis suspension and tyre properties are described below: 

Seat suspension 

67 conventional (seats with foam and metal, or rubber, springs) and 33 suspension seats 

(equipped with spring and damper) were studied by Paddan & Griffin
41

. They concluded 

that the severity of whole-body vibration exposures in many work environments could be 

lessened by improvements in seat dynamics such as improving seat suspension.  

Hostens et al.
36

 showed that an existing seat suspension can be improved by adding an 

extra air volume to a passive air spring system. Wijaya et al.
40

 reported attenuated 

transient vibrations in the horizontal direction including lowered overall discomfort and 

lessened low back discomfort in the case of a sliding seat compared to a fixed seat.  

Seat and Tyre 

A study by Malchaire et al.
37

 investigated the effects on vibration exposure in forklift 

trucks from the perspective of the main characteristics of normal operating conditions. 

The design variables were: driver (weight), load (unloaded and loaded), track (concrete 

and paved), truck type (5 different: 1.5 to 4-ton), seat suspension (normal and anti-
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vibration) and tyre. The vibration exposure was mainly influenced by the track, speed and 

seat. 

Cab suspension 

Lemerle et al.
38

 and Boulanger et al.
39

 proposed methods to develop suspended cabs for 

2-tonne and 1.5-tonne counter balance trucks. By using recorded vibration signals for the 

excitation of a computer model, the vibrations at the seat could be measured and an 

optimal cab suspension design built that reduced the vibration level in the z-direction by 

50%.

Chassis suspension 

Beside passive suspension systems there are semi-active and active systems for 

improving comfort. In the case of automotive suspension system design, the important 

variables are ride comfort and road holding. Replacing the spring-damper suspension of 

automobiles with semi-active systems has the potential to improve safety and comfort. 

However, the solution created operating conflicts between ride comfort and road 

holding
42

. Implementing an active suspension system in a computer model of a delivery 

truck improved driving comfort and safety; the disadvantage was an increased energy 

requirement and a concurrent increased fuel consumption
43

.

A vehicle (e.g. a forklift) can be described as a dynamic multi-mass damper system 

defined by its eigen frequencies and damping ratios. Due to weight lifting and carrying 

demands, the dampening quality of a suspension system in forklifts can not be efficiently 

dampened. Therefore, seat and cab suspension becomes critical when evaluating the 

protection of an operator from whole body vibration. 

The forklift model used in this thesis is illustrated in Figure 2. The cab suspension 

location is identified and labelled in the figure. 

                           
Figure 2. The forklift model with different bodies as chassis, cab, bucket and load, and 

suspension systems as tyre, cab suspension and seat suspension.

z

x

y Chassis 

Cab

  Seat suspension

Bucket

  Load 
   Tyre

Cab suspension
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Theoretical background 

As mentioned previously, human body is more or less sensitive in different frequency 

ranges at different vibration points and directions. These frequency ranges can be more or 

less avoided by changing the suspension stiffness or/and lowering the magnitudes of the 

frequencies by using dampers.  

The eigen frequencies and damping ratio of an original suspension (when there is one) 

has to be calculated. Afterwards, possible improvements can be evaluated. 

The eigen frequency, f0, of a mass damper system is calculated using equation (2): 

f0= (1/2 ) * (K/M)             (2) 

where M is the mass (kg) and K (N/m) is the stiffness. The K can be non-linear, i.e. 

changing value according to load (compression). 

The damping ratio,  is calculated from the critical damping, CC (N/ms), and the damping 

coefficient C (N/ms) of a damped suspension system by equation (3): 

= C/CC               (3) 

where the critical damping, CC, is calculated by equation (4): 

CC = 2 (K*M)                    (4) 

where M is the mass (kg) and K (N/m) is the stiffness. 

The transmissibility may be calculated as follows
44

:

X)2()X-(1

X)(21
222

2

ζ
ζ
+

+=FT

Where Tf is the transmissibility and X =f/f0.

The acceleration and transmissibility in a single mass damper system (shown in Figure 

3c) is shown in Figures 3a and 3b for four different damping ratios, : 0.0, 0.2, 0.5 and 

1.0, which affect the attenuation of the vibration magnitude. There are three categories of 

damped motion:  > 1 (over damped), no oscillations;  = 0 (no damping), no attenuation 

of oscillations;  < 1 (under damped), oscillations occur. 

The four different damping ratios;  = 0.0 (no damping),  = 0.2,  = 0.5, and  = 1 

(critically damped), illustrate the attenuation of the vibration magnitude in Figure 3. The 

oscillations for the four different damping ratios are shown in Figure 3a. The 

transmissibilities are shown as functions of the ratio of the frequency of the vibratory 

force to the resonance frequency of the system, Figure 3b. 
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Figure 3. The acceleration vs. time (a) and the force transmissibility, Tf, vs. frequency 

ratio for four damping ratios (b) where  = 0.0 (thick solid grey line),  = 0.2 (thin solid 

grey line),  = 0.5 (solid black line) and  =  (dashed grey line). The conditions of the 

mass damper system (c) are M = 0 kg; K = 9869.6 N/m (which corresponds to f0 = 5 

Hz), the length of the spring is 00 mm and the initial velocity is 0 km/h. This means that 

the mass is initially 00 mm from the ground when it starts to compress the unloaded 

spring.

Moving the peak of the eigen frequency, f0, to left or right decreases or increases the 

stiffness of the mass damper system in Figure 3. In case of the forklift, it can affect the 

assessed vibration discomfort since humans are more or less sensitive to different 

frequencies. The magnitude of the eigen frequency, f0, can be attenuated by a damper, 

especially if the eigen frequency is found to be in a frequency range where humans are 

sensitive. When the damping ratio is increased as in Figure 3c it attenuates the vibration 

magnitude at f0 but magnitudes at higher frequencies increase. Since a transient consists 

of high frequencies, a damping ratio close to 1.0 gives rise to a higher peak amplitude
45

.

b)

K

M

C

c)
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___________

CHAPTER 4 Methods and Procedures

Subjects

Paper I 

Eleven professional drivers (all males) were chosen as test subjects. The subjects were 

forklift drivers working at the same forklift company. All had different additional duties 

related to manufacturing and/or forklift development. The age varied from 27 to 59 years 

(Mean=43.3, SD=8.6), body weight ranged from 68 to 110 kg (Mean=84.2, SD=12.7), 

and body length from 169 to 188 cm (Mean=178.7, SD=6.0). Length of time with the 

current employer ranged from new hire to 18 years (Mean=10.0, SD=6.1) and years as a 

professional driver went from 0 to 16 years (Mean=5.6, SD=5.7). 

Paper II 

Ten professional drivers (all males) participated in Paper II. Nine of the drivers had also 

participated in Paper I. Age varied from 28 to 60 years (Mean = 43.4, SD = 9.9), body 

weight ranged from 68 to 103 kg (Mean = 85.1, SD = 14.2), and body length from 172 to 

187 cm (Mean = 179.1, SD=4.9). 

Paper III 

Twelve professional car test drivers (all males) participated in the experiments. Their 

main duty with the car test company was to test cars in winter environments and in 

aspects of durability. Their ages varied from 27 to 55 years (Mean=39.4, SD=8.6), body 

weight ranged from 65 to 120 kg (Mean=85.3, SD=14.2), and body length from 173 to 

198 cm (Mean=180.7, SD=6.8). Length of time with the current employer ranged from 

new hire to 14 years (Mean=5.7, SD=3.4) and years as a professional driver went from 3 

to 15 years (Mean=7.8, SD=3.6).

Paper IV 

Eighteen test subjects (all males) were participated in the experiments and were divided 

into two test groups (SG-wo and SG-w). There were nine subjects in each group. They all 

had never or seldom driven a forklift truck. Their ages varied from 23 to 58 years 

(Mean=37.1, SD=10.0), body weight ranged from 60 to 110 kg (Mean=80.5, SD=12.0), 

and body length from 168 to 194 cm (Mean=178.1, SD=6.6). Length of time with the 

current employer ranged from 4 months to 30 years (Mean=6.2, SD=8.4) and no years as 

a professional driver. 
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Experimental design and procedure 

Papers I, II and III consist of field experiments with tests performed on an artificial test 

track. The use of an artificial test track provides the advantage of optimal control over 

experimental variables while at the same time accurately simulating real work operations.  

Different vehicles were used in Papers I-III; a forklift in Papers I and II, and a SUV in 

Paper III.

Field experiments in Paper III were carried out in winter conditions. Paper IV consists of 

computer modelling and laboratory experiments. The experiments in all papers were 

conducted as a factorial design
46

. Prior to each test in the field and laboratory, the drivers 

were provided with information about the experimental procedure. Vibrations were 

measured throughout each test and immediately after each test subjects were asked to rate 

their subjective response to the vibrations on rating scales. The assessment question, used 

in all studies, was designed to focus on the transient vibration duration. 

Paper I 

This study consisted of 12 different vibration stimuli carried out in random order with 

each subject. Three design variables were used with the levels; load: 0 kg and 3000 kg; 

obstacle: 30 mm and 50 mm; speed: 7 km/h, 12 km/h, and 20 km/h.  

Drivers judged overall discomfort on a bipolar rating scale
30

 from 1 to 5 (where 1 is very 

uncomfortable, 2 is uncomfortable, 3 is neither uncomfortable nor comfortable, 4 is 

comfortable and 5 is very comfortable). The general judgment question was: "How did 

you judge the shaking, bumping and motion when you drove over the obstacle?”. Each 

subject also made judgments on perceived motion on three 9-cm scales, without 

markings, similar to the rating scale used by Wilder et al.
34

. The two end points were 

"very weak" and "very strong". The judgments were calculated as a vector sum of the 

judgments, called VSPM, of shaking, vertical, and for-aft motions. 

Paper II 

The study used 16 vibration stimuli administered in randomised order to each subject. 

Four design variables at two levels were used; seat condition: fixed and sliding; sitting 

posture: upright and posterior leaning posture; speed: 20 km/h and 5 km/h; type of 

obstacle: single and double.  

The subjects judged the three different discomforts and three different perceived motions 

on a 7 point-rating scale.  

The judgment questions were:  

"Please judge how you experienced vibration discomfort when you passed over the 

obstacle and mark your response on the scale." 

and

"Please judge how much vibration motion you experienced when you passed over the 

obstacle and mark your response on the scale." 

The neck-shoulder and the lower back regions together with overall discomfort were 

chosen as the indicators of driver discomfort. The two end points were "not at all 

uncomfortable" and "extremely uncomfortable". Judgment of perceived motions 
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corresponded to “vertical”, “pitching” and “rolling”. The two end points were "very 

weak" and "very strong".  

Paper III 

This study used 24 vibration stimuli divided into three test occasions: tests A, B and C 

(i.e. 8 vibration stimuli during each test occasion carried out in random order with each 

subject).

The eight different vibration stimuli correspond to driving over different obstacles in 

eight different combinations.

Between the tests A, B and C, the subjects were exposed to vibrations in the range; "a 

little uncomfortable" (ISO 2631-1, point C.2.3) over the next 45 minutes. Between tests B 

and C the subjects were not exposed to vibrations for a ten-minute period.  

Each subject judged the vibration discomfort on an 11 interval uni-polar rating scale
47

from 0 to 10. The judgment question was; “How did you judge the shaking, bumping and 

motion when you drove over the obstacle?” The two end points were “not at all 

uncomfortable” and "extremely uncomfortable".  

Paper IV 

This study was divided into computer modelling and platform simulations in a laboratory 

setting. 

Computer modelling

The forklift was modelled using the software ADAMS 12.0®.

Two design studies were performed; in total there were 384 simulation runs. The design 

variables were:  

• Speed ( 2 km/h and 20 km/h)

• Load (0 kg and 3000 kg)

• Cab suspension position in the z-direction (05Z, 25Z and 2Z)

• Cab locations in the x-direction (-02X, 00X, 02X, 04X and 06X)

• Cab suspension stiffness in the x-direction (KX , KX2 and KX3)

• Cab suspension stiffness in the z-direction (KZ , KZ2 and KZ3)

In the first design study, the variables “cab suspension stiffness in the x- and z-

directions” were not varied and in the second design study the variable “cab locations in 

x-direction” were reduced to three levels (-02X, 00X, 02X).

The variables “speed” and “load” varied on two levels in both design studies. 

The excitation of the vehicle model was carried out in two ways; 1) using “typical” 

vibration signals or 2) running the vehicle on a virtual road.  

Running the forklift model on a virtual road collected the data for this thesis. The first 

step in designing the forklift model so that it accurately simulated real conditions was to 

compare cabin vibration using an actual recorded vibration signal with cabin vibrations 

on the virtual road and then adjusting the model forklift cabin responses until it was the 
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same. Once the forklift model was determined to be responding the same as a forklift in 

typical operating conditions, data was collected. 

The most obvious reason for the use of a virtual model is that changes to the forklift can 

be carried out quickly and at a considerably lower cost. Data collection is simplified; for 

example, recording of vibration measurements at points closer to the ground will not 

necessarily give greater accuracy.  

Platform simulations 

The platform simulations were performed in a laboratory using a platform simulator with 

six degrees of freedom. Vibrations in the x-direction on backrests are often found to be 

one of the three highest causes of discomfort
1
 and are often affected by more than one 

vibration input from the floor
48

. Therefore, it is of the utmost importance to use those 

floor vibrations which significantly influence vibration transmissions to the backrest. 

From the field experiment, it was found that a two-vibration input was important, i.e. 

pitch motion and vertical vibrations on the seat. Therefore, in the platform simulations, 

two-vibration input was chosen, i.e. pitch motion and vertical vibrations on floor. Floor 

rather than seat vibrations were used for several reasons. The most important was that 

seat properties are complex and affected by factors such as operator weight and size. By 

using vibration at the floor level this obstacle is circumvented. Also important is that 

adjustment of the simulator is based on vibration at the simulator surface; which is also 

the floor level. A point on the seat would have introduced unnecessary complexities.  

The subjects were exposed to 12 vibration stimuli corresponding to three different forklift 

models at two different speeds and load conditions. The subjects were divided into two 

groups, SG-wo and SG-w; the two groups were given different instructions regarding the 

experimental conditions. In the instructions, the first subject group, SG-wo were not 

provided with any information about speed (the index “wo” stands for without speed 

information) and the second group, SG-w, was provided with speed information prior to 

each test run (the index “w” stands for with speed information).   

The subjects used same rating scale as in Paper III (an 11 interval uni-polar rating scale 

from 0 to 10 with the endpoints: "not at all uncomfortable" and "extremely 

uncomfortable"). The judgment question was: "How uncomfortable, unpleasant or 

disturbing do you judge the shaking, shocks and hits from the test run?” (Translated from 

Swedish).

Measurement set-up and analysis methods 

Measurement set-up 

In all papers: the vertical (z-direction) and the horizontal vibrations (x- and y-directions) 

at the occupant/seat interface were measured by using a pliable rubber disc embedded 

with a three-axis accelerometer according to guidance in ISO 2631-1 (1997).  

The pitch motion at the occupant/seat interface, seat pitch (SP), was calculated by 

subtracting the measured accelerations in the x-direction either on the top of the backrest 

(Papers I and IV) or between the back and vibrating backrest surface (Papers II and III)
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from the acceleration in the x-direction on the seat and then dividing the result by the 

distance between the measurement locations. In Papers I and IV, the measurement wasn’t 

corrected for transmissibility since transmissibility was assumed to be high due to the 

subjects leaning backwards and the structure between the top of backrest and subject’s 

back was rigid.  

In Papers I and IV the floor pitch vibration was measured and calculated by subtracting 

the z-axis accelerations beneath the front edge of the seat from the z-axis beneath the rear 

edge of seat and dividing the result by the distance between the accelerometer locations. 

Paper I 

Two three-axis piezo-electric accelerometers (B&K® 4321) and two single-axis piezo-

electric accelerometers (B&K® 4366) and (B&K® 4371) were used to measure 

accelerations in 3 degrees of freedom in the occupant/seat and seat/cabin interface (the 

vertical-, for-aft- and pitch vibrations).

One of the two three-axis accelerometers was used for measuring seat vibrations in the x- 

and z-directions. The second three-axis accelerometer was mounted beneath the rear edge 

of the seat’s centreline on the floor for measuring accelerations in the x- and z-directions 

at that point. The first single-axis accelerometer was used to measure backrest 

accelerations in the x-direction. The second single-axis accelerometer was used to 

measure floor accelerations in the z-direction and was mounted on the floor beneath the 

front edge and centreline of the seat. 

Paper II 

In order to measure accelerations in 5 degrees of freedom in the seat/driver and seat/cabin 

interface, three three-axis piezo-electric accelerometers (B&K 4321) were used. The first 

and second three-axis accelerometers were used for measuring vibrations on the seat and 

on the subject’s back. The third three-axis piezo-electric accelerometer (B&K 4321) was 

used to measure vibrations on the floor. In order to measure vertical vibrations 

transmitted to the head, one single-axis piezo-electric accelerometer (B&K4339) was 

located in a vertical line on the subject’s ear by using a custom-made head harness.  

Paper III 

Four three-axis piezo-electric accelerometers (B&K 4321) and one single-axis piezo-

electric accelerometer (B&K 4339) were used to measure accelerations in six degrees of 

freedom in the seat pan (x-, y-, z-, roll, pitch and yaw), two degrees of freedom on the 

subject’s back (x- and y-directions), three translational directions on the head and on the 

floor for each subject and test run. The three-axis accelerometer on the floor was located 

and mounted on a rigid steel plate (connected to the seat’s right fundament), 

approximately 150 mm to the right of the centreline of the seat. The three-axis 

accelerometer located on the head was mounted by using a purpose made head harness. 

The single axis accelerometer on rear of the vehicle was used for measuring accelerations 

in the y-direction and for calculating the yaw motion.  
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Paper IV 

One three-axis piezo-electric accelerometer (B&K® 4321) and three single-axis 

accelerometers; one piezo-electric (B&K® 4366) and two piezo-electric accelerometers 

with integral preamplifiers (B&K® 4508) were used to measure accelerations in 2 degrees 

of freedom (vertical accelerations and pitch motions, in the occupant/seat and platform 

interface). The two single-axis accelerometers with integral preamplifiers (B&K® 4508) 

were mounted on the floor and located beneath the front and rear edges of the seat’s 

centreline and were used to measure accelerations in the z-direction. 

Analysis methods 

Analyses of measured whole-body vibrations were performed using I-deas®, Adams

12.0®, Matlab R12®, Mathworks® and Windows Excel®. ISO 2631-1 (1997) proposes both 

basic and additional evaluation methods (the r.m.s.-, MTVV- and VDV-methods).  All 

vibrations were according to ISO 2631-1 (weighting “Wd” was used for the x-axis and y-

axis motion and “Wk” was used for the z-axis measured at the seat pan, “Wc” and “Wd”

were used for the x-axis and y-axis motion measured at the seat back/backrest, and “We”

applied to the rotational data at the occupant/seat interface). The weightings curves are 

shown in Figure 4. 

Figure 4. The weightings curves: “Wc” (black solid line); “Wd” (black dotted line); 

“We” (grey solid line); and “Wk” (grey dotted line) defined by ISO 263 - . “Wc” and 

“Wd” correspond to the x-axis and y-axis on the seat back, “Wd” also corresponds to the 

x- and y-axis on the seat, “We” corresponds to the rotational data at the occupant/seat 

interface, and “Wk” corresponds to the z-axis on the seat.

The root-mean-square (r.m.s.) acceleration defined by equation (5):  
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where T is the duration of measurement and aw is the frequency weighted acceleration. 

When the crest factor is higher than 9 the additional evaluation methods are 

recommended by ISO 2631-1, i.e. the MTVV (maximum transient vibration value) and 

VDV (vibration dose value). 

MTVV 

MTVV, equation (6), is the highest magnitude of running r.m.s.; aw(to) (index w stands for 

weighted data): 

  MTVV = max [aw(to)]             (ms
-2

)                        (6)

where aw(to) is defined by eq.  (7): 
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to is instantaneous time, aw(to) is the instantaneous frequency weighted acceleration 

obtained by using the running r.m.s. evaluation method, integration time (τ) is 1 second.

VDV 

VDV, equation (8), is based on the fourth power of accelerations:  
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where T is the duration of measurement and aw is the frequency weighted acceleration. 

The time T used in Papers I, II, III and IV was 4, 20, 15 and 5 seconds, respectively.  

The overall vibration total value, OVTV is defined by equation (9) when more than one 

point is affecting the comfort. The OVTV is indexed with evaluation method used, e.g. 

OVTVMTVV. In the case of the evaluation method VDV, the exponent “2” in eq. (9) is 

replaced by a “4” as VDV is based on the fourth power. 
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The indexes of measured acceleration direction and point in the overall vibration total 

value with the multiplying factors are;  

•abx: x-axis at seat back      kbx=0.8 m/s
2

•aby: y-axis at seat back     kby=0.5 m/s
2

•asx: x-axis at seat pan     ksx=1.4 m/s
2

•asy: y-axis at seat pan     ksy=1.4 m/s
2

•asz: z-axis at seat pan      ksz=1.0 m/s
2

•aroll: roll rotation of occupant/seat interface   kroll=0.63 m/rad 

•apitch: pitch rotation of occupant/seat interface  kpitch=0.4 m/rad 

•ayaw: yaw rotation of occupant/seat interface  kyaw=0.2 m/rad 

•ahx: x-translation at the top of head    khx=1.0 m/s
2

•ahy: y-translation at the top of head    khy=1.0 m/s
2

•ahz: z-translation at the top of head    khz=1.0 m/s
2

Since there is lack of guidance in ISO 2631-1 concerning head vibration measurements, 

the multiplying factors for head vibrations were set to 1.0. The other multiplying factors 

were in accordance to ISO 2631-1.

Paper I

The overall vibration total value was based on either MTVV or VDV, defined as 

MTVVvsum  and VDVvsum, respectively. The included measurement points and vibration 

axes in the overall vibration total value were the z-axis at the seat pan (awsz), the x-

translation at the seat back (awbx) and the pitch rotation of the occupant/seat interface 

(awpitch).

Paper II

MTVVoverall and VDVoverall correspond to MTVVvsum  and VDVvsum, respectively, in Paper I.

The included measurement points and vibration axes in the overall vibration total value 

were the x-, y- and z-axes at the seat pan (awx, awy, awz, respectively) and the roll and 

pitch rotation of the occupant/seat interface (awr and awp).

Paper III

In this study the peak-value was also included as an evaluation method of the weighted 

accelerations. 

The overall vibration total value, OVTV, was based on r.m.s., peak, MTVV and VDV,

written as OVTVr.m.s., OVTVPeak, OVTVMTVV and OVTVVDV. The included weighted 

measurement points and vibration axes were the x-axis at the seat back (abx), the y-axis at 
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the seat back (aby), the x-axis at the seat pan (asx), the y-axis at the seat pan (asy), the z-

axis at the seat pan (asz), the roll rotation of the occupant/seat interface (aroll), the pitch 

rotation of the occupant/seat interface (apitch), the yaw rotation of the occupant/seat 

interface (ayaw), the x-translation at the top of the head (ahx), the y-translation at the top of 

the head (ahy) and the z-translation at the top of the head (ahz).

Paper IV 

In this study, the predicted VSPM was calculated based on the relationship between the 

OVTVMTVV and the judged discomfort in Paper I.

The predicted VSPM is defined by equation (10).  

[ ]212222 4.00.10.6141.730 wpitchwsz aaVSPM +×+=                    (10) 

The included measurement points and vibration axes in the predicted VSPM were the z-

axis at the seat pan (awsz) and the pitch rotation of the occupant/seat interface (awpitch).

Statistical analyses 

Statistical analyses in Papers I-IV were carried out using the software Windows Excel®,

Statgraphics Plus 4.0® and Simca-P 7.01®. Student’s t-test was used for calculating the p-

value between two data populations. Analysis of variance of acceleration measurements 

and subjective response were carried out to study the main effects of experimental factors 

as well as the interaction between these factors. Analyses of Pearson product momentum 

correlations of subjective responses and acceleration measurements were performed. The 

aim of these calculations was to identify which factors might be used for the prediction of 

discomfort. The selected significance level was α=0.05 for all studies. Partial Least 

Squares modelling (PLS)
49-51

 was used for analysis of the relationship between vibration 

measurements and subjective responses. PLS primarily inspects score plots (reveals the 

main pattern of the objects) and loading plots (shows the main relationship between 

variables).
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CHAPTER 5      Results & Discussions

Previous chapters in this thesis covered the background, prevention, research objectives, 

research approaches, and methods. This chapter presents the results of the research work. 

Four studies were performed which were designed to fulfil the aim of this thesis - to 

contribute to the overall understanding of about different vibration discomfort prediction 

methods. In particular, this work concerns a methodology and solutions for evaluating 

and reducing the effect of whole body vibrations on vehicle operators. 

Paper I 

In this paper, the subjective responses from transient vibrations in a forklift were 

analysed on the basis of ISO 2631-1. The goal to develop a prediction discomfort model 

through computer modelling was the motive behind this work.  

The objectives were to define a prediction model of vibration discomfort, based on 

individual vibration points and directions evaluated by appropriate methods, and also to 

identify those frequencies that appear to most accurately correlate with vibration 

discomfort. Possible effects from background variables were also analysed. 

It was found that the greatest effects on measured vibration values and subjective 

response were caused by the speed and the obstacle height.   

A prediction model based on the pitch and the vertical seat vibrations, evaluated by the 

MTVVvsum , was developed. This method varies from that described elsewhere in the 

literature; it follows options permitted by the ISO guidelines. The VSPM was found to be 

preferable to overall discomfort assessment as indicator for subjective response to 

vibration discomfort as it is based on three vibration modes (as opposed to a general, 

overall assessment). The reliability coefficient of the subjective responses was r=0.80. 

Since the pitch vibrations consist of backrest vibrations in the x-axis, this demonstrates 

agreement with findings in earlier literature
1
. Of particular interest was that the backrest 

vibrations become more important at intermediate and high frequencies. The prediction 

model of the VSPM was based on the results shown in Figure 5. 
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Figure 5. The correlation between discomfort (VSPM) and measured vibrations 

(MTVVvsum  - r=0.63). The eleven subjects are represented by symbols; Subject  ( ), 2 

( ), 3 ( ), 4 (×), 5 ( ), 6 ( ), 7 (+), 8 (-), 9 ( ), 0 ( ), and  (�). The black line 

indicates the average.

The correlation between subjective response to vibration discomfort and the vibrations, 

based on the data of each subject was 0.63. It was determined that the MTVVvsum when

compared to other evaluation methods is an appropriate tool in the prediction of vibration 

discomfort during a four second transient vibration exposure as it had a higher correlation 

factor than other methods. These results were applied to a study on reducing the effect of 

whole-body vibrations during computer modelling which simulated forklift operations. 

The findings from that study are presented in Paper IV.

Another significant result was the effect of subject body length on subjective 

assessments. It was found that tall drivers reported a lower level of discomfort than did 

their short colleagues. The possible explanations may be related to; the seat ergonomics 

(the seat is more suitable for taller drivers); the bio dynamics of the human body affect 

tall and short subjects differently; the field of sight might be different for tall and short 

drivers (due to a greater body length it might have been easier to see and predict when a 

transient was going to occur).  

Further results showed that acceleration amplitude variations in the one-third octave band 

frequencies at 1.6 Hz, 6.3 Hz, 10 Hz and above 50 Hz were the most important for 

prediction of vibration discomfort.

Paper II 

In this paper, different seat designs - fixed and sliding seats - were evaluated as to their 

ability to reduce the effect of transient whole body vibrations. Spectra of measured 

vibrations on the floor and on the fixed and the sliding seat showed differences in 

attenuation of the vibrations in the x-axis on the sliding seat as shown in Figure 6. The 
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sliding seat was found to be superior in attenuating transient vibration in the x-axis at 20 

km/h (the highest speed) or with a double obstacle. 

Figure 6. Spectrum of vibrations in the x-axis on the seats measured at high speed (20 

km/h).

The sliding seat lowered the MTVV of accelerations in the x-axis on the seat from 1.47 

m/s
2
 to 1.26 m/s

2
 at the highest speed and from 1.18 m/s

2
 to 0.99 m/s

2
 at the double 

obstacle. This attenuation was also subjectively measured as less perceived overall 

discomfort, less low back discomfort, and reduced pitch motion. Based on these 

subjective reports of reduction, it’s reasonable to assume that the pitch motion was 

attenuated.  

Paper III 

The objective was to find important variables for the prediction of subjective responses to 

transient vibrations. Subjective responses from three test occasions (prior to exposure to a 

45 minute moderate level vibration period, immediately after the vibration exposure and 

after a 10 minute pause) were compared to investigate the influence of vibration exposure 

and a pause. As in Paper I, prediction was based on individual vibration points and 

directions evaluated by appropriate methods. The objective vibration measurements and 

subjective responses to vibrations were collected during the course of operating an SUV. 

The reliability coefficient of the subjective responses was r=0.90. The overall vibration 

total value (OVTV) was used for calculations when evaluating variable to determine 

which were of importance for the prediction of vibration discomfort. The OVTV was 

based on vibrations in the z-axis on the seat (SZ), head vibrations in the x- (HX), y- (HY)

and z-axes (HZ) and evaluated using the MTVV method that gave data labelled 
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OVTVMTVV. The head vibrations were found to be of major importance in the prediction of 

vibration discomfort; this was also indicated by Kennedy
52

. The highest correlation factor 

between subjective response to transient whole-body vibrations and OVTVMTVV based on 

individuals was 0.73 (Figure 7). 
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Figure 7. Results based on individual OVTVMTVV data in the prediction of discomfort (r= 

0.74). The twelve subjects are marked by symbols; Subject  ( ), 2 ( ), 3 ( ), 4 ( ), 5 ( ), 

6 ( ), 7 (+), 8 ( ), 9 ( ), 0 ( ), and  (�) and 2(×). The black exponential line 

indicates the average.

A method based on the OVTVMTVV, was found to be reliable in the prediction of 

discomfort (r=0.73), A simpler method, OVTVPeak, where the highest correlation factor 

was 0.71 may also be used as an alternative to the MTVV method. This simpler method 

may even be preferable for the prediction of discomfort from transient vibrations in field 

conditions where safety professionals might need simplified tools. The reason for MTVV

being recommended here is because MTVV increases can be most accurately measured 

for short time durations; as in the case of transients
53

.

The subjective response to transient vibrations was evaluated according to the possible 

effect of a 45-minute vibration exposure and a 10-minute pause.  

The difference in subjective response between tests A and B, and test B and C, as seen in 

Figure 8, depict a possible effect from long-term vibration and a vibration pause, 

respectively. A statistical analysis, in the following narrative, gave more meaningful 

information. 
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Figure 8. The subjective response from transient vibrations, based on group data, plotted 

for each test occasion (test A, B and C) and test run. 

The averaged subjective responses for each test run were significantly lower in test A 

than in test B. The probability level was 0.0065 using a paired t-test. This means that the 

vibration exposure did have an effect on discomfort. There was no evidence of any effect 

from a 10-minute vibration pause on discomfort (p=0.12, paired t-test) when tests B and 

C were compared.  

Paper IV  

This paper consists of two parts; computer modelling and platform simulation. From 

Paper I it was found that the seat pitch vibrations affect discomfort significantly. It is also 

useful to note here that backrest vibrations affect discomfort significantly; as was 

concluded when seat pitch vibrations were calculated from backrest vibrations (r=0.99). 

Qiu and Griffin
48

 proposed using a two-input and one-output system for calculating the 

transmissibility of for-aft vibrations in a backrest. They found that the vibrations in the x-

direction on floor caused vibrations in the x-direction on backrest and that vibrations in 

the z-direction on the seat base also had a significant influence on the vibration 

transmission to the backrest. It was clear that a single-input model failed to include the 

effect of the vibrations in the z-direction at the seat base. Using both pitch and vertical 

vibrations on the floor as input signals during the platform simulator experiments fulfil 

the additional research proposed by Qiu and Griffin
48

.
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Computer modelling 

In the computer modelling, different forklift engineering solutions were tested to 

investigate possible ways to reduce the effects of whole-body vibrations.  The forklift 

model was based on the forklift studied in Paper I. From Paper  the pitch and z-axis 

vibrations on the seat were found to be essential in the prediction of discomfort. The seat 

vibrations were transformed to floor vibrations using a transfer function based on 

measured vibrations from Paper I. Vibrations on the floor in the z-axis and pitch rotation 

from the “original” forklift model were validated according to measured vibrations in 

field experiments (Paper I). The forklift model was excited by running the model over a 

virtual obstacle designed to be comparable to the real obstacle used for the work reported 

in Paper I. Different forklift models were simulated on the virtual test road and 

discomfort was predicted using variables identified in Paper I. The spectra of pitch and z-

axis floor vibrations from the three forklift models (original, model  and model 2)

during the four different forklift operations are shown in Figures 9 and 10. The predicted 

discomfort results were analysed to find which engineering solutions that reduced 

discomfort. At lowest speed and unloaded condition; the variable cab suspension stiffness

was found to significantly reduce predicted discomfort. The lowered predicted discomfort 

in the case of low speed and unloaded condition was caused by the reduced magnitude of 

floor vibrations in pitch and in the z-axis as depicted in Figures 9c and 10c. 

Figure 9. Spectra of the pitch acceleration measured at the floor for the original model 

(solid black line), model  (solid grey line) and model 2 (dashed grey line) during the 

condition with load (on the top) and without load (on the bottom) for speeds of 2 km/h 

(on the left) and 20 km/h (on the right).
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Figure 10. Spectra of the z-axis acceleration measured at the floor for the original model 

(solid black line), model  (solid grey line) and model 2 (dashed grey line) during the 

condition with load (on the top) and without load (on the bottom) for speeds of 2 km/h 

(on the left) and 20 km/h (on the right).

The lowered magnitude in the case of model  and model 2 in figure 9c and 10c is caused 

by reduced cab suspension stiffness in the x- and z-directions. A lowered eigen frequency 

from 12 Hz (corresponds to the original rubber bushing in the forklift used in the field 

study) to 2.00 Hz in the vertical direction and 1.16 Hz in the horizontal direction is the 

reason for this lowered magnitude. Vibration signals from the three different forklift 

models (original, model  and model 2) were prepared for final validation in the platform 

simulator.  

Platform simulation 

The frequency spectra of seat vibration and the subjective response in the platform 

simulations were compared to the field measurements from Paper I. The frequency 

spectra of the z-axis and the pitch vibrations at the seat/driver interface generally matched 

those of the field measurements; there were some deviations in amplitude for some test 

conditions. The predicted discomfort matched the subjective responses from the field 

experiments as may be seen in Figure 11. The reliability coefficient of the subjective 

responses was r=0.84. 
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Figure 11. Mean values with standard deviations of subjective response for the field 

experiments ( ) and the platform simulations: SG-wo ( ) and SG-w ( ). The conditions 

in the test runs were; T : unloaded and 2 km/h; T2: loaded and 2 km/h; T3: unloaded 

and 20 km/h and T4: loaded and 20 km/h.

In general, the subjective responses of perceived discomfort from the platform 

simulations and the field experiments showed agreement; the discomfort was reduced 

with increased load and decreased speed. The assessments performed in the platform 

simulations were, in general, higher than assessments from the field. The reasons for the 

higher assessments with the platform simulations might be due to the lack of visual and 

audio information. Another reason might be related to the limited forklift operating 

experience of the non-professional subjects who tended to perceive a higher level of 

discomfort. There is a significant difference between assessments from the field and from 

the platform simulations in the case of 20 km/h and unloaded which can be explained in 

several ways; lowered awareness due to the lack of visual information, the use of 

inexperienced subjects, a low pass filtered input signal and perhaps the inaccuracy in the 

transfer function used for calculating the seat vibrations at that test condition.  

Two subject groups, SG-wo and SG-w, made the assessments. One group was told the 

simulated test condition speed and the other wasn’t. This was the only detectable 

difference between the two groups. Both groups could distinguish differences in 

discomfort from test runs with different simulated speeds and load conditions (the way 

test platform functioned caused the subjects to “feel” that they were actually moving). On 

average, the two subject groups didn’t deviate significantly in their assessments. 

However, while the subject group without speed information (SG-wo) could distinguish 

differences between forklift models, the other group (SG-w) couldn’t. The discomfort 

assessed by the subject group SG-wo in the case of 12 km/h and increasing load was 

different from that of the other subject group and earlier results
53

. From the field study, 

and consistent with the predicted VSPM (from the computer modelling), it was shown 

that increased load gave lower discomfort; for this group (SG-wo) it was the opposite. 

This difference suggests that the content and wording of instructions along with the 
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absence of visual cues could be extremely important. It may be interesting to repeat the 

simulation in a virtual reality environment.  

The results reported on in this paper didn’t show any decrease in discomfort in the case of 

high speed. A seat suspension system that attenuates translation in the x-direction should 

be an improvement for high speed forklift operation. The sliding seat from Paper II was 

shown to attenuate horizontal transient vibrations at high speed. 
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CHAPTER 6 Conclusions

In Paper I the experimental design variables of speed and obstacle were found to produce 

the greatest effect on both measured vibration values and subject response. The variable 

"length of driver" was found to have a significant effect on subjective response to 

vibration discomfort. Taller drivers perceived less motion than short drivers.

The MTVV method based on pitch and vertical seat vibrations (r=0.63) was found to be 

accurate for predicting discomfort. It was also shown that pitch vibrations at 50-100 Hz 

are important in the prediction of vibration discomfort whereas ISO 2631-1 places little 

importance on that frequency range.  

In Paper II, horizontal vibration in the seat and pitching motion provided better 

correlation values with subjective responses to transient vibrations than did other 

measurement axes. Sitting upright gave lower vibration values than did leaning back 

against the backrest. The sliding seat was determined to be better in attenuating transient 

x-axis vibrations on the seat in the case of 20 km/h or a double obstacle. This was also 

indicated by a lowered perceived 1) overall discomfort, 2) low back discomfort and 3) 

pitch motion.

For Paper III the objective was to find important variables for the prediction of 

subjective responses to transient vibrations. Subjective responses were used to evaluate 

the influence of the effect of a 45-minute vibration exposure with and without a 10-

minute pause after exposure. There was no evidence of any effect from a 10-minute 

pause; vibration exposure increased discomfort significantly. Head vibrations in the x- y- 

and z-directions with vertical seat vibrations were found to be important in predicting 

vibration discomfort.

In Paper IV computer modelling of forklift improvements were validated using platform 

simulation experiments. Engineered improvements of forklifts with the computer models 

were reduced suspension stiffness.  In this case, lowering the eigen frequency from 12 Hz 

to 2.00 Hz in the z-direction and 1.16 Hz in the x-direction through engineered 

improvements decreased the effects of whole-body vibrations. The vibration discomfort 

at 12 km/h and the unloaded condition was lowered from 5.1 to 3.2 on an 11 interval 

rating scale.  

It can be concluded that a methodology (Figure 1) based on field measurements, 

computer modelling, and platform simulations with subjective assessments of vibration 

discomfort is an appropriate tool in the process of discomfort reduction. Also that it can 

be used to develop solutions that reduce the effects of whole-body vibration that in turn 

can improve work environments. The computer model, which is a part of the 

methodology in Figure 1, was found to be effective in identifying at least one 

improvement (at 12 km/h and unloaded condition) – as with any new development, 

experience using the methodology offers greater promise. The methodology might be 

strengthened if a correctly modelled seat with backrest and modalities such as noise and 

visual cues are included in the computer modelling and platform simulations. 
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CHAPTER 7 Future research

Suggestions for further laboratory research: 

Further validation of the results reported in Paper IV using professional drivers might 

strengthen the results and provide information about any differences between 

professional and non-professional forklift operators. 

Further validation about human sensitivity to frequencies above 50 Hz and the vibration 

exposure affect as described in the findings in Papers I and III. In the case of discomfort 

prediction it may increase the accuracy of the weighting curves. 

Evaluation of the effects on discomfort assessment of the modalities: vibration, noise and 

visual information for additional validation of the results described in Paper IV. The 

noise and the visual information could be measured and recorded in field environments 

and used in laboratory experiments. An alternative would be the use of a virtual reality 

system combined with the platform simulator to determine if the accuracy of discomfort 

prediction could be improved through more closely matching the simulation to field 

conditions.

Investigate the accuracy of computer modelling by developing a model that as completely 

as possible reproduces an actual field condition. This will also help to determine any 

limitations of a computerized model; detailed measurements from the field can then be 

compared with detailed measurements from the model.   
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Received 18 June 2003; accepted 22 March 2004

Abstract

Vehicle manufacturers are continuously seeking to improve vibration comfort. In this paper, subjective
responses from transient vibrations in a forklift were analyzed on the basis of ISO 2631-1 and a number of
additional variables. The objectives were to define: the effect of different operating conditions and appropriate
background variables of subjects on perceived motions; the development of model that describes perceived
discomfort as a function of measured vibrations; and important frequencies for prediction of vibration
discomfort. The experiment was based on 12 different operating conditions defined by the variables: vehicle
speed, obstacle height and load conditions. Eleven professional drivers participated and their responses of
overall discomfort were defined by a vector sum of three perceived motions: shaking, for-aft and up-down
motions. The evaluation method, maximum transient vibration value as defined in ISO 2631-1 was found to
be adequate in predicting vibration discomfort during a four second transient vibration exposure. By analysis
of narrow frequency band spectra of vibrations several explanations for the test results are discussed. The best
results were obtained using a prediction model based on accelerations in 1

3
-octave bands of pitch vibrations.

r 2004 Elsevier Ltd. All rights reserved.

1. Introduction

Whole-body vibrations are well described by Griffin [1] and measurement of whole-body
vibrations and comfort prediction is outlined in ISO 2631-1 [2].
Modeling of the dynamic behavior of off-road vehicles as a means to identify design solutions

that reduce whole body vibration and increase operator comfort is of increasing interest.
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Improvements of vehicle vibration comfort can be carried out using dynamic computer simulations;
this approach does require the use of a model that includes variables associated with vibration
comfort. Important variables, extrinsic or intrinsic (as defined in theHandbook of Human Vibration
[1] on page 45, Table 3.1), can be found by studying human response to vibrations.
A number of studies have addressed the problem of finding an appropriate technical method for

judging the effect of mechanical shocks on discomfort [3–5]. Typically, only one direction of
vibration has been studied. Holmlund [6] showed by using absorbed power that human response
in one direction due to single-axis excitation is not readily transferable to a multi-axis
environment. The reason for this is that single-axis vibration can have input in other directions
due to the biomechanics of the human body.
Studies by Paddan and Griffin [7] showed that fore-and-aft vibration of the backrest of a seat

can cause appreciable body vibration. Corbridge [8] demonstrated that this vibration can be a
dominant cause of discomfort.
The current trend in vibration research is to use multi-axis values. This may be seen in studies

such as those by Hinz et al. [9] and Paddan and Griffin [10]. Human response to whole-body
vibrations is also affected by local vibrations, i.e. steering wheel hand-arm vibrations [11] and feet
on the floor [2]. A study by Lundström [12] suggested a resonance region between 80 and 200Hz
for the finger and the hand. Logically, it then follows that it is reasonable to speculate that
humans can assess higher frequencies at local parts of the human body, i.e. the skin when
perceiving rapid movements such as during transients or shocks. Due to these reasons, prediction
of vibration discomfort from transient vibration exposure (e.g. in off-road vehicles) could be
improved by including assessments of the influence of higher frequencies and this may require
different frequency weighting than what is described in ISO 2631-1 [2].
This study focuses on subjective responses and transient vibration exposures in a forklift. The

vibration data was measured at 3 points and totally in 8 vibration directions during operating
conditions and evaluated using the methods described in ISO 2631-1 [2]. The aim of this study was to
investigate as to whether present methods yield appropriate predictions of vibration discomfort. The
relationship between design variables (i.e. operating conditions) and the factors of subjective responses
to vibrations and vibration measurements is also important when designing for optimal comfort.
The first objective was to investigate effects caused by different experimental design variables on

subjective response and vibration accelerations. For subjective response, the effect of appropriate
background variables (e.g. age and experience) on participating subjects was also investigated.
The second objective was to define a model that described perceived discomfort as a function of
important vibrations (individual points and directions). A third objective was to identify those
frequencies which appear to most accurately correlate with vibration discomfort.

2. Methods and procedures

2.1. Subjects

Eleven subjects (the sample size) were selected and the statistical power was calculated and
interpolated as 0.94 as described Design and Analysis: A Researcher’s Handbook [13, pp. 76–79
and 516–517]. The power is based on an effect size FA (a ratio of treatment variances relative to
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error variance multiplied to sample size) calculated from a small sample of data in a study by
Mansfield [5] (11 male subjects, FA=1.62, a=0.05). It is recommended that a statistical power
greater than 0.80 [13, p. 69] be used. The subjects were forklift drivers working at the same forklift
company. All had different additional duties related to manufacturing and/or forklift
development. Background variables were collected by a questionnaire. Table 1 summarizes
background variables seen as relevant and appropriate.
Six subjects were defined as short (169–176.5 cm in body length) and five as tall (180–188 cm in

body length).

2.2. Experimental design

The experiment included 12 different test runs (T) carried out in random order with each
subject. The experiment was a factorial design using three variables: vehicle speed, obstacle height
and load condition. The effects of one or more variables on a response are often measured by
designed experiments, i.e. factorial design [14, part III]. The technique of factorial design is
described in Statistics for experimenters [14, pp. 306–309]. The variables of obstacle height and
load condition contained two levels and vehicle speed contained three levels. The levels of the
experimental variables were Load: no= 0kg, yes= 3000 kg; Obstacle: low= 30mm, high=
50mm; Speed: 7, 12, and 20 km/h. The experimental design matrix is shown in Table 2.

2.3. Apparatus

The vehicle used in this study was an industrial forklift (KALMAR-DCD80s) manufactured
by Kalmar Industries AB (Ljungby, Sweden). This model is equipped with four pneumatic front
tires and two pneumatic rear tires. The suspension between each corner of cabin and chassis
consists of 10mm thick rubber bushings. The forklift used in the evaluation was equipped with a
BE-GEs seat (manufactured by BE-GE Förarmiljö AB, Sweden). This seat has been described as
having a cross-linkage mechanism, equipped with a squab and having a vertical adjustable
pneumatic suspension located under the seat pan. The height of seat back was 640mm.
An 8-channel Sonys DAT recorder and a charge amplifier (Bruel & Kjaers 5974) were used for

recording all vibration measurements. The sampling rate of the acceleration data was 24 kHz.The
acceleration signals were low-pass filtered with the cut-off frequency set at 256Hz.Two three-axis
piezo-electric accelerometers (B&Ks 4321) and two single-axis piezo-electric accelerometers
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Table 1

Minimum, maximum, mean and standard deviation of subject characteristics

Variable Min Max Mean SD

Age (year) 27 59 43.3 8.6

Weight (kg) 68 110 84.2 12.7

Body length (cm) 169 188 178.7 6.0

Years with employer 0 18 10.0 6.1

Years as professional driver 0 16 5.6 5.7
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(B&Ks 4366) and (B&Ks 4371) were used to measure accelerations in three degrees of freedom
(dof) in the occupant/seat and seat/cabin interface. The vibration axes in this study are in
accordance with commonly used definitions and terminology [1, p. 35, Table 2]. Vertical (sZ) and
for-aft vibrations (sX) at the occupant/seat interface were measured by using a pliable rubber disc
embedded with one of the two three-axis accelerometers and placed on the seat pad according to
ISO 2631-1 specifications. The first single-axis accelerometer was placed on a rigid beam mounted
on top of the seat backrest and was used to measure accelerations in the x-direction (bX). The
pitch motion at the occupant/seat interface, seat pitch (SP), was calculated by subtracting the
accelerations in the x-direction on the top of backrest from the acceleration in the x-direction on
the seat and then dividing the result by the distance between the measurement locations (0.6m).
The second three-axis accelerometer was mounted on the floor and located beneath the rear edge
of the seat’s centreline. This accelerometer was used to measure accelerations in the x- and z-
directions at floor level. The second single-axis accelerometer was used to measure the
accelerations in the z-direction of the floor and it was mounted on the floor beneath the front
edge and centreline of the seat. The calculation of floor pitch (FP) at the seat/cabin interface was
determined by subtracting the z-axis accelerations beneath the front edge of the seat from the z-
axis beneath the rear edge of seat and dividing the result by the distance in the x-direction between
the measurement locations (0.35m). The centre of rotation around the y-axis of the vehicle was
further forward in the x-direction for the loaded condition (point 1 in Fig. 1) when compared to
the unloaded condition (point 2 in Fig. 1). The arrangements for the measurement of all
conditions were identical for all drivers. Lateral, yaw and roll motions during the experiment were
treated as being minimal; the experiment was designed so that these were minimized. The DAT
recorder was placed on the right side of the driver for ease of access and operation. Fixed screws
under the accelerator limited the vehicle’s speed.
For subjective judgment of overall discomfort a bi-polar rating scale (similar to the rating scale

used by Fothergill [15]) from 1 to 5 (where 1 is very uncomfortable, 2 is uncomfortable, 3 is neither
uncomfortable nor comfortable, 4 is comfortable and 5 is very comfortable) were used. For
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Table 2

The experimental design matrix

T Load (kg) Obstacle (mm) Speed (km/h)

1 0 30 7

2 3000 30 7

3 0 50 7

4 3000 50 7

5 0 30 12

6 3000 30 12

7 0 50 12

8 3000 50 12

9 0 30 20

10 3000 30 20

11 0 50 20

12 3000 50 20

T stands for test number.

P. Jönsson, Ö. Johansson / Journal of Sound and Vibration ] (]]]]) ]]]–]]]4



perceived vibration motion three 9-cm continuous bi-polar scales were used. The scales were
subdivided in 0.5 cm steps, 0–18 levels, correlating to three different perceived motions (shaking,
for-aft and vertical). Assessments of for-aft and vertical were supposed to correspond to
accelerations in the x- and z-directions, respectively. Seat pitch motions (SP) are commonly
considered as a part of the assessments of for-aft motion due to the distance between the centre of
rotation and the upper part of the back (see for example, Ref. [1]). The assessment of ‘‘shaking’’
was defined as a general perception of vibration commonly encountered during actual working
conditions. The two end points for all three were ‘‘Very weak’’ and ‘‘Very strong’’. The three
assessment scales of perceived motion used were based on descriptive word combinations familiar
to the subjects. Different subjects might interpret differently a single scale, but if there are three
different appropriate judgment scales corresponding to different vibration directions the
correlation factor between measurement and discomfort is strengthened. The judgments were
calculated as a vector sum of the judgments of shaking, vertical, and for-aft motions (Eq. (1)).
This is the VSPM or Vector Sum of Perceived Motions. The VSPM consequently varies between 0
and 31.17 ((182+182+182) 1/2=31.17).

VSPM ¼ ðshakings2 þ verticalmotions2 þ for-aftmotions2Þ1=2: (1)

2.4. Experimental procedures

Subjects were exposed to 12 vibration stimuli and data collection was carried out in field
conditions designed to simulate actual working conditions (i.e. drivers used a brand of forklift
used in their actual work activities with test run conditions equal or comparable to actual work
activities).
Data collection for each subject was completed in approximately 40min and each test run

lasted from 30 to 130 s. The experiment was performed on a clearly laid out 160m smooth asphalt
track. The test run track consisted of two obstacles with different heights placed next to each
other. The obstacles were symmetric rigid steel triangles 2m in length in the x-direction and 30
and 50mm in height. Although each subject used the same vehicle, driver seat, speed, load and test
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Fig. 1. The distance from the ground to the driver (1.35m) and the distance from the front wheel to the driver (1.2m).

The distance between front and rear wheels is 2.4m. Vibration in the x-direction is ‘‘for and aft’’, the z-direction is

‘‘vertical’’ and the pitch-rotation is in the seat; all are marked in the figure. Centres of rotation are marked by black

dots; 1: loaded; and 2: unloaded.

P. Jönsson, Ö. Johansson / Journal of Sound and Vibration ] (]]]]) ]]]–]]] 5



run track, the acquired accelerations at the seat i.e. vibration stimuli were not constant (for
example, subject weight caused variation). For all vibration stimuli (the 12 test runs (T1–T12)) the
mean of the weighted acceleration in the z-direction varied from 0.7 to 2.1m/s2 root-mean-square
(rms). Four weighted transient vibrations (i.e. the z-direction on the seat for one driver) are
illustrated in Fig. 2a–d. This data corresponds to the different operating conditions of low and
high speed, low and high obstacle, with and no load. Data for the low and high vibration stimulus
condition may be found in Fig. 2a and d. The duration of the transients are less than 2 s with
magnitudes varying between 2.5 and 6.0m/s2.
Before the start of data collection the drivers were provided with information concerning the

experimental procedure. The weight adjustment of the seat damping range in the vertical direction
was set to the middle position. The inclination of seat pan and backrest were set to approximately
101 and 1101, respectively (as measured in photos) and were fixed during all test runs. Drivers were
instructed to adjust the seat only in the x- and z-directions according to personal preference.
Except for these individual changes, the seat settings were the same for all subjects. No
instructions regarding posture or body angles were given. From visual inspection of video
recordings it was observed that all drivers leaned against the backrest during vibration exposures.
No other body angles were measured. To minimize possible bias, subjects followed a predefined
randomized order of trials. Prior to each test run, oral and written instruction was given.
The instruction concerned which speed, obstacle and load would be used. The test subjects
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Fig. 2. Four different weighted acceleration signals in the z-axis on the seat are measured under different driving

conditions. All time series are of the same driver (no.8). (a) Test3: 7 km/h, high obstacle and no load. (b) Test 9: 20 km/

h, low obstacle and no load. (c) Test 12: 20 km/h, high obstacle and with load. (d) Test 11: 20 km/h, high obstacle and

no load.
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drove the forklift unloaded or loaded stable and straight in one direction over the obstacles
at a constant speed. Two training trials were allowed at the start; conditions during the training
trials were the same as those of the 11th and 12th actual trials (as noted earlier, these were
randomly assigned). The reliability of the subjective response was checked by comparing the
results of the training trials with the same actual test run (r ¼ 0:80). Repetitions couldn’t be
performed since data collection was limited to two days. If using more time, the experimental
conditions, e.g. weather conditions, might have been changed too much. Vibrations were
measured throughout each test run and immediately after each test run drivers were asked to
judge vibration discomfort. The general judgment question was: ‘‘How did you judge the shaking,
vertical, and for–aft motions when you drove over the obstacle?’’ (Translated from Swedish).
Each subject also made judgments on perceived over-all shaking, up–down motion, and for–aft
motion.

2.5. Analysis

Analyses were performed using Matlab R12s, Mathworkss and I-deass. The time history
data for each driver and vibrations was cut into 4 s periods and weighted according to ISO 2631-1
[2]. According to ISO 2631-1 the manner in which vibration affects comfort is dependent on the
vibration frequency content and is represented by the different frequency weightings. The
weighting ‘Wd’ and ‘Wk’ was used for x-axis and z-axis motion measured at the seat pan, Wc was
used for x-axis motion measured at the seat back, and ‘We’ applied to the seat rotational data at
the occupant/seat interface.
When the crest factor is less than 9 the basic evaluation method is recommended by ISO 2631-1

[2], point 6.2.2. However, in this paper transient vibrations are studied and therefore analysis used
both basic and additional methods.
The basic evaluation method for vibration is calculated using weighted rms acceleration defined

by formula (1) from ISO 2631-1 [2] as shown below:

aw ¼ 1

T

Z T

0

a2w tð Þdt
� �1=2

; (2)

where T is the duration of measurement and aw is the frequency weighted acceleration.
The additional methods used in ISO 2631-1 are vibration dose value (VDV) and maximum

transient vibration value (MTVV).
The frequency weighted VDV is defined by formula (5) from ISO 2631-1 [2] as shown below:

VDV ¼
Z T

0

aw tð Þ½ �4 dt
� �1=4

; (3)

where T is 4 s.
MTVV is defined as the highest magnitude of aw(t0) (index w stands for weighted data)

according to formula (4) in ISO 2631-1 [2] as shown below:

MTVV ¼ max½awðt0Þ�; (4)
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where aw(to) is defined by formula (2) from ISO 2631-1 [2] as shown below:

awðt0Þ ¼
1

t

Z t0

t0�t
awðtÞ½ �2 dt

� �1=2

; (5)

where t0 is instantaneous time, aw(t0) is the instantaneous frequency weighted acceleration
obtained by using the running rms evaluation method, integration time (t) is 1 s.
The definition of vibration measurement is based on the additional method ([2, point 6.3])

indexes measurement direction and point, e.g. MTVVbX (x-axis at seat back), MTVVsZ (z-axis at
seat), MTVVsX (x-axis at seat), MTVVSP (pitch rotational at seat). An overall vibration total
value ([2, point 8.2.3]) is calculated and based on either MTVV or VDV defined as MTVVvsum1

and VDVvsum, respectively. The included measurement point and vibration axis in the overall
vibration total value are; z-axis at seat pan (awsz), x-translation at the seat back (awbx) and pitch
rotation of occupant/seat interface (awpitch). The multiplying factors are in accordance with ISO
2631-1 [2] i.e. ‘ksz’=1.0m/s2 (z-axis at seat pan), ‘kbx’=0.8m/s2 (x-axis at seat back) and
‘kpitch’=0.4m/rad (applied to the seat rotational data).
The analysis procedure used for calculations is summarized as follows:

1: Import of field measurement data to analysis-software (Matlabs).
2: Calculation of rotational vibrations from vibration data in the x-directions of the seat and

backrest.
3: Frequency weighting of vibration time history in each direction.
4: Calculation of MTVV and VDV and the vibration total value of MTVVvsum1 and VDVvsum.

A narrow frequency band spectra analysis of unweighted vibrations was performed to possibly
explain the subjective response and vehicle behaviour. The data was unweighted as the floor
vibrations beneath the seat are unweighted and were compared with the frequency response at
seat interface. To avoid aliasing, the signals were low-pass filtered with a cut-off frequency of
100Hz; which is above the highest frequency of interest. The sampling frequency was 256Hz
(following the Nyquist theorem).
For frequency analysis, the acceleration in the z-axis from the two floor accelerometers

beneath the seat were averaged and calculated as ‘‘AFZ’’. The frequency analyses of AFZ, SZ
and SP in four of the test runs (T7, T8, T11 and T12) were based on the ‘‘auto-power spectrum’’
(rms).
The 1

3
-octave spectra analysis was based on unweighted acceleration values (x-direction of the

backrest, pitch and vertical motions on the seat) that recognized the correlation between
subjective response and vibration frequencies from 1 to 100Hz. The data was expressed in dB,
centred and scaled to unit variance. The regression model used defines subjective response as a
function of vibration levels in 1

3
-octave bands for different directions.

2.6. Statistical analysis

Analysis of variance of acceleration measurements and subjective response were carried out.
The aim of these calculations was to study the main effects of each factor as well as the interaction
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between these factors. Analyses of Pearson product momentum correlations of subjective
responses and acceleration measurements were performed. The aim of these calculations was to
identify which factors might be used for the prediction of discomfort. Partial Least-Squares
modeling (PLS) [16, p. 67; 17;18 p. 200], was used for multivariate analyses of the relationship
between acceleration measurements, background variables and subjective responses. The software
used for these statistical analyses were Windows Excels, Statgraphics Plus 4.0s and Simca-P
7.01s.

3. Results

3.1. Analysis of MTVV and VDV in the seat driver interface

In Tables 3a–3c, results due to rms, MTVV and VDV analysis are presented as min, max, mean-
values and standard deviations (SD) of sX, sZ, bX and SP for every test run.
Generally it can be seen that increasing speed and obstacle height gives higher vibration

values. Highest vibration values are seen at speeds of 12 and 20 km/h for test runs without
load and high obstacle. For example, in Table 3b, T7 (sZ=3.08m/s2) and T11 (bX, sX and
SP are 3.79, 1.81 m/s2 and 9.51 rad/s2, respectively). From Table 3b and c it can be seen
that sX and bX are well correlated (r ¼ 0:99). Vibrations in the x-direction on the seat (sX)
are represented by vibrations bX, which is included in the seat pitch (SP) value.
Corbridge [8] found that horizontal vibrations in a backrest (bX) might have a significant
effect on comfort. Due to these reasons and to simplify analysis, the variable sX was excluded
from further analysis.

3.2. Analysis and comparison of subject judgments

A first step in the analysis of subject responses was to establish a relationship between
judgments of overall discomfort and perceived motions.
The three different judgments of perceived motions and VSPM are compared to the overall

discomfort for each test run, Fig. 3. A regression model based on group averages for each test run,
demonstrated an exponential and significant relationship between VSPM and overall discomfort
(Fig. 3d, r ¼ 0:98), Eq. (6), which also gave the highest correlation factor:

VSPM ¼ 0:77 ðoverall discomfortÞ2:43: (6)

Overall discomfort judgments of 2 corresponded to comfortable and 4 corresponded to
uncomfortable. Accordingly VSPM=4.1, corresponded to comfortable and VSPM=22.4
corresponded to uncomfortable (Eq. 6).
Another advantage for the use of VSPM is that the correlation factor between perceived motion

(VSPM) and MTVVvsum1 (r ¼ 0:63) was found to be higher than the correlation between overall
discomfort and MTVVvsum1 (r ¼ 0:57).
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Table 3

bX (m/s2) sX sZ SP (rad/s2)

T Mean Min Max SD Mean Min Max SD Mean Min Max SD Mean Min Max SD

(a) Mean, minimum, maximum and standard deviation of rms

1 0.5 0.4 0.6 0.1 0.3 0.2 0.4 0.1 l.l 0.7 1.3 0.2 0.7 0.5 0.8 0.1

2 0.6 0.4 0.8 0.1 0.4 0.2 0.7 0.1 0.7 0.5 1.1 0.2 0.9 0.5 1.l 0.2

3 0.6 0.5 0.7 0.1 0.4 0.3 0.6 0.1 1.2 1.0 1.4 0.1 0.9 0.8 1.0 0.1

4 1.0 0.8 1.2 0.1 0.6 0.5 0.9 0.2 0.8 0.7 l,I 0.1 1.4 1.3 1.6 0.1

5 0.8 0.3 1.0 0.2 0.5 0.l 0.8 0.2 1.8 l.l 2.3 0.4 1.1 0.5 1.3 0.3

6 0.7 0.5 1.0 0.1 0.4 0.3 0.6 0.1 l.5 1.0 2.0 0.3 1.l 0.9 1.3 0.1

7 1.0 0.9 1.1 0.1 0.6 0.4 1.1 0.2 2.1 1.3 2.7 0.4 1.4 1.3 1.5 0.1

8 1.0 0.8 1.l 0.1 0.6 0.5 1.0 0.2 1.6 1.2 1.9 0.2 1.6 1.4 1.8 0.2

9 1.5 1.1 1.8 0.2 0.8 0.6 1.4 0.3 l.6 1.2 2.0 0.3 2.0 1.7 2.3 0.2

10 1.5 1.3 2.0 0.2 0.9 0.7 1.4 0.3 1.4 1.1 1.9 0.2 2.1 1.9 2.5 0.2

11 2.7 2.4 3.1 0.2 1.5 1.0 2.9 0.7 l.7 1.2 2.2 0.3 3.4 3.1 3.8 0.2

12 1.6 1.4 2.1 0.2 1.0 0.7 1.8 0.4 1.6 1.4 2.0 0.2 2.4 2.1 3.1 0.3

(b) Mean, minimum, maximum and standard deviation of MTVV’s

1 0.7 0.5 0.8 0.l 0.3 0.3 0.4 0.0 1.5 1.0 1.8 0.4 0.9 0.7 1.0 0.1

2 0.8 0.7 1.0 0.1 0.4 0.4 0.5 0.1 0.9 0.6 1.3 0.2 1.2 0.9 1.4 0.2

3 0.9 0.7 1.1 0.2 0.4 0.4 0.5 0.0 1.6 1.4 2.2 0.4 1.3 1.0 1.5 0.1

4 1.4 1.1 1.7 0.2 0.7 0.6 0.7 0.1 1.1 0.8 1.3 0.3 1.9 1.7 2.2 0.2

5 1.3 0.5 1.6 0.3 0.6 0.2 0.8 0.1 2.6 1.4 3.5 0.7 1.6 0.7 1.9 0.4

6 1.0 0.7 1.5 0.2 0.5 0.4 0.7 0.1 2.1 1.5 2.7 0.5 1.5 1.3 1.9 0.2

7 1.5 1.3 1.7 0.1 0.8 0.6 0.9 0.1 3.1 2.0 4.0 0.7 2.1 2.0 2.4 0.1

8 1.4 1.1 1.6 0.2 0.8 0.6 1.0 0.1 2.3 1.8 2.8 0.5 2.3 2.0 2.6 0.2

9 2.2 1.7 2.6 0.2 1.0 0.8 1.2 0.1 2.3 1.9 3.0 0.6 2.9 2.4 3.4 0.3

l0 2.3 1.8 3.1 0.4 1.0 0.9 1.3 0.1 2.2 1.7 2.9 0.5 3.1 2.6 3.9 0.4

11 3.8 3.7 4.6 0.9 1.8 1.7 2.0 0.1 2.6 1.8 3.4 0.7 5.2 4.8 5.7 0.3

12 2.7 2.2 3.2 0.3 1.2 1.0 1.6 0.2 2.7 1.9 3.3 0.6 3.7 3.4 4.5 0.3

(c) Mean, minimum, maximum and standard deviation of VDV’s

1 3.8 2.9 4.5 0.5 1.7 1.4 2.2 0.2 7.7 5.2 9.3 1.2 5.1 4.1 6.1 0.6

2 4.3 3.3 5.2 0.6 2.2 1.7 2.7 0.3 5.1 3.5 7.9 1.2 6.2 4.4 7.1 0.8

3 4.8 4.1 5.8 0.6 2.4 2.2 2.6 0.2 8.7 7.5 10.7 1.1 7.2 5.8 8.3 0.7

4 6.9 5.9 8.5 0.7 3.5 3.2 3.9 0.3 5.7 4.7 7.9 0.9 10.2 9.3 11.3 0.7

5 6.5 2.7 8.1 1.7 3.0 1.2 3.9 0.8 14.0 7.2 17.4 3.3 8.5 4.1 10.1 1.9

6 5.3 4.2 7.4 1.1 2.9 2.3 3.7 0.4 11.1 7.7 14.4 2.0 8.0 6.5 10.3 1.1

7 7.8 6.9 8.7 0.7 3.9 3.3 4.6 0.4 16.6 10.3 20.9 2.9 10.9 10.0 11.8 0.6

8 7.7 6.0 8.9 1.0 4.2 3.3 5.1 0.5 11.9 9.1 14.5 1.7 12.5 10.8 13.9 1.2

9 11.2 8.8 13.0 1.2 5.1 4.5 6.1 0.6 12.3 9.5 15.4 1.9 14.7 13.3 16.6 1.2

l0 12.0 9.6 16.2 1.8 5.6 4.8 6.7 0.7 10.7 9.2 14.5 1.6 16.5 13.7 20.3 2.0

11 20.6 18.3 25.5 2.6 8.8 7.9 9.6 0.6 14.1 9.5 17.1 2.5 25.8 23.0 29.9 2.3

12 13.8 12.1 l6.7 1.5 6.3 5.7 8.2 0.7 13.2 10.9 16.5 1.6 19.4 17.6 23.8 1.7

The terms bX, sX and sZ stand for vibrations in the x-axis at the seat back, the x-axis and z-axis at the seat pan. SP is

the pitch in the occupant/seat interface. T stands for test number.
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3.3. Relationship between subjective response and vibration data

3.3.1. Difference between evaluation methods
The results of the evaluation methods are marked with different symbols for each subject (Figs.

4a–c) with similar patterns for all subjects. One driver did deviate significantly from the average,
(marked by triangular-symbol, without fill).
Comparison of the methods shows apparent higher deviations in the case of VDV data (Fig. 4c)

and smallest in the case of MTVV. Hence, the MTVV method was deemed to be a more accurate
vibration discomfort indicator and was selected for use in further calculations.

3.3.2. Differences between individuals and the group

From normal probability plots, the subjective response and vibration data were found to have
almost normal distributions (the kurtosis equal to 0.69 and �0.26 in case of VSPM and
MTVVvsum1, respectively), this means that median and mean values are similar. The observed
variability on the measured vibration values among drivers (Fig. 4b) indicated a dependence on
other variables. Points 1 and 2 (marked in Fig. 4b) illustrate an example of differences between
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Fig. 3. The exponential relationship between subjective responses of perceived motions and overall discomfort for

every test. The correlation factor ‘r’ for shaking, vertical, for–aft and VSPM was 0.97, 0.96, 0.92 and 0.98, respectively.

The test numbers, Ti (i ¼ 1212), is according to the experimental design shown in Table 2.
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drivers during similar driving conditions. Points 1 and 2 correspond to no load, high obstacle and
a 20 km/h speed for drivers 3 and 6, respectively. In Fig. 5, the data is based on group averages in
each test run; this gave small deviations. Subject averaging always yields smaller deviations when
compared to individual data. Individual differences such as experience, health, physiological body
properties and different expectations are not averaged out.
VSPM is predicted from measured vibrations and by Eq. (1). In Table 4 the consistency of

correlation coefficients between measured VSPM and predicted VSPM are summarized among
the subjects. The judgments were consistent (r ¼ 0:7920:82) except in the case of subject 11
(r ¼ 0:62).
The mean values and confidence intervals of MTVVvsum1 and the judgments of perceived

motions (VSPM) are shown in Figs. 6 and 7.
The spread in VSPM judgments are greater than the spread in acceleration measurement (Figs.

6 and 7). T11 (no load, high obstacle and 20 km/h) gave the highest mean-values of both VSPM
and MTVVvsum1. At the speed of 12 km/h, T7 (no load and high obstacle) gave the highest mean-
values of both VSPM and MTVVvsum1. Since VSPM and MTVVvsum1 are dependent on the test
variables (speed, obstacle and load), the following statistical analysis was performed to determine
the effects from the experimental design variables.
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Fig. 4. Using rmsvsum1(a), MTVVvsum1(b) or VDVvsum(c) in predicting the subjective response (VSPM) gives different

relationships between methods (r=0.61,0.63 and 0.57, respectively) and subjects (r=0.62–0.88). Eleven subjects are

marked in figures; Subject 1 (E), 2 (’), 3 (m), 4 (� ), 5 (\), 6 (J), 7 (+), 8 (�), 9 (—), 10 (W), and 11 (&). The black

line indicates the average.
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3.4. The effect of experimental design variables

Main- and interaction effects were analysed with factorial design. In Statistics for
Experimenters [14, pp. 317–318], it is stated that main effects can only be interpreted separately
if there is no evidence that the variables interact with other variables. In case of VSPM (Table 5)
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Fig. 5. Using MTVVvsum1 in predicting the subjective response (VSPM), based on group averages in each test (T1-T12)

(r=0.98). Test numbers, Ti (i=1–12), are shown (Table 2).

Table 4

Correlation coefficients between VSPM and predicted VSPM (average of all tests for each driver)

Driver Average, VSPM Correlation, r

1 17.10 0.79

2 6.47 0.79

3 18.94 0.80

4 8.93 0.82

5 11.74 0.87

6 6.42 0.81

7 8.88 0.88

8 7.94 0.81

9 11.85 0.84

11 8.80 0.62
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two main effects were significant (speed and obstacle height) and there was no evidence of any
interaction effects. The change in speed from 7 to 20 km/h increased VSPM from 6.6 to 13.5. The
change in obstacle height from low to high increased VSPM from 8.5 to 11.6.
In case of MTVVsZ, all three main effects were significant (Table 5) and there was no evidence

of any interaction effects. The change in speed from 7 to 20 km/h increased MTVVsZ from 1.5 to
2.7m/s2. The change from low to high obstacle increased MTVVsZ from 1.9 to 2.2m/s2. The
change from unloaded to loaded condition decreased MTVVsZ from 2.3 to 1.9m/s2.
In the case of MTVVbX and MTVVSP, two interactions were significant (Table 5). MTVVbX

and MTVVSP were highly correlated (r ¼ 0:99), therefore interpretation focused on the results of
MTVVSP. The first interaction effect was between obstacle height and speed. With the low
obstacle a change in speed from 7 to 20 km/h increased MTVVSP from 1.5 to 5.0 rad/s2. With the
high obstacle a change in speed from 7 to 20 km/h increased MTVVSP from 2.1 to 7.4 rad/s2.
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The second significant interaction effect was between load and speed. During the condition
‘‘low speed’’, changing the load condition from ‘‘unloaded’’ to ‘‘loaded’’ increased MTVVSP from
1.4 to 2.3 rad/s2. During the condition ‘‘high speed’’, increasing the load from ‘‘unloaded’’ to
‘‘loaded’’ decreased MTVVSP from 6.9 to 5.4 rad/s2.

3.5. Frequency analysis of vibration signals

The excitation frequencies caused by the wheel impact are dependent on speed and wheel axis
distance; this had a great effect on the measured vibrations. The fundamental excitation frequency
at 12 km/h was 1.4Hz, with harmonics at 2.8, 4.2, 5.6, and 7.0Hz. At 20 km/h the fundamental
frequency was 2.3Hz, with harmonics at 4.6, and 6.9Hz. Wheel impact excited two phenomena:
the pitch and vertical motion of the vehicle and seat/driver interface. When the fundamental
excitation frequency or its harmonics matched with pitch eigenfrequency, (the rear wheel is out of
phase with pitch motion of the vehicle) the pitch motion diminished and only vertical motion
remained.
The pitch motion was analysed by comparison of the frequency spectra during four test runs as

shown in Fig. 8. FP stand for pitch vibration on the floor and SP stands for pitch vibration on the
seat.
At 20 km/h, the frequency spectra (Fig. 8b and d) showed peaks at 2.5Hz and 2.8Hz,

respectively. At 12 km/h in the unloaded condition (Fig. 8c) the peak cancelled. At 12 km/h and
loaded condition (Fig. 8a), the amplitude at 2.5Hz was reduced to about 25% of the amplitude
value at 20 km/h (Fig. 8b). SP vibration below 4Hz (peaks were at 2.5–2.8 and 3.5–3.8Hz)
was higher, for both T7 (Fig. 8c) and T11 (Fig. 8d), as compared to loaded configurations (Fig. 8a
and 8b).
The vertical motion was analysed in a similar way to pitch motion (Fig. 9). AFZ stands for

vertical vibration on floor and sZ stands for vertical vibration on the seat.
In Figs. 9a and c, clear and distinct peaks occurred at 3.5Hz and 3.8Hz, respectively. Peaks at

2.5 and 2.8Hz due to pitch motion were diminished, which was in accordance with the
observation that the excitation of the rear wheel was out of phase with the pitch motion of the
whole vehicle.
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Table 5

P-values calculated for the main- and interaction effect of VSPM, MTVVsZ, MTVVbX and MTVVSP

P-value

Source VSPM MTVVsZ MTVVbX MTVVSP

Load 0.0690 0.0003 0.1344 0.0744

Obstacle 0.0002 0.0131 0.0000 0.0000

Speed 0.0000 0.0000 0.0000 0.0000

Load�obstacle 0.3602 0.7727 0.2138 0.0708

Load�speed 0.1436 0.0545 0.0001 0.0000

Obstacle�speed 0.4963 0.4743 4.0422 0.0001
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Acceleration measured on seat surface was, in comparison to the acceleration on the floor (i.e.
input), amplified within the frequency range 1–2Hz (Fig. 9d). Consequently, frequencies well
above this range were attenuated by the seat spring–damper system.

3.6. Background variables

In order to find a better model of subjective response than is given in ISO 2631-1 [2], a number
of additional variables were tested. The background variables ‘‘body length’’ (Table 1) was found
to have a significant effect on VSPM (p ¼ 0:0014) and on MTVVvsum1 (p ¼ 0:0291). The variable
‘‘body length’’ slightly increased the correlation coefficient (from 0.63 to 0.65) between measured
vibrations and vibration discomfort. Tall drivers perceived less VSPM than did short drivers
(Fig. 10). The rank of VSPM is consistent.

3.7. Analysis based on 1
3
-octave band data

In order to analyse the relationship between perceived motions and measured vibrations as a
function of frequency, an alternative prediction model was developed on the basis of PLS
regression as described in Refs. [16, p. 67; [17,18], p. 200].
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Fig. 8. Spectra of the pitch acceleration measured at the floor (FP—black line) and at the seat (SP–grey line) during the

condition high obstacle with load (on the top) and without load (on the bottom) during a speed of 12 km/h (on the left)

and 20 km/h (on the right). All spectra are for same driver (no.8).
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Pitch vibrations (SP) correlated significantly higher with subjective response than did sZ. The
relationship between observed VSPM and predicted VSPM (based on SP) is shown in Fig. 11
(r ¼ 0:63).
Analysis of 1

3
-octave band data showed the importance of the use of different frequencies in

predicting discomfort. The results showed that the variability of frequencies above 50Hz is of
importance in predicting VSPM (Fig. 12). Frequencies of 1.6, 6.3 and 10Hz were also of high
importance. Frequencies from 2 up to 4Hz were of low importance.
Predicted VSPM as a function of pitch vibrations in third octave bands were defined by a

regression model:

VSPM ¼ b0 þ
X20
i¼1

bi � Xi; (7)

where i is the ith 1
3
-octave band.

The constant of proportionality b0 was 0.95 and the 20 regression coefficients bi are given in
Fig. 12.
The prediction model provides a means to evaluate discomfort in relation to vibration spectra

produced by the studied vehicle and road conditions. This model (Eq. (7)) could serve as a tool for
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Fig. 9. Spectra of the z-axis acceleration measured at the floor (AFZ–black line) and at the seat (sZ–grey line) during

the condition high obstacle with load (on the top) and without load (on the bottom) during a speed of 12 km/h (on the

left) and 20 km/h (on the right). All spectra are for same driver (no. 8).
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Fig. 11. Comparison of observed VSPM with the predicted VSPM (r ¼ 0:63). Predicted VSPM is calculated from pitch

vibration values in 1
3
-octave bands (Eq. (7)). Data is logarithmic. Ten subjects are marked in figures; Subject 1 (E), 2 (’ ),

3 (m), 4 (� ), 5 (\), 6 (J), 7 (+), 8 (�), 9 (—), and 11 (&). The black line indicates the average of the drivers.
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the evaluation of changes in discomfort levels due to any modification of the studied vehicle.
Attenuation through seat design at these pitch frequencies is an additional possibility that can be
explored in the future.

4. Discussion and conclusions

Vibrations were measured in a forklift truck with goal of better understanding the relationship
between subjective response to vibration transients and measured accelerations when designing
for optimal comfort. The first steps were to decide which measurement—and analysis methods to
use.
The method used to measure subjective response was based on a study by Fothergill [15]. The

assessment question in this study (‘‘How did you judge the shaking, vertical, and for-aft motions
when you drove over the obstacle?’’) asked the subject to judge a single transient in the vibration
exposure in terms of overall discomfort and motions as shaking, vertical and for-aft. Discomfort
was additionally defined by a vector sum of perceived shaking and motions in the vertical and
horizontal directions, VSPM. Subjective responses to different test run conditions showed that
speed and obstacle height had significant effects on VSPM. VSPM (perceived motions) was
chosen as an indicator of discomfort as the correlation factor between VSPM and vibration
measures (based on individual data) was greater, i.e. in case of MTVVvsum1, the correlation factor
increased from 0.57 (overall discomfort) to 0.63 (VSPM). The differences in VSPM (Fig. 10) for
the two length groups (tall and short subjects) may be caused by one or two factors. First,
increased body length may reduce those body vibrations that influence discomfort perception.
Second, vibrations due to body biodynamics affect subjects with different body lengths
differently. Significant design variables (first objective) can be used in simulation computation.
It was found that all three design variables (speed, obstacle and load) were significant in the case
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of MTVVsZ. In the case of MTVVSP (and MTVVbX), two interactions were significant
(obstacle�speed and load�speed).
The second objective was to test the existing ISO prediction guidelines used to describe

perceived discomfort as a function of measured vibrations and, if appropriate, refine those
guidelines. A method based on the MTVV-method of pitch and vertical seat vibrations (r ¼ 0:63)
was found to be accurate; this is a variation upon the options allowed by the ISO guidelines. From
the study by Mansfield [5], the VDV-method was found to be preferable. Using Mansfield, the
median of individual correlation factors between subjective response and measurement in the case
of VDV and MTVV were found to be 0.83 and 0.74 respectively. The median of corresponding
correlation factors in this study (Table 5) were lower when using the VDV-method (r ¼ 0:75) and
higher when using the MTVV-method (r ¼ 0:81) when compared to Mansfield’s study. The 0.63
value mentioned above was based on calculations that used data from each subjects whereas the
0.75 and 0.81 values were derived using Mansfield’s methodology. A possible explanation for the
higher correlation factor in case of VDV (in Mansfield’s study) and MTVV (in this study) might
be related to the assessment question wording and vibration duration. The assessment question
(‘‘How did you judge the shaking, vertical, and for-aft motions when you drove over the
obstacle?’’) could be a limitation when using the VDV-method. Some subjects may judge
vibration exposure before and after the transient while others, more correctly, are judging the
short transient in the actual vibration exposure. Due to this, the spread increases and the
correlation factor decreases. The question in the study by Mansfield (‘‘How severe did you judge
the vibration?’’) is viewed by these authors as more a question that asked subjects to judge the
vibration exposure during a longer 20 s period. Second, the analysis time of 4 s possibly favours
the MTVV method since VDV didn’t increase more significantly than did MTVV (Fig. 13).
Contradictorily, in the Mansfield study ([5, Fig. 3]), VDV increased with a 20 s time duration, but
the MTVV did not increase.
Due to differences between controlled laboratory and field environment experiments (more

uncontrollable factors) it is expected that there will always be a higher correlation factor with
laboratory experiments.
In the frequency analysis, the fundamental excitation frequency or its harmonics were found to

diminish the pitch motion (only vertical motion remained) when matched with pitch frequency.
This is a possibly explanation for the decreased MTVVSP and second interaction effect in Section
3.4. Further, from the frequency analysis, it’s reasonable to conclude that the peaks at 2.5 and
2.8Hz were related to the pitch motion of the whole vehicle. The increased inertia of rotation and
additional mass from the load explains the decrease in eigenfrequency of pitch vibrations from 2.8
to 2.5Hz (Figs. 8b and d) and the vibration decreased in the z-direction from 3.8 to 3.5Hz (Figs.
9a and c).
At loaded and highest speed (Fig. 9d), the eigenvibration frequency of 3.5Hz (in the z-direction

at floor level) was present but was not present when unloaded and at highest speed. The reason for
this is probably due to there being a shorter distance between centre of rotation and the seat in the
case of the unloaded condition. The ISO standard states that the perception of rotation is high in
the range 0.2–4Hz ([2, Fig. 3]). From this, it’s reasonable to assume that the high VSPM and
MTVVvsum1 in T7 and T11 (Figs. 6 and 7) were driven by the pitch in the range of 0.2–4Hz.
The third objective which was to identify those frequencies which appear to most accurately

correlate with vibration discomfort was fulfilled by the 1
3
-octave band analysis. 1

3
-octave band
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frequencies at 1.6, 6.3, 10Hz and above 50Hz were found to be most important in predicting
vibration discomfort. These frequencies (especially the high frequencies) are related to the
transient or rapid movements. In this study, these may have been caused by pitch or x-axis
movements of the seat back since analysis of MTVVsZ showed high frequencies to be of a lesser
importance. The seat wasn’t provided with any pitch damping and therefore high frequencies were
transmittable into the subject’s bodies. Pitch frequencies from 2 up to 4Hz were of less
importance. This is somewhat unexpected as the eigenfrequencies of the vehicle are 3.5–3.8Hz in
the vertical direction and 2.5–2.8Hz in the pitch direction. The explanation might be that these
frequencies are natural in this particular vehicle and do not vary as much as the frequency bands
that are related to forced movements, e.g. 1.6, 6.3 and 10Hz.
In a multivariate analysis of 1

3
-octave spectra, backrest vibrations didn’t improve prediction of

vibration discomfort; therefore a regression model (Eq. (7)) based on pitch vibration in 1
3
-octave

spectra was used. If using bX (i.e. when pitch can’t be measured) a correct mathematical model of
the back rest would be needed, and consequently, this would increase the complexity of the
computer model.
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Fig. 13. Increasing MTVV (black line) and VDV (dashed line) during a single transient vibration of 4 s.
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Abstract

Whole-body vibration is a problem in off-road vehicles, which can cause both injuries and 

discomfort. Comfort depends on several environmental factors of which the vibration level is 

one factor. This study focuses on ”vibration comfort” and is restricted to transient vibrations. 

ISO 2631 primarily addresses long-term effects due to continuous, whole-body vibrations. 

Guidelines about comfort are provided, however information regarding transient motions is 

limited. New criteria for measurements of vibration comfort are therefore of considerable 

value in the understanding of how to improve vibration comfort in vehicles. The aim of this 

study is to find a relationship between assessments of vibration comfort and measured 

vibration levels. A designed experiment based on the variables of vehicle speed, obstacle 

height and a load condition were carried out on a forklift truck. Response variables were 

discomfort assessments and measured accelerations in 4 degrees of freedom in the seat/driver 

and seat/cabin interface. Data from the subjective assessment of 11 professional drivers was 

collected. A questionnaire was used to control for background variables of importance such 

as driver’s weight, age, experience and vibration-sensitivity. In case of individual results, the 

correlation coefficient between RMS-values in the z-direction and comfort-assessments was 

0.54. Based on averages for each test condition, the correlation coefficient was 0.93. Further 

studies of the rotational degree of freedom improved the prediction of discomfort. In case of 

individual results the correlation coefficient was 0.62 and in case of averages for each test 

condition 0.97.

1. Introduction 

Whole-body vibration is a problem in off-road vehicles and is often the cause of injury and/or 

discomfort. Comfort is dependent on a number of environmental factors of which vibration 

levels are one factor.

In engineering and design there is growing interest in modelling the dynamic behaviour 

of vehicles as a means to identify design solutions that reduce vibrations and consequently 

improve vibration comfort. Acquisition of relevant vibration comfort data through dynamic 

computer simulations requires a strong correlation between objective vibration measurements 

and subjective vibration comfort assessments. A strategy that uses a multivariate field of 



attack is an approach that can provide this type of correlation. The strategy is depicted in 

Figure 1; the circles represent methods used and the arrows the information flows. 

Figure 1. The strategy shown uses four methods to acquire information. The arrows 

connecting methods depict information flows. 

A model that describes the relationship between vibration measurements and comfort 

assessments is potentially useful in a range of design and engineering applications. As 

depicted by the dotted arrow in Figure 1, state-of-the-art modelling of that relationship using 

a dynamic computer simulation is imprecise. The ultimate goal of the research described is 

the collection of data and associated analyses that will permit the development of a computer-

based model of the relationship. 

This study focuses on ”vibration comfort” in aspect of transient vibrations. Knowledge 

concerning transient vibrations is of considerable interest, particularly since ISO 2631 [2] 

provides limited guidance on transient vibrations. Griffin [1] has described the subject area of 

whole body vibrations very extensively. Wikstroem et al [3] compared different technical -

methods for assessing the effect of mechanical shocks on discomfort. The results showed that 

a dose value based on a RMS or RMQ calculation in z-direction provides the best prediction 

of discomfort from shocks. Spång [4] has shown very good correlation between human 

subjective response and single event shocks. Short integration time is, however, of great 

importance; otherwise the shocks will be underestimated [4]. However, Holmlund [5] has 

shown that the results from single-axis studies can probably not be directly transferred to a 

multi-axis environment.  

This paper comprises an extended analysis of the results from a study of vibration 

comfort in a forklift, due to vibrations in three degrees of freedom (x-, z-translation and 

pitch) [6]. There are two objectives. The first is to find the most important and significant 

effects on individual perception of vibration and measured vibrations, due to various driving 

conditions. The second objective is to analyse the frequency dependence for each degree of 

freedom and its relation to important background variables.  
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2. Method 

2.1 Experimental Design 

The experiment included 11 professional drivers and 12 different tests carried out in random 

order. The experiment was conducted as a factorial design [7] with three variables such as 

vehicle speed, obstacle height and load condition. Obstacle height and load condition 

contained two levels and vehicle speed contained three levels. More details are given in a 

previous study [6].

The experiment used a clearly laid out test road. Immediately prior to each test the 

drivers were provided with information about the experimental procedure. The information 

provided was on which speed, obstacle and load would be used.

The vibrations were measured throughout each test and immediately after each test 

drivers were asked to assess vibration comfort. The general assessment question was: "How 

do you assess shakings, bumps and motions when you drive over the obstacle?" (Translated 

from Swedish). Drivers marked their assessment of over-all shaking, up and down motion, 

and backward/forward motion on a scale with a cross. The answers were calculated as a 

vector sum of the assessments of the shaking, bump and backward/forward motions.  

Statistical calculations were carried out using the software Statgraphics [8] and use the 

methodology described by Box/Hunter/Hunter [7]. 

2.2 Measurement setup 

An 8-channel Sony DAT recorder and a charge amplifier (Bruel&Kjaer 5974) were used for 

recording all vibration measurements. Two three-axis piezo-electric accelerometers (B&K 

4321) and two single-axis piezo-electric accelerometers (B&K 4366) and (B&K 4371) were 

used. In order to measure accelerations in 4 degrees of freedom in the seat/driver and 

seat/cabin interface, one of the three-axis accelerometers was placed on the seat used by the 

drivers. The second was placed below the rear edge of the seat and on the floor. One of the 

single-axis accelerometers was used to measure the z-direction and placed below the front 

edge of the seat on the floor. The second was used to measure the x-direction and placed on 

the top of the seat backrest. The DAT recorder was placed on the right side of the driver for 

ease of access and operation. Fixed screws under the accelerator limited the speeds. 

2.3 Analysis 

The analysis steps are visualised in figure 2. First, the recorded vibrations were imported to 

IDEAS Test 8.0 for NT. Second step was to calculate the running RMS of vibration 

accelerations using 1-second integration time (RMS1). Since no rotational accelerometer was 

used in the experiment, the pitch motion was calculated from the x-vibrations in seat and 

backrest. 

In step 3, the previous calculated RMS5 values[6] were weighted according to ISO 2631 

[2]. The total vibration value were calculated and compared with the results based on 

unweighted measurements. In step 4, the main- and interaction effects on weighted data were 

calculated, using Statgraphics Plus for windows 4.0. 

Unweighted vibration acceleration values in 1/3 octave bands were determined using Matlab 

6.2 (step 5). Finally (step 6), the correlation between a vector sum model of the subject’s 

assessments and models of total vibration values were evaluated using statistical modelling 

(Simca P 7.0, Umetrics). 



Figure 2. The analysis procedure. 

3. Results and discussions 

The determined effects regarding weighted RMS5-values in z-direction and subjective 

assessments are shown in Figures 3 and 4. The length of each bar is proportional to the 

absolute value of its associated determined effect. The bars are in the order of the size of the 

effects, with the largest effects on top, which permits visual identification of the most 

important effects. Of the three studied variables, speed was found to produce the greatest 

effect on both RMS5-values and vibration comfort levels.  

The differences between drivers were considerable, see figure 5. The variability among 

drivers’ assessments for each test condition indicates a dependence on other variables 

(compare figures 5 and 6). One variable of importance not addressed in this analysis, might 

be the posture of the drivers.

These results showed that including the rotational degree of freedom improves the 

prediction of discomfort (r=0.59). Including the variable “length of driver” in the model gave 

an even better description of the individual assessments of discomfort (r=0.72). The relative 

importance of pitch, z and the length of driver are shown in figure 7. 

Finally, the analysis performed on vibration acceleration values in 1/3-octave bands 

gave the best model (r=0.73). This final comfort model was based on 11 significant frequency 

bands, figure 8, where the pitch values for the third octave bands 10 Hz and 100 Hz are the 

most important. 
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4. Conclusion 

Speed was found to produce the greatest effect on both measured vibration values and 

assessments of vibration comfort. The correlation coefficient, based on individuals, was 

improved when pitch data and the background variable “length of driver” were included 

(r=0.72). Based on averages for each test condition, the correlation coefficient was 0.91.  

The observed variability on the vibration total value among drivers indicates a 

dependence on other variables. By analysis of the vibration values in third octave bands, the 

comfort model was further improved (r=0.73). The model is based on 11 significant 1/3-

octave band values (pitch, z- and x-translations). Surprisingly frequencies above 80 Hz were 

of significant importance. The result is, however, in accordance to the results by Weber et al 

[9].

Figure 7. The importance of the

variables, length of driver, z

direction and pitch motion 

Figure 8. The importance of significant 1/3-

octave band frequencies on comfort

assessment 
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Abstract

Forklift drivers are exposed to multi-axis vibration and occasionally transient vibrations 

that occurs when vehicle pass over potholes or obstacles. In this situation the pitch 

motion becomes dominant due to short wheelbase. 

       Field measurements were conducted to examine the relationship between vibration 

and discomfort in case of multi-axis excitation. Ten professional drivers rated the 

discomfort of 6 different vibration conditions in 2 different sitting postures. Vibration 

accelerations of 5 degree of freedom (horizontal, lateral, vertical, pitching and rolling) 

were measured. The correlation between comfort assessments and vibration 

measurements were examined. The result based on root sum of square (r.s.s.) of 5 degree 

of freedom is better than the result based on r.s.s. of three translational axes.  

1. Introduction 

Vibration comfort is defined as a reaction of a person to vibration environment. In case of 

driver-vehicle system, comfort is a significant point since the driver has a main role in 

this system. Thus improving the driver’s comfort is likely to guarantee the successful of 

the system.  

Several studies have been done to investigate the correlation between vibration 

discomfort and measured vibration levels. But mainly focus on continuous vibration and 

involve single or two axes only. In practice the drivers are exposed to vibration occurs 

simultaneously in several axes, and occasionally transient vibration which could occur 

when vehicle pass over potholes or obstacles.  

In a field study of discomfort from transient motion, Jönsson and Johansson (2000) show 

a good correlation between assessment of vibration comfort and measured vibration 

levels in z-axis. However, Holmlund (1998) in a field study pointed out that the results 

from single-axis studies can probably not be directly transferred to a multi-axis 

environment. Thus it is necessary to make a research in the area of multi-axis excitation. 

The purpose of this study is to investigate and to get better understanding of vibration 

discomfort based on multi-axis excitation and is further limited to transient vibration. 

This field study is a preliminary study and further study will be conducted in laboratory 

environment using 6 degree of freedoms moving simulator.  



2. Material and Method 

In this study a KALMAR-DCD70-6H forklift was used. This industrial forklift is 

equipped with four pneumatic tyres on front axle and two pneumatic tyres on driving 

axle. During the test runs the pressure of all tyres was 10 Bar. The cabin was floated on 

10 mm rubber bushing located on each corner of the cabin. 

Ten male professional drivers participated in this study. Theirs age were 28 – 60 (mean = 

43.4) years. Their weight and height were 172 – 187 (mean = 179.1) cm and 68 – 103 

(mean = 85.1) kg.  

The experiment was conducted as a factorial design with four variables where each 

variable had two levels (Box, et.al., 1978). The first variable was speed (20 km/h and 5 

km/h), second was the type of obstacle (single and double), third was the type of seat 

(sliding and fixed), and fourth was sitting posture (up right and posterior leaning posture). 

Upright posture in this study was defined as posture that the subject performed following 

the command ‘Sit up straight’. Measurements of pelvic angle and spine angle were not 

done. Posterior leaning posture was defined as a posture when the subject sits against 

110
o
 inclined backrest. The choice of inclination angle was based on the previous study 

by Magnusson (1991), which recommended a 100
o
 inclined backrest to operators who are 

subjected to prolonged sitting with or without whole body vibration. 

In order to measure acceleration in 5 degrees of freedom in the seat-driver interface, two 

three-axis piezo-electric accelerometers (Bruel & Kjaer 4321) were used. One 

accelerometer was imbedded to the center of a hard-rubber disc (  = 250 mm) and 

placed below the subject’s buttock (Figure 1.a). Another one was located on the mid-

scapular area of the subject’s back by using a purpose-made back harness (Figure 1.b). 

Movements of the head were also measured by using one single axis accelerometer 

(B&K 4339) and located in a vertical line of the subject’s ear by using purpose-made 

head harness (Figure 1.c). An 8-channel Sony DAT recorder and a charge amplifier 

(B&K 5974) were used for recording all vibration signals.  

                a. Seat pan                              b. Body                                  c. Head 

Figure 1. Location of accelerometer 



For discomfort assessment, a 7 point-rating scale was developed (see appendix 1). The 

rating scale consisted of two parts. The first part is made up of questions regarding how 

the subject perceived vibration discomfort and the second part is made up of questions on 

how the subject perceived vibration motion. The choice of neck-shoulders and the lower 

back regions as the indicators of driver’s discomfort was based on the results of earlier 

study of forklift drivers during normal work (Hansson and Kjellberg, 1981) and on 

epidemiological data (Seidel and Heide, 1986). Their results showed that the discomfort 

was localized in these regions.  

Before starting the test run, the specification of forklift, seat, and tyres were recorded. 

The pressure of tyres and surrounding temperature were also recorded. The truck was 

warmed up for about 10 minutes. The tyres were not warmed up due to the time 

constraint. The subject was provided with the information and the procedure of the test 

study and asked to fill out the questionnaire. Then the measurement devices were 

installed on the subject. The inclination of the seat pan and the backrest were adjusted to 

10 degree and 110 degree. The weight adjustment of the seat damping was set to the 

middle position. The subject was asked to adjust the seat according his preference, but 

only in vertical and horizontal direction. The angle of knee flexion and the distance of 

seat pan accelerometer and back harness accelerometer were measured. 

Each subject was asked to make one lap run according to his last test run order, and gave 

an assessment after that. During the test run, the subject was asked to maintain his head in 

vertical position and put his hand on the steering wheel at 10.10 o’clock position. Each 

subject was required to accomplish 16 test runs, which were presented in random order. 

The forklift was driven on 160 m length asphalt track with one pair of obstacle. The 

dimension of the obstacle was 53 mm high, 0.8 m width, and 2 m length with 3-degree 

inclination in both sides. The layout of the track can be seen in figure 2. 

A video camera was installed inside the cabin to record the movement of the subjects, 

and the results were used as an aid in the analysis procedure.  

Figure 2. Layout of the test track 

3. Results and Discussion 

In this present study focuses on root mean square (r.m.s.) value of five degree of 

freedoms and is compared to the driver’s vibration comfort assessment. The r.m.s. values 

are in all cases determined with integration time of 1 second, denoted as rms1s. The rms1s

values in this study were not frequency weighted. In order to study combine effect of 
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multi degree of freedoms on comfort, the correlation was also determined using root sum 

of squares (r.s.s.) of rms1s values of five degree of freedoms. The r.s.s. value is defined 

as: 

2/12222222222

pprrzzyyxxv
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where ax, ay, az are the rms1s accelerations with respect to the orthogonal axes x, y, z

respectively, and ar, ap are the rms1s acceleration of rolling and pitching motion. 

Multiplying factor kx, ky, kz is 1.0 for all translational axes and for rolling motion kr is 

0.63 m/rad and kp is 0.4 m/rad for pitching motion. 

Based on individual results correlation (r
2
) between assessment and acceleration 

measurement were within 0.403 - 0.564. Averaging of the subjective ratings and 

acceleration measurement results over the subjects, the correlations were higher (0.721 - 

0.904). This improvement indicates that even though individual subjective ratings are 

highly variable, averages across a group of subjects contain a common element, which 

correlates well to the acceleration measurement results. Here after the correlation 

analyses are based on averages over the subject’s results. The results of correlation 

between assessment and acceleration measurement are shown in table 1 and 2. 

Table 1. Correlation between acceleration measurement and vibration discomfort 

Correlation 

Value (r
2
)

Head 

discomfort 

Back 

discomfort 

Overall

discomfort 

Seat horizontal 0.831* 0.809* 0.761* 

Seat lateral 0.834* 0.842* 0.806* 

Seat vertical 0.815* 0.786* 0.721* 

Body horizontal 0.833* 0.799* 0.762* 

Body lateral 0.763* 0.769* 0.744* 

Head vertical 0.850* 0.812* 0.770* 

Pitching 0.846* 0.824* 0.786* 

Rolling 0.721* 0.736* 0.714* 

RSS 3 Translational 0.886* 0.864* 0.804* 

RSS 3 Translational & 

2 Rotational 

0.904* 0.903* 0.865* 

             *. Correlation is significant at the 0.01 level 

Table 2. Correlation between acceleration measurement and perceived vibration 

Correlation 

Value (r
2
)

Vertical 

Subjective 

Pitching 

Subjective 

Rolling 

Subjective 

Seat vertical 0.904* -- -- 

Head vertical 0.905* -- -- 

Pitching -- 0.896* -- 

Rolling -- -- 0.910* 

            *. Correlation is significant at the 0.01 level 



It shows that the best correlation value based on single axis computation was given by 

measurement on seat in lateral direction for overall and low back discomfort. In case of 

head and neck discomfort, measurement on head gave the highest correlation value. For 

overall discomfort correlation value based on the worst axis gave a similar result to 

correlation value based on r.s.s. of three translational motions. But when the rotational 

motions were included in the r.s.s. it gave a better correlation value. This increases is 

understandable since the dominant motion in this study is pitching motion, thus by 

increasing the sensitivity to pitching motion the correlation is becoming higher. 

4. Conclussion 

In case of multi axis excitation, correlation value based on root sum of squares of 5 

degree of freedom is better than the value based on r.s.s. of three translational axes and 

the value based on the worst axis. 
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Whole Body Vibrations (WBV) can affect vehicle operator comfort and health. Occupational 

exposure to WBV and transient vehicle vibrations increases when driving on rough or bumpy 

roads. This paper analyses the effect from the perspective of a vibration exposure and a 

vibration pause on subjective response. The objective was to find important variables for the 

prediction of subjective response to transient vibrations. Subjective responses from three test 

occasions (prior to exposure to a 45 minute moderate level vibration period, immediately after 

the vibration exposure and after a 10 minute pause) were compared to investigate the 

influence of vibration exposure and a pause. The experiment was based on subject perception 

of 8 different shocks, assessed 3 times (tests A, B and C). The experiment started with test A, 

and then was followed by a vibration exposure of 45 minutes (consisting of moderate 

vibrations). Test B was carried out immediately after the 45 minute WBV exposure. There 

was then a 10 minute pause before test C was carried out. Results showed that WBV does 

influence perceived discomfort (as has been previously reported) and that a 10 minute period 

between exposure and discomfort assessment does not change subject discomfort reports. 

These findings also suggest that subjective reports of transient WBVs (tests A, B & C) are 

influenced by factors such as an exposure to, for example, paved test track vibrations. The 

head vibrations were of major importance in predicting the vibration discomfort. 

1. INTRODUCTION 

Occupational exposure to whole body vibrations (WBV) and transient vibrations can cause 

problems in one or several of three areas as defined in ISO 2631-1 [1]. These are; health, 

comfort and perception, and the incidence of motion sickness. Studies of the effects from 

vibration on health show that WBV can cause back problems ([2 - 4]). The recognition of 

WBV as an occupational risk is increasing [5]. This supports the epidemiological evidence 

that occupational exposure to WBV is associated with an increased health risk in work places 

[4].  

Solutions that might reduce the health risk from WBV have been investigated by Toshiaki et 

al. 2001 [6]. The engineering approaches (the design properties of seat and tires) were found 

to reduce back problems almost by half and were more effective than personal solutions 

(lumbar support, arctic jacket and physical exercise).  
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The use of computer-supported assessments to more clearly identify result variables (e.g. 

health risk) and their relationship to vehicle properties and vehicle design solutions can bring 

about reduced WBV and lead to improved work environments. The relationships between 

health risks from whole body vibration and vehicle design properties are yet to be precisely 

identified. The alternative is to predict vibration comfort using ISO 2631-1 (1997) as a guide. 

With this strategy, the best solution is to find the minimal vibration discomfort in relation to 

vehicle properties and design solutions. A number of studies have addressed the problem of 

finding an appropriate technical method for judging the effect of mechanical shocks on 

discomfort [7 - 9]. The applicability and validity of the suggested vibration comfort model 

based on ISO 2631 and [10] has to be tested during real vibration exposure conditions. 

Hansson [11] found that vibration duration causes back muscle fatigue after five minutes. 

Other laboratory studies by Griffin and Whitham [12] have shown that a time dependency of 

whole-body vibration discomfort, similar to the Stevens power law [13], can be expressed by 

equation (1) and that it appears to define a reasonable time dependency up to 24 h.  

a
4

*t=constant                    (1) 

where a is the weighted r.m.s. value in the z-direction on the seat. 

Considering the fact that it is common to work for more than 45 minutes before a break, could 

the influence of vibration exposure on subjective response be neutralized by a pause? Health 

effects, e.g. back injuries, from vibration exposure is reduced and many times eliminated 

through rest from vibrations for several weeks or months [14]. Employees are advised to 

avoid or reduce their vibration exposure when they are affected by disorders related to whole-

body vibration [4]. The results and recommendations in health surveillance studies (e.g. [4] 

and [14]) bring out the idea to test subjective response to discomfort and to determine whether 

response is affected by a short vibration pause. In other words, will a pause in vibration 

exposure reduce discomfort?

This study focuses on subjective responses and transient vibration exposures in a four-wheel 

drive SUV (Sports Utility Vehicle) in the aspect of vibration exposure followed by a pause 

prior to a discomfort assessment. The objective was to find important variables for the 

prediction of subjective response to transient vibrations. Subjective responses from three test 

occasions (prior to exposure to a 45 minute moderate level vibration period, immediately after 

the vibration exposure and after a 10 minute pause) were compared to investigate the 

influence of vibration exposure and a pause. The vibration data was measured in 5 points and 

totally 13 vibration directions during driving over 8 differently designed obstacles allowing 

excitation in five degrees of freedom. The data was evaluated by methods proposed and 

described in ISO 2631 (1997).  

2.  METHODS AND PROCEDURES 

2.1. SUBJECTS 

Twelve professional car test drivers (all males) participated in the experiment. Their main 

duty in the car test company that employed them was to test cars in winter environments and 

in aspects of durability. The statistical power was calculated and interpolated as 0.91 (eleven 

male subjects, A = 1.55,  = 0.05) based on effect size from a study by P. Jönsson and Ö. 

Johansson 2004 [10]. The power was slightly higher (0.93) than if based on the effect size 

from a study by Mansfield [9] (eleven male subjects, A = 1.62,  = 0.05) (The procedure is 

described in Design and analysis: a researcher’s handbook [15] pages 76-79 and 516-517.). 
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Background variables were collected through the use of a questionnaire. Table 1 summarizes 

the background variables for the subjects. 

Table 1 
Minimum, Maximum, Mean and standard deviation of subject 

characteristics

Variable Min Max Mean SD 

Age, year 27 55 39.4 8.6 

Weight, kg 65 120 85.3 14.2 

Body Length, cm 173 198 180.7 6.8 

No. Years with employer 0.1 14 5.7 3.4 

No. Years as professional driver 3 15 7.8 3.6 

2.2. EXPERIMENTAL DESIGN 

The experiment consisted of eight different test runs using different obstacle types carried out 

in random order on three test occasions (test A, B and C). A pre-study was performed and it 

was found that a speed of 50 km/h gave a noticeable annoyance for all obstacles. Hence, the 

drivers were instructed to drive at a speed of 50 km/h; used speed was observed and 

documented. An observer sat in the passenger seat and verified that the speed instruction was 

followed. 

Table 2 
The experimental design: eight different test runs carried out in random order on 

three occasions 

Test run  The instruction 

1 Right side wheels pass over the high obstacle. 

2 All wheels pass over the high obstacle. 

3 Left side wheels pass over the high obstacle and right side wheels 

pass over the inverted obstacle. 

4 All wheels pass over the inverted obstacle. 

5 Left side wheels pass over the inverted obstacle. 

6 Left side wheels pass over the high obstacle. 

7 Left side wheels pass over the inverted obstacle and right side wheels 

pass over the high obstacle. 

8 Right side wheels pass over the inverted obstacle. 

2.3. VIBRATION MEASUREMENT 

The vehicle used in this study was a Toyota Rav4 SUV with full-time 4-wheel drive and a 

minimum running ground clearance of 170 mm, Figure 1. The wheel axis distance was 2490

mm with 16” ‘Discovery’ brand tires (air pressure of 2.3 Bar). The speedometer in the vehicle 

is an analogue type. Vehicle speed was controlled and adjusted by the drivers by their reading 

the speedometer. The seat was an original Toyota Rav4 seat, i.e. it is equipped with a squab 

and is adjustable in the x-direction and z-direction.  
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Figure 1. The test vehicle; Toyota Rav4 with 4-wheel drive and a high minimum running 

ground clearance (170 mm). The distance between front and rear wheel axis (16” tires) was

2490 mm.

A 16-channel Sony® DAT recorder and conditioning amplifiers (Bruel & Kjaer® 2693 OS4, 

Bruel & Kjaer® 5974) were used for recording all vibration measurements. The sampling rate 

of the acceleration data was 24 kHz, low-pass filtered with cut-off frequency at 750 Hz. Four 

three-axis piezo-electric accelerometers (B&K 4321) and one single-axis piezo-electric 

accelerometers (B&K 4339) were used to measure accelerations in six degrees of freedom in 

the seat pan (x-, y-, z-, roll, pitch and yaw), two degrees of freedom in the subject’s back (x- 

and y-direction), three translational directions on the head and on the floor for each subject 

and test run. The vibration axes are defined according to ISO 2631 (1997, Ch 4.2 and Figure 

1) [1], i.e. x-axis in for-aft direction, y-axis in lateral direction and z-axis in vertical direction. 

One of the three-axis accelerometers was embedded in a pliable rubber disc (placed on the 

seat pad, Figure 2) to measure the accelerations in the x- (SX), y- (SY) and z-directions (SZ) 

at the seat in accordance with ISO 2631-1. The second three-axis accelerometer, located 

approximately 150 mm to the right of the centerline of the seat and mounted on a rigid steel 

plate (connected to right fundament of seat), was used to measure accelerations in the x-, y- 

and z-directions of the floor (Figure 3). The steel plate was connected to the right seat mount 

beneath the rear edge of the seat on the floor. The third three-axis accelerometer, embedded in 

a pliable rubber plate, mounted with straps around the upper body, was located on the mid-

scapular area of the subject’s back (Figure 4) to measure accelerations in the x- (bX), y- (bY) 

and z-directions (bZ) of the subject’s back. ISO 2631-1 [1] states that it is acceptable to 

measure between a subject’s back and a vibrating surface or by a device attached to the frame 

of a seat behind the seatback cushion. The fourth and last three-axis accelerometer was 

located on subject heads using a purpose-made head harness (Figure 5). It was used to 

measure accelerations in the x- (HX), y- (HY) and z-directions (HZ) of the subjects’ heads. 

An alternate measurement method is using a bite bar as did Griffin and Paddan [16]. Using a 

bite bar means that a subject must keep an unfamiliar object in the mouth during the 

experiments.  This was not convenient for the work reported here as the subjects had to 

answer questions during the course of the experiments. 

2490 mm
170 mm
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Figure 2. The embedded pliable plate for seat measurement of three vibration directions (x-, 

y- and z-direction).

Figure 3. The three-axis accelerometer for floor measurement of three vibration directions 

(x-, y- and z-direction). 

Figure 4. The purpose-made back harness with an embedded three-axis accelerometer in a 

pliable rubber plate to measure accelerations on subject backs (x-, y- and z-direction).



The Influence of Vibration Exposure and a Pause on Discomfort 

 6

Figure 5. The purpose-made head harness with a three-axis accelerometer to measure 

accelerations on the head (x-, y- and z-direction).

The single-axis accelerometer was placed approximately 300 mm behind the rear axle, 300 

mm above the rear wheel axle and 400 mm to the left of the center line of vehicle 

(approximately the same distance from the vehicle centre line as the embedded pliable rubber 

disc in the y- and z-directions). In a Rav4 a luggage bracket at this point was used to mount 

the accelerometer. This accelerometer (rearY) was used to measure the accelerations in the y-

direction.  The distance X (Figure 6) from the pliable rubber disc on the seat (point 1) to the 

single-axis accelerometer (point 2) varied due to the individual subject’s adjustment of the 

seat in x-direction as described by Equation 2. The equation was used in the calculation of 

yaw motions. 

X=2.1-(X1+0.2)                  (2) 

where X1 is the distance between the measuring point B and front beam A (Figure 7). 

Figure 6. The distance X between the measurement in y-direction; point 1 on the seat and 

point 2 at the rear of the vehicle.

X1
2
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Figure 7. The adjustable position of the driver’s seat in the x-direction was documented by 

measuring the distance X1 between points A and B.

The value of 2.1 m corresponds to the distance between the single-axis accelerometer (rearY) 

and the front beam of the front door opening. The constant 0.2 corresponds to the distance in 

the x-direction between the accelerometer in the pliable rubber disc on the seat and the 

measuring point B (individual subject adjustment in the x-direction). The yaw motion, 

calculated by subtracting the accelerations in the y-direction on the seat (SY) by the 

acceleration in the y-direction in the rear (rearY) of the vehicle and dividing the result by the 

distance X (Figure 6 and Eq.2) between the measurement locations (varying from 1.41 m to 

1.87 m). 

The pitch (SP) and roll motion (SR) of the seat was calculated by subtracting the accelerations 

in the x- and y-directions on the driver’s back (bX) by the acceleration in the x- and y-

directions (respectively) on the seat (SX) and dividing the result by the distance between the 

measurement locations (0.45 m).

The DAT recorder and conditioning amplifiers were placed on the rear seat. 

Besides physical and physiological measurements, the subjective responses of vibration 

discomfort were collected on an 11 interval uni-polar rating scale from 0 to 10 [17]. The two 

end points were "Not at all uncomfortable" and "Extremely uncomfortable" (Appendix A, 

Figure 15).  

2.4. EXPERIMENTAL PROCEDURES 

Test drivers 

Each subject was exposed to 24 vibration stimuli, carried out in winter conditions, designed to 

simulate different vehicle excitations. Before the start of each experimental run, all subjects 

were instructed to rest at least one hour from WBV. Temperatures were recorded every 

morning and evening (varied between –16°C and –19°C) and the test vehicle was warmed up 

at least 10 minutes before each subject began. Each test run lasted approximately 30 seconds 

and the total experiment duration for each subject was approximately 2 hours. Totally, all 

experiments lasted for three days. 

Experimental design 

The experiments used a clearly laid out test road on a frozen lake (marked in Figure 8). 

Depending on which test run to perform, the subjects could choose to drive on the right or left 

side of obstacles if it was necessary to move so as to be in the correct position for the next test 

run.

X1 B

A
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Figure 8. The test road is marked by arrows and dashed lines. Obstacles for transient 

excitations are marked with small boxes. The subjects could choose the road either on the 

right or left side of the obstacles when positioning the vehicle for a test run.

Two different road obstacles (placed next to each other), one built to height by freezing water 

in a wooden frame (called the “plateau” obstacle) and the second (the inverse) was milled 

down (called the “concave” obstacle) into the lake ice. The original shape, designed by the 

Traffic & Public Transport Authority in Gothenburg, Sweden of the plateau obstacle consists 

of a 1200 mm long drive-on-ramp and a 2400 mm long drive-off-ramp. The shape of the 

plateau obstacle was modified (symmetric design), for omni-directional use i.e. the drive-off-

ramp was changed to 1200 mm (Figure 9a and 9b). The obstacles were made of pure ice and 

used in eight different combinations during the experiments. The extent of wear upon the 

obstacles during the course of testing was negligible.  

1   2   3    4    5

6          7          8

Concave obstacle, 

see Figure 9b 

Plateau obstacle, see 

Figure 9a 
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a)

           Xa                   Xb             Xa

      

Ya

Xc

b)

                                   Xa                   Xb    Xa

        Ya

Xc

Figure 9. Two different obstacles were made of ice and snow, placed on a frozen lake. 

Measures are in mm: Xa= 1200; Xb = 2000; Xc = 4400; Ya =120. a) Plateau obstacle (high). 

b) Concave obstacle (low, i.e. inverted plateau obstacle).

Illustrations of the two extremes of vibration stimuli (test runs 2 and 8), measured in the z-

direction on the seat for a driver of average weight, are shown in Figure 10a and b. From all 

subjects at test run 2, the acquired weighted accelerations (r.m.s.) varied from 0.60 m/s
2
 to 

0.91 m/s
2
, were of less than 2 seconds in duration with magnitudes varying between 5.78 m/s

2

and 12.67 m/s
2
. The variations were caused by a complex number of variables such as subject 

weight and body dynamics.  
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Figure 10. Examples of two vibration stimuli, i.e. a) test run 2 and b) test run 8 

corresponding to high and low stimuli, respectively. The vibrations are unweighted and 

measured in the z-direction on the seat for one driver.

Before the start of experiments every participating test driver was individually provided with 

information concerning the experimental procedure and test run conditions.  

The inclination of seat pan and backrest affects body posture and the amount of backrest 

contact; this has been identified as a health risk [18]. A study by El-Khatib and Guillon [19] 

showed that lower disc pressure decreased when leaning the backrest backwards. Andersson 

et al. [20] showed that 120° gave lowest disc pressure. Based on these studies, the inclinations 

of seat pan and backrest were set to approximately 0° and 120° respectively and were fixed 

during all test runs. Subjects were instructed to maintain an upright posture. No other body 

angles were measured. Except for the individual changes seat position in the x-direction 

(according to personal preference), the seat settings were the same for all subjects. The 

driving position in the x-direction was documented by measuring the distance between points 

A and B as shown in Figure 7. To minimize possible bias, subjects followed a predefined 

randomized order of trials. Prior to each test, oral and written instruction was given. The 

instruction concerned which obstacle to use. The test subjects drove the vehicle stable and 

straight over the obstacle at a constant speed. Each test run was carried out once per subject 

except for test runs 2 and 8; those were training test runs. Test runs 2 and 8 were assumed to 

be the extremes of all test runs and therefore used as a training test run to give the subjects 

information about the vibration range. The reliability of the subjective response was checked 

by comparing the results of the training trials with the same actual test run (r=0.90).

Repetitions were not performed due to the already long lasting experiments. Had more time 

been used for these experiments, the experimental conditions, e.g. weather conditions, would 

have changed too greatly. 

(b)
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Discomfort assessments 

The vibrations were measured throughout each test run and immediately after each test run 

the subjective responses were measured by asking subjects to judge the vibration discomfort. 

The judgment question was; “How did you judge the shaking, bumping and motion when you 

drove over the obstacle?”  The subjects were exposed to the 24 stimuli on three different 

occasions; tests A, B and C. That is, eight test runs were judged at each test occasion, Figure 

11.

Figure 11. Eight test runs were performed three times i.e. test A, B and C. After test A the 

subjects were exposed to vibrations for 45 minutes and after test B the subjects were 

instructed to rest in an unvibrating condition (get out of the stopped vehicle) for 10 minutes.

After test A, each test driver was instructed to drive for 45 minutes on a track that caused a 

vibration level in the range "a little uncomfortable" (i.e. 0.32 m/s
2
 to 0.63 m/s

2
) according to 

ISO 2631-1 [1], point C.2.3. This vibration exposure level is in the following labeled as 

“moderate vibration level”. Before test C, the test driver was told to pause for ten minutes 

before starting. During that time they walked or rested outside the vehicle.  

2.5. ANALYSIS 

The analysis of each measured transient was cut into 15 seconds and the start of transient was 

located at 5 seconds. Analyses were performed using Matlab R12®, Mathworks®.

The time history data for every driver and vibration direction were weighted according to ISO 

2631-1 [1].  

For evaluation of measured vibrations, ISO 2631-1 (point 6.2.2.) [1] describes a basic 

evaluation method and additional evaluation methods. The basic method is recommended 

unless also described methods are necessary. Evaluation of transient vibrations may require 

the use of alternate ISO methods. Due to this flexibility, all methods were evaluated and 

compared when data was calculated. In this study peak value was included as an evaluation 

method for the purpose of comparison with the three alternate methods described in ISO 

2631-1 [1].  

ISO 2631-1 [1] states that “…vibration evaluation according to this part of ISO 2631 shall 

always include measurements of the weighted root-mean-square (r.m.s.) as defined in this 

subclause.”  The equation (1) in the subclause is: 

( )
2

1

0

21

⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
= ∫

T

ww dtta
T

a                                                                                  (3) 

where T is the duration of measurement and aw is the frequency weighted acceleration (index 

w stands for weighted data). 

Test A 

45 minutes 

driving 

10 minutes 

pause
Test B Test C 
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The additional methods used in ISO 2631-1 are VDV (vibration dose value) and MTVV 

(maximum transient vibration value). 

The frequency weighted VDV is defined by equation (5) from ISO 2631-1 as:  

( )[ ]
4

1

0

4

⎪⎭

⎪
⎬
⎫

⎪⎩

⎪
⎨
⎧

= ∫
T

w dttaVDV                                                                                       (4) 

where T is 15 seconds. 

MTVV is the highest magnitude of aw(to) (defined by equation (4) from ISO 2631-1): 

MTVV = max [aw(to)]  (5)

where aw(to) is defined by equation (2) from ISO 2631-1 as: 

                (6) 

to is instantaneous time, aw(to) is the instantaneous frequency weighted acceleration obtained 

by using the running r.m.s. evaluation method, integration time (τ) is 1 second.

An overall vibration total value (OVTV) can be used when there are measured vibrations 

in more than one point affecting the comfort ([1], point 8.2.3), defined by equation (10) from 

ISO 2631-1 as: 
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OVTV (7)

The indexes of weighted measured acceleration direction and point in the overall vibration 

total value are; x-axis at seat back (abx), y-axis at seat back (aby), x-axis at seat pan (asx), y-axis 

at seat pan (asy), z-axis at seat pan (asz), roll rotation of occupant/seat interface (aroll), pitch 

rotation of occupant/seat interface (apitch), yaw rotation of occupant/seat interface (ayaw), x-

translation at the top of head (ahx), y-translation at the top of head (ahy) and z-translation at the 

top of head (ahz). The OVTV is indexed with the evaluation method used, e.g. if calculating 

the OVTV with the MTVV method, the OVTV will be written as: OVTVMTVV.

The multiplying factors kbx=0.8 m/s
2
, kby=0.5 m/s

2
, ksx=1.4 m/s

2
,, ksy 1.4 m/s

2
, ksz=1.0 m/s

2
,

kroll=0.63 m/rad,, kpitch=0.4 m/rad and kyaw=0.2 m/rad are in accordance to ISO 2631-1. There 

is lack of guidance in ISO 2631-1 concerning head movement measurements and therefore 

the multiplying factor was set to 1.0. 

The analysis procedure used for calculations is summarized as follows: 

1: Import of data to analysis-software (Matlab®).

( ) ( )[ ]
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2: Calculation of rotational vibrations from vibration data in the x- and y-directions of the 

seat, driver’s back and the rear of the vehicle (rearY). 

3: Frequency weighting of vibration data in each measurement point and direction. 

4: Calculation of r.m.s., Peak, MTVV, VDV and OVTV. 

The measurement accelerations were low pass filtered with a cut-off frequency of 100 Hz; 

which is above the highest frequency of interest. 

2.6. STATISTICAL ANALYSIS 

Analysis of Variance (ANOVA) of accelerations and subjective response were carried out to 

study the main effects of each factor as well as the interaction effect between these factors. 

Analyses of Pearson product momentum correlations (r) of subjective response and 

accelerations were performed to identify which factors might be used for the prediction of 

discomfort. The factor r is indexed with vibration point and direction (e.g. rSZ corresponding 

to correlation between SZ vibrations and subjective response). The selected significance level 

was α = 0.05. Partial Least Squares modeling (PLS), [21-23] was used for analysis of the 

relationship between vibration measurements and subjective responses. PLS primarily 

inspects score plots; reveals the main pattern of the subjective responses, and loading plots 

show the main relationship between variables. Statistical analyses were carried out using the 

software Windows Excel®, Statgraphics Plus 4.0® and Simca-P 7.01®.

3. RESULTS 

The analysis of measured accelerations are evaluated and presented as recommended in ISO 

2631-1.

3.1 BASIC EVALUATION OF THE VIBRATIONS 

Table 3 shows results and statistics based on r.m.s. Calculations are of weighted vibrations in 

the x-, y- and z-directions on the seat for each test run (the average of test A, B and C). The 

r.m.s. value varies between; 0.28 and 0.43 for SX; 0.29 and 0.47 for SY; 0.41 and 0.76 for SZ.

Table 3 
The average of min, max, mean-value and standard deviation (SD) of r.m.s. value for SX, SY and 

SZ (stands for vibrations in the x-, y- and z-direction on the seat pan) from test A, B and C.

r.m.s. [m/s
2
]

Test 
run SX SY SZ

 Min Max Mean SD Min Max Mean SD Min Max Mean SD 

1 0.20 0.60 0.33 0.10 0.20 0.81 0.36 0.13 0.31 0.58 0.45 0.07 

2 0.25 0.62 0.43 0.10 0.13 1.05 0.38 0.22 0.60 0.91 0.76 0.08

3 0.16 0.68 0.33 0.12 0.22 1.23 0.47 0.24 0.49 0.73 0.59 0.06 

4 0.16 0.39 0.28 0.06 0.14 0.82 0.29 0.14 0.32 0.66 0.48 0.06 

5 0.13 0.61 0.29 0.09 0.15 0.97 0.37 0.20 0.31 0.74 0.44 0.08 

6 0.17 0.48 0.29 0.09 0.19 0.82 0.37 0.18 0.45 0.76 0.62 0.07 

7 0.13 0.48 0.29 0.09 0.27 0.93 0.43 0.12 0.32 0.60 0.46 0.07 

8 0.15 0.44 0.28 0.08 0.18 0.86 0.33 0.15 0.24 0.59 0.41 0.09 
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The highest value for SZ and SX (shaded) was reached in test run 2 (all wheels pass over the 

high obstacle). Highest value for SY was found in test run 3.  

3.2 CREST FACTOR 

The crest factor pinpoints which evaluation method is preferable for evaluating measured 

accelerations and is calculated from the r.m.s.- and peak value, (accelerations on the seat pan). 

The results from calculation of the crest factors are presented in Table 4. 

Table 4 
Crest factor for measurements in the three translational directions on the seat 

pan, SX, SY and SZ, which stands for vibrations in the x-, y- and z-direction on 

the seat pan.

 Crest factor 
Test 
run

SX SY SZ 

 Min Max Average Min Max Average Min Max Average 

1 5.6 13.6 9.2 9.0 20.1 11.8 5.3 8.2 6.8 

2 9.9 28.6 15.2 7.7 24.8 14.1 10.7 15.2 13.0 

3 9.2 28.6 16.2 5.8 11.9 9.2 7.0 11.0 9.2 

4 5.3 19.7 9.3 3.5 19.3 10.1 3.7 9.1 7.7 

5 6.2 11.6 9.0 5.2 11.2 9.2 4.1 9.1 6.0 

6 10.8 23.8 15.9 5.4 12.5 9.3 7.6 9.3 8.5 

7 6.9 14.1 11.6 8.6 17.2 13.2 5.7 8.7 7.2 

8 5.3 23.4 11.3 6.0 18.3 9.2 3.7 12.1 5.9 

In Table 4 the crest factor varies between 3.5 and 28.6. ISO 2631-1 pinpoints the use of 

additional evaluation methods (MTVV and/or VDV) when the crest factor exceeds 9. The 

British Standard, BS 6841 [24] recommends a level of 6. The difference in limits between 

these two major standards is recorded in the literature ([25] page 83 and 482-483, [9], [26]).

For the purpose of this work, the differences between the two standards did not significantly 

impact data. Since the selection of evaluation method is not clear, further results are presented 

in r.m.s., Peak-value, MTVV and VDV. 

3.3. SUBJECTIVE RESPONSE 

3.3.1

In Table 5, the subjective response of discomfort from transient vibrations are summarized 

and presented for every test run. 
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Table 5 
The mean-value from the three different test occasions (test A, B and C), 

average of the mean-values, min, max and standard deviation (SD) for 

subjective response of discomfort from transient vibrations. 

 Subjective response of discomfort 
 Mean-value Average Max Min SD 

Test 
run Test A Test B Test C 

    

1 3.67 4.33 4.67 4.22 7 2 1.53 

2 6.33 7.33 7.25 6.97 9 4 1.55 

3 5.67 6.25 6.50 6.14 9 3 1.63 

4 1.92 2.83 2.75 2.50 5 0 1.08 

5 1.33 1.83 1.75 1.64 4 0 0.81 

6 4.25 5.25 5.50 5.00 8 2 1.68 

7 5.17 5.08 5.83 5.36 8 2 1.58 

8 1.42 1.42 1.50 1.44 3 0 0.82 

Average 3.72 4.29 4.47     

Table 5 shows that test run 2 caused the highest level of discomfort (shaded) on every test 

occasion; this is consistent with measured vibrations (see Table 3). The second and third 

highest discomfort levels (on average) occurred in test runs 3 and 7 respectively. These test 

runs were designed to cause excitations in the y-direction. The differences in the subjective 

response (group data) between each test occasion is calculated and plotted in Figure 12. 
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Figure 12. The subjective responses from transient vibrations, based on group data, plotted 

for each test occasion (test A, B and C) and test run.
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From Figure 12 and Table 5, test B was found to give 15.4% higher discomfort than test A 

(p=0.0065, paired t-test). This “growth of discomfort” (in this study it is 15.4 %) in relation to 

exposure time has been expressed in terms of a power law [27] - now called the Stevens 

Power Law.  

The time dependency (in seconds) in this study was calculated by solving the exponential 

factor n (the growth in sensation) in equation (7) - the Stevens power law [13]: 

ψ=κ*ϕn
                          (7)   

where ψ is the psychophysical magnitude (discomfort), ϕ is the physical magnitude (weighted 

acceleration) and κ is time (t). 

Based on the seat z-axis vibration, a constant r.m.s. level (ϕ) was 0.5 m/s
2
 with an exposure 

time (κ) of 45 minutes and the growth of discomfort (ψ) was set at 1.154 (to reflect the 

increase), the exponential factor n in eq. (7) was calculated as 11.2, approximated to 11. 

The decision to use equation (7) was reached after considering the alternatives and then 

recognizing that this solution offered the best information in the circumstances. Factors such 

as the equation being derived from laboratory data and that the current ISO standard does not 

emphasize the use of a constant were considered; it was concluded that Griffin’s descriptions 

(e.g. [25]) most closely fit with the research being reported on in this paper. In [12] the 

illustration shows that the sensitivity to discomfort constantly increases over time. In this 

study it was found that the increase was more gradual; that this study was in the field while 

[12] was in the laboratory, that this study used professional test drivers and that methodology 

was different all be why there is a difference.  

The difference between test B and C was not significant (p=0.1234, paired t-test).  

3.4. EVALUATION OF VIBRATION DATA 

3.4.1 Selection of measurement points and directions 

The relationship between subjective response and measured vibrations in the different 

measurement points and directions were evaluated to identify the most important variables for 

predicting discomfort. Partial Least Squares (PLS) regression was used to relate subjective 

response of discomfort with all measured vibration points and directions. The magnitudes of 

the loadings for the first and second principal (nondimensional) components are shown in 

Figure 13. Positive magnitudes for loadings indicate a positive correlation for a component 

and negative loadings indicate negative correlation. 



P. Jönsson and Ö. Johansson 

 17

-0,50

-0,40

-0,30

-0,20

-0, 0

0,00

0, 0

0,20

0,30

0,40

0,00 0, 0 0,20 0,30 0,40 0,50

C
o
m
po
n
e
n
t
2

Component 

SX

SY

SZ

SP

SR

HX

HY

HZ

bX

bY

Assess

Figure 13. Loadings plot of the magnitudes of the first and second components of the Partial 

Least-Squares analysis indicate the correlation between subjective response and different 

vibration points and directions. “Assess” corresponds to assessed discomfort.  The data is uv-

scaled. The r2 value for component 1 is 0.30 and for component 2 it is 0.11.

The variables; HX, HY, HZ and SZ in Figure 13 were found to be the most important 

variables in describing the subjective response of vibration discomfort. 

The correlation factors between measured accelerations and subjective response are calculated 

and presented in Table 6. 

Table 6 
Calculated correlation coefficients between weighted measured vibrations (r.m.s., Peak, 

MTVV and VDV) and subjective responses to vibration discomfort are summarized. The 

data is based on individuals and averaged from the three test-occasions.

 rSX rSY rSZ rRoll rPitch rYaw rHX rHY rHZ rBX rBY

r.m.s. 0.21 0.18 0.58 0.29 0.28 0.09 0.59 0.42 0.63 0.38 0.38

Peak-
value

0.38 0.18 0.72 0.24 0.41 0.13 0.59 0.57 0.69 0.44 0.47

MTVV 0.34 0.26 0.67 0.38 0.36 0.15 0.61 0.54 0.66 0.46 0.46

VDV 0.35 0.24 0.67 0.37 0.37 0.13 0.61 0.49 0.66 0.45 0.46

As in Figure 13, Table 6 shows that SZ, HX, HY and HZ are the most important variables in 

predicting the subjective response of transient vibrations. Therefore only HX, HY, HZ and SZ 

were used in further analysis as the prediction variables of vibration discomfort. In Table 6, 

peak-value gives a slightly higher correlation factor than does MTVV. Further comparisons of 

the methods are to be found in section 3.5. 
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3.4.2 Overall Vibration Total Value, OVTV 

As mentioned previously, OVTV was based on SZ and HX, HY, HZ and was used for 

predicting discomfort. The proposed equation (7) for calculation of OVTV was therefore 

further developed to equation (8).

[ ] [ ][ ]2

1
22222222

hzhzhyhyhxhxszsz akakakakOVTV +++=                    (8) 

Different calculations of OVTV for each test run were based on; weighted r.m.s., peak-value, 

MTVV and VDV. The correlation factors between the mean value of OVTV from the three 

test occasions and subjective response were; r = 0.70, 0.74, 0.72, 0.73 (r.m.s., peak-value, 

MTVV and VDV respectively). Since there are no significant differences between the four 

methods, they were all used in further analysis. 

3.4.3. Analysis of SZ, HX, HY, HZ and OVTV based on the evaluation methods 

Calculations of minimum, maximum, mean value and standard deviations (SD) of SZ, HX, 

HY, HZ and OVTV for each test run, based on r.m.s., peak value, MTVV and VDV are 

presented in Tables 7a and 7b. 

Table 7a 
Mean value of r.m.s. and peak value for SZ, HX, HY and HZ (stands for vibrations in the z-

direction on the seat pan and the x-direction, y-direction and z-direction on the head) from 

the three different test occasions. Maximum values are shaded.

r.m.s. [m/s
2
] Peak [m/s

2
]

Test 
run

SZ HX HY HZ OVTV SZ HX HY HZ OVTV 

1 0.45 1.03 0.99 1.12 1.87 1.92 3.31 3.50 4.31 6.74 

2 0.76 1.57 1.03 1.93 2.80 6.38 6.87 5.54 13.97 17.71

3 0.59 1.22 1.27 1.30 2.27 4.53 6.13 8.08 8.01 13.70 

4 0.48 1.01 0.86 1.23 1.87 1.97 3.38 2.94 6.05 7.78 

5 0.44 1.03 0.94 1.09 1.82 1.81 3.24 3.38 4.62 6.82 

6 0.62 1.24 1.20 1.47 2.35 4.40 5.89 6.23 9.30 13.39 

7 0.46 1.07 1.12 1.16 1.99 2.57 3.71 4.64 5.85 8.72 

8 0.41 0.96 0.95 0.96 1.70 1.52 3.03 3.58 3.40 5.99 

Table 7b 
Mean value of MTVV and VDV for SZ, HX, HY and HZ (stands for vibrations in the z-

direction on the seat pan and the x-direction, y-direction and z-direction on the head) from 

the three different test occasions. Maximum values are shaded.

MTVV [m/s
2
] VDV [m/s

1.75
]

Test 
run

SZ HX HY HZ OVTV SZ HX HY HZ OVTV 

1 0.97 1.99 2.04 2.74 4.07 7.27 15.36 14.63 18.92 29.34 

2 2.57 4.66 2.41 6.49 8.74 16.80 30.43 16.83 42.51 57.44

3 1.83 2.96 3.56 3.68 6.19 12.84 20.68 24.03 24.24 41.92 

4 1.14 2.16 1.71 3.33 4.47 8.38 15.79 11.98 21.75 30.59 

5 1.01 1.96 1.89 2.62 3.91 7.20 14.96 13.46 17.36 27.53 

6 1.90 3.10 2.85 4.35 6.34 12.80 21.38 21.22 29.64 44.16 

7 1.11 2.12 2.77 2.82 4.62 8.06 16.07 20.51 21.22 34.56 

8 0.71 1.67 1.84 1.82 3.16 6.00 13.44 13.73 13.97 24.50 
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Table 7c. Standard deviations of MTVV for 

SZ, HX, HY and HZ for all test occasions. 

MTVV [m/s
2
]

Test 
run

SZ HX HY HZ OVTV 

1 0.14 0.50 0.48 0.54 0.58 

2 0.30 1.53 0.65 1.23 1.41 

3 0.25 0.72 1.11 0.96 1.17 

4 0.16 0.71 0.73 0.69 0.77 

5 0.27 0.69 0.65 0.72 1.03 

6 0.18 0.78 0.86 0.78 0.98 

7 0.14 0.48 1.02 0.79 1.06 

8 0.24 0.50 0.59 0.62 0.78 

As shown in Table 7a and 7b, the highest value of OVTV, SZ, HX and HZ, was in test run 2 

where all tires pass over the high obstacle. The lowest value was in test run 8 where the 

wheels on the right side pass over the inverted obstacle. The second highest OVTV value 

(using the methods; r.m.s., MTVV and VDV) was found in test run 6 (where left side wheels 

pass over the high obstacle) – this was not consistent with subjective responses (Table 5). The 

highest HY value was found in test run 3, which was consistent with the results of SY (section 

3.1 and Table 3). Further, higher values on the head than on the seat can be seen in the case of 

the z-direction (excluding the OVTV). The head/neck had no support and moved about more 

than the back which was stabilised by the seat. Table 7c lists the head movement variability 

values; the higher variability for all three directions of head movements than that of the seat’s 

(SZ) variability is shown.  

Higher values of HY were reached when test drivers drove over the bump when it passed 

beneath the driver seat. Concurrently, due to the force input point, the vibration level was 

different for driver and passenger (right-side). For example, when the excitation force was 

beneath the seat pan (as in test runs 3, 5 and 6, i.e. passing over the obstacle with the left side 

wheels), there is a higher vibration level as compared to when the excitation force was not 

beneath the seat pan (test runs 1, 7 and 8). 

3.5 RELATIONSHIP BETWEEN SUBJECTIVE RESPONSE AND VIBRATION DATA 

3.5.1 Difference between evaluation methods 

The correlation factor between subjective response and measured vibrations are based on 

individual data, analyzed and presented for the three test occasions (test A, B and C). 

The results are shown in Tables 8a and 8b.

Table 8a 
Correlation factor (r), based on individual data, between subjective response and r.m.s. and peak 

value from the three test occasions. The terms SZ, HX, HY and HZ stand for vibrations in the z-

axis on the seat pan and the x-axis, y-axis and z-axis on the head.

  In case of R.M.S.  In case of Peak 
Test 
occasion 

rSZ rHX rHY rHZ rOVTV rSZ rHX rHY rHZ rOVTV

Test A 0.51 0.47 0.40 0.48 0.58 0.65 0.42 0.56 0.53 0.59 

Test B 0.57 0.51 0.32 0.59 0.62 0.72 0.44 0.49 0.67 0.69 

Test C 0.57 0.50 0.32 0.55 0.60 0.71 0.58 0.44 0.70 0.71 

Average     0.70     0.73 
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Table 8b 
Correlation factor (r), based on individual data, between subjective response and MTVV and 

VDV from the three test occasions. The terms SZ, HX, HY and HZ stand for vibrations in the z-

axis on the seat pan and the x-axis, y-axis and z-axis on the head.

 In case of MTVV In case of VDV 
Test 
occasion 

rSZ rHX rHY rHZ rOVTV rSZ rHX rHY rHZ rOVTV

Test A 0.59 0.46 0.51 0.49 0.58 0.59 0.42 0.47 0.51 0.61 

Test B 0.67 0.55 0.39 0.64 0.68 0.68 0.54 0.33 0.57 0.69 

Test C 0.69 0.60 0.45 0.68 0.74 0.68 0.59 0.42 0.67 0.71 

Average     0.72     0.73 

From Tables 8a (excepting the r.m.s. method) and 8b it can be seen that the correlation factor 

increased with each test occasion and reached its maximum in test C.  

In Tables 8a and 8b, the highest correlation factor was achieved in the case of OVTV based 

on the MTVV method and from individual data collected during test C (r = 0.74); the 

difference between methods is not significant. One method is used for the remaining analysis 

presented in this paper. As the MTVV method yielded slightly better results, it will be used. 

3.5.2 Difference between data based on individual or group averages 

From normal probability plots, the subjective response and vibration data were found to have 

almost normal distributions (the kurtosis equal to -1.13 and 0.25 in case of subjective 

response and OVTVMTVV respectively), this means that the median and mean values were 

similar.  

The results from the third test occasion, i.e. test C, are marked with different symbols for each 

subject (Figures 14a) to investigate if any subject deviated from the other. In Figure 14b the 

data is based on the group average.  
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In Figure 14a, the data is based on individual data from each test (r= 0.74), which gives high 

deviations compared to Figure 14b where data is based on the group average (r= 0.86). The 

reason is that individual drivers always yield higher deviations when compared to group data. 

This is reasonable since drivers have individual differences such as experience, health, 

physiological body properties and different expectations. In Table 9 the consistency of 

correlation coefficients between OVTVMTVV and subjective response from test C are 

summarized among the subjects. The correlation coefficient varied between 0.63 and 0.91.  

0

1

2

3

4

5

6

7

8

9

10

2 4 6 8 10

OVTVMTVV

T8 

T4 

T6 

T2 

T1 

T3 

T5 

T7 

S
u

b
je

ct
iv

e 
re

sp
on

se
Figure 14a. Results based on 

individual OVTVMTVV data in the 

prediction of discomfort (r= 0.74); 

Twelve subjects are marked with 

symbols; Subject 1 ( ), 2 ( ), 3 ( ), 4 

( ), 5 ( ), 6 ( ), 7 (+), 8 ( ), 9 ( ), 

10 ( ), and 11 (�) and 12(×). The 

black exponential line indicates the 

average.

Figure 14b. Using OVTVMTVV in

predicting the subjective response

based on group averages in each test

run (T1-T8) (r = 0.86). Test runs, Ti

(i = 1-8), are shown (Table 2). The

black exponential line indicates the

average.
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Table 9
Correlation factor (r), based 

on individual data from test 

C, between subjective 

responses and OVTVMTVV.

Subject Correlation factor 

1 0.76 

2 0.67 

3 0.63 

4 0.91 

5 0.86 

6 0.87 

7 0.83 

8 0.74 

9 0.89 

10 0.73 

11 0.85 

12 0.70 

The summarized correlation factors in Table 9 show higher deviations than has been found in 

previous studies [10]; no driver can be excluded as none deviates significantly. However, the 

driver with the lowest correlation might have been affected by variables other than vibrations. 

The deviations of discomfort judgment from each subject can be seen in Figure 14a. One 

driver’s (subject 4) judgments closely matched predictions and therefore had the highest 

correlation factor.  

A correlation matrix based on all subject responses and for all tests was calculated. The values 

are shown in Table 10. In general, the consistency between subjects is high. One exception, 

again subject no. 4, had the lowest correlations of all. The background information (weight, 

age, length of employment, etc.) for all subjects was inspected. Subject no. 4 had an extensive 

history of reported injuries. For this subject, it may be that past injuries caused this substantial 

difference in vibration discomfort assessments. Upon inspection of vibration discomfort 

assessments for the 3 tests it was noted the test B assessments varied from 0.42 to 0.71. 

Correlations in the tests A and C did not deviate from the correlations of the other subject. 

The combination of a history of injury and an immediately past 45 minute exposure to a 

moderate level of vibrations caused Subject no. 4’s vibration assessments to differ from that 

of the others. As these observations are based on a single subject, it will be necessary to study 

a larger population to determine if there is a statistically significant pattern. 
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Table 10. Correlation factor (r) matrix, based on individual data, between subjects from the 

three test occasions. 

 Correlation factor, r 
Subject 1 2 3 4 5 6 7 8 9 10 11 12 

1 1 0.9 0.84 0.71 0.88 0.87 0.9 0.95 0.89 0.93 0.83 0.84 

2 1 0.92 0.71 0.89 0.91 0.92 0.91 0.92 0.87 0.9 0.92 

3  1 0.69 0.87 0.87 0.87 0.88 0.83 0.84 0.88 0.91 

4   1 0.84 0.78 0.73 0.78 0.77 0.74 0.75 0.7 

5    1 0.87 0.92 0.94 0.93 0.85 0.93 0.86 

6     1 0.84 0.92 0.88 0.86 0.9 0.88 

7      1 0.89 0.92 0.89 0.88 0.9 

8       1 0.92 0.88 0.9 0.9 

9        1 0.84 0.89 0.89 

10         1 0.83 0.84 

11          1 0.88 

12            1 

4. DISCUSSION AND CONCLUSIONS 

Subjective responses of discomfort from transient vibrations were measured in a working 

vehicle during rough driving with the aim to investigate the effect of a vibration exposure and 

a vibration pause on subjective vibration discomfort judgment. The first step was to decide 

which measurement – and analysis method to use. 

The method for measuring the subjective response was based on recommendations by Fields 

[17] that used the assessment question: “How did you judge the shaking, bumping and motion 

when you drove over the obstacle?” which could pinpoint judgment of the vibration duration 

(transient vibration). 

The next step was to test and possibly refine guidelines for vibration measurement from ISO 

2631-1 [1]. An accurate method was found; the Overall Vibration Total Value (OVTV) based 

on SZ, HX, HY and HZ, evaluated with the MTVV method (r=0.74 and r=0.86 based on 

individual and group averages respectively). Test run 2 gave the highest values for OVTV, 

SZ, HZ, HX and vibration discomfort (Table 7b and 5). The highest value for HY was from 

test run 3. In the case of the second highest value, the subjective response to vibration 

discomfort was found in the same test run as HY (vibration on the head in the y-axis) but not 

OVTV, SZ, HZ or HX which indicates the importance of head movement measurement in the 

y-axis for comfort prediction. The location of the force input point (e.g. beneath or beside the 

driver’s seat in test runs 6 and 1, respectively) affected measured vibration levels for the 

driver’s seat during the changing test runs.  

Use of HX, HY, and HZ (vibrations on the head) are not described in ISO 2631-1 [1] but, it is 

stated that: “Measurements shall normally include all relevant translational directions and 

may include more than one point affecting the comfort” ([1], point 8.2.3). The head vibrations 

seem to be of major importance in predicting vibration discomfort (Figure 13), which is also 

consistent with what D.C. Kennedy et al. [28] indicated. Several researchers have investigated 

the causes of head vibrations. For example, Griffin et al. concluded that small alterations in 

posture can double the motion at the head level [29]. Paddan and Griffin studied how head 

vibrations are caused by seat vertical vibration [16] and horizontal seat vibration [30]. It was 

found that in the case of seat vertical vibration that the head motion occurred principally in 

the fore-and-aft, vertical and pitch axis of the head. In the case of horizontal seat vibration, it 

was found that the lateral seat motion mainly caused lateral head vibrations and that the 
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backrest had little effect on lateral head vibrations [30]. These indications of the importance 

of head motions, along with the importance of measured head motion on comfort prediction 

found in this study is a reason for considering inclusion of head vibration measurement into 

ISO 2631-1 [1] revisions concerning guidelines for comfort prediction. 

As an alternative to the MTVV method, the peak value (a simple method) might be preferable 

for predictions of discomfort from transient vibrations. The reason for MTVV being 

recommended here is because MTVV increases can be most accurately measured for short 

time durations; as in the case of transients [10]. For field work by, for example, safety 

professionals the simplicity of the peak value method is more workable; in effect, relatively 

accurate yet “quick and dirty” assessments are possible. 

To study the effect from a vibration exposure and a vibration pause, the subjects judged 8 

different stimuli on three different occasions: test A, B and C. The subjects were exposed to a 

vibration exposure between test A and B and finally a vibration pause between test B and C. 

A training effect was found from test A to C due to a continuous improvement in the 

prediction of discomfort (Table 8b).

The first objective was to investigate whether there was any effect from a vibration 

exposure on discomfort. The difference between test A and B in Figure 12 (ch. 3.3.1) was 

significant (p=0.0065, paired t-test) which means that the vibration exposure of 45 minutes 

had an effect on discomfort. The exponential factor of 4 in the expression of time dependency 

(Eq. 7) from the study by Griffin and Whitham [12] was found to be higher in this study, i.e. 

approximately 11.  The reasons for a different time dependency between the studies might be 

related to the multi axis and point measurement in a field environment of this study as 

compared to the study that used only z-axis vibration in a controlled laboratorial environment. 

The second objective was to study if there is any effect from having a short vibration 

pause, which also could have been a possible argument concerning the reduction of health 

risks caused by vibrations. However, no evidence of any effect from a 10 minutes pause was 

found when comparing results from tests B and C (p=0.1234, paired t-test).  
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APPENDIX A 

The general judgment question was: "How did you judge the shaking, bumping and motion 

when you drove over the obstacle?" (translated from Swedish). Drivers judged vibration 

discomfort on a scale (Figure 15) from 0 to 10 (where 0 was not at all uncomfortable and 10 

were extremely uncomfortable). Drivers told the experimenter their judgment of the 

discomfort from the transient vibration immediately after each run. 

Figure 15. The subjective responses of vibration discomfort were collected on an 11 interval 

uni-polar rating scale from 0 to 10. The two end points were "Not at all uncomfortable" and 

"Extremely uncomfortable"

Not at all Extremely
0 1 2 3 4 5 6 7 8 9 10
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Users of work vehicles, including vehicles capable of operation in rough terrain, desire increased vibration 

comfort during operation.  This paper studied the influence of different design variables and how they can 

be changed to reduce vibration discomfort. Computer modelling and platform simulations with assessments 

of vibration discomfort were used. The goal was to evaluate a methodology that can show how to reduce 

the effects of whole-body vibrations (WBV) in a forklift. Vibration signals were recorded in a modelled 

forklift during test runs on a smooth virtual road that included an obstacle. The dynamic behaviour in the 

vertical and pitch directions on the floor of the modelled forklift was verified by comparison with the 

dynamic behaviour of a real forklift. Vibration discomfort was predicted and then reduced through 

optimisation of possible engineering solutions. The optimisation procedure was based on the variables: cab

position in the horizontal direction and cab suspension position in the z-direction; and cab suspension 

properties (KX and KZ). From the computer modelling, two optimised models were identified as being 

most likely to offer reduced vibration discomfort. These two models, along with the model of the original 

forklift, were used for a platform simulation experiment. Eighteen subjects participated in the platform 

simulation experiment and were asked to assess twelve different transient vibration exposures typical of a 

forklift model manufactured in Sweden. The methodology to reduce the effect of WBV was evaluated and 

found to reduce the vibration discomfort from 5.1 to 3.2 on an 11 interval rating scale. Both modified 

forklifts were more comfortable than the unmodified model.  Modifications consisted of reducing cab 

suspension stiffness in the vertical and fore aft directions. It was also discovered that telling the subjects the 

simulated forklift speed affected their assessments of vibration discomfort. Subjects without speed 

information could assess the differences between the forklift models. The subject group provided with 

speed did not assess this.  

1. Introduction 

Whole body vibrations (WBV) can cause discomfort and back problems [1 - 4]. It is 

generally recommended that WBV be measured according to ISO 2631-1 [5]. The British 

standard, BS 6841 [6], has also been used [7]. The differences and similarities between 

these two standards have been described by Griffin [7].  

In 2002 the European Union directive 2002/44/EC [8] came into force. Its emphasis on 

the reduction of WBV at work places was a new step in the field of occupational health 

and safety. The directive focuses on engineering solutions but allows individual solutions 

such as lumbar support, an arctic jacket or physical exercise. Shinozaki et al. 2001 [9] 

studied both and reported that engineering solutions give more effective results in 

reducing WBV. Reducing the discomfort may not always reduce the risks of WBV, but 

products with reduced vibration discomfort are likely to be more popular than those with 
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a higher level of discomfort; an important consideration for manufacturers competing in 

the global marketplace. When designing new mobile machinery (e.g. forklifts), all factors 

that may contribute to back injury should be considered as one way to reduce risk [10]. 

Study of the reduction of WBV and subjective response to vibration discomfort fits well 

with the optimisation of dynamic vehicle behaviour through computational modelling. 

This approach is systematic and avoids the need to modify prototypes for each alternative 

studied. In computer model simulations it’s vital to accurately imitate common operating 

conditions.

Efforts to reduce vibrations have looked at seat suspension systems [11]. Malchaire et 

al. [12] concluded that the vibration exposure was mainly related to the track and the 

speed. Several attempts have been made to reduce the WBV in forklifts exposure (i.e. [13 

– 14]). Paddan and Griffin [15] showed that fore-and-aft vibration of the seat backrest 

could cause appreciable body vibration that has been reported elsewhere as the dominant 

cause of discomfort [16]. These studies are limited to one direction. 

The purpose of the work reported in this paper was to validate a methodology for 

reducing operator vibration discomfort in vehicles. The investigation was divided into 

two parts: computer modelling and platform simulation experiments. Appropriate design 

variables, evaluation methods, vibration directions and points to be used in computer 

modelling were chosen based on the results from a field study [17]. The objectives of 

computer modelling were:  

(1) validate the forklift model according to floor vibrations in the z-direction and 

pitch vibrations on the floor and

(2) by an optimisation procedure, to examine if there were any possible engineering 

solutions that significantly reduced the vibration discomfort in the model.  

The optimal engineering solutions identified were then used in a platform simulation 

experiment. The optimisation was restricted to the cab position in the horizontal direction 

and the suspension system acting in the x- and z-directions. The optimisation was based 

on the cab position (six levels) and the cab suspension location (three positions) and 

stiffness in x- and z-direction (three maximum stroke levels). The objective of the 

platform simulations was to adequately reproduce signals from field measurements for 

the purpose of:

(1) evaluating assessed vibration discomfort and 

(2) evaluating computer-modelled engineering solutions in relation to vibration 

discomfort.

Together, the methods of vibration assessment (subjective response) using field 

measurements, computer modelling and platform simulation, along with the process that 

combines these, makes up a methodology for vibration discomfort assessment. 

2. Theoretical background 

2.1 Definitions 

This part contains definitions of terms and other important material used in the parts that 

follow.  
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A.) Engineering solutions – Engineering solutions to reduce the effects of WBV on 

operators are usually grouped into three areas; these have been described by Donati 

[10] as:  

(1) reduction of vibration at source (e.g. quality of terrain),  

(2) reduction of vibration transmission by different suspension systems (tyres and 

suspensions) and

(3) improvements in cab ergonomics and seat profiles to optimise operator posture. 

In this work the reduction of vibration transmission by different suspension systems 

(2) is evaluated and analysed in relation to vibration discomfort. This means that, e.g. 

the cab suspension eigen frequency should be selected with respect to the frequency 

weightings provided by ISO 2631-1 [5]. The eigen frequency of a mass damper 

system is proportional to the suspension stiffness which corresponds to the maximum 

allowed cab stroke. This means that the selection of eigen frequency is limited by the 

allowed cab stroke.

In order to find optimised solution parameters such as: spring stiffness, tyre 

stiffness, damped eigen frequency, damping ratio, and force transmissibility is of 

interest, these are described by equations 1 to 6. 

The stiffness of the cab suspension is calculated by eq. (1). 

d

aM
K

∆
= max

                                                            (1) 

where M is the calculated mass acting on each cab suspension. amax is the maximum 

acceleration measured in both the x- and z-directions from first modelling 

experiment, and d is the maximum allowed cab stroke. 

The stiffness of the tyre KT (index T stands for Tyre), were calculated by using 

equation (2):

z

gM
K T ∆

=                    (2) 

where M is the mass on the respective axes, g is the gravity constant of 9.81 m/s
2
 and 

z is the static deflection in the z-direction. 

The stiffness, K (and KT), is proportional to the eigen frequency (f0) of a mass 

damper system; as in a typical vehicle and is calculated by equation (3): 

M

K
f

π2

1
0 =                         (3)

         

where M is the mass (kg) and K (N/m) is the stiffness. 

A mass damper system is also characterised by its damping ratio, which attenuate 

the magnitude at the eigen frequency, f0, depicted in Figure 1. The damping ratio ( )

is defined by the damping coefficient, C (N/ms), in relation to the critical damping 

coefficient, CC (N/ms), see equation (4): 
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CC

C=ζ                     (4)

                

where the critical damping coefficient, CC, was calculated by equation (5): 

                   (5) 

The ratio of the forces acting on the mass, M in Figure 1c, to the displacement of 

the foundation can be expressed by the transmissibility, TF, and was calculated by 

equation (6) [18]: 

X)2()X-(1

X)(21
222

2

ζ
ζ
+

+=FT             (6)

where X =f/f0

B.) ISO 2631-1 [5] – This ISO standard addresses the general requirements for the 

evaluation of human exposure to whole body vibrations. The term “ISO”, when used 

in this paper, refers to the definitions in this part. The guidance from several sections 

within this standard was followed during the course of the work reported here. These 

are: 

Section 4.2, Figure 1 - describes human body points and directions for vibration 

measurement. Included in the description is that vibrations are measured in the 

vertical (SZ) and for-aft (SX) directions on a seat, and in the x-direction (bX) on a 

backrest. 

Section 6.2.2 – describes the basic evaluation method for vibration that is based 

on weighted r.m.s. acceleration as defined in equation (7):  

            ( )
2

1

0

21

⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡
= ∫

T

ww dtta
T

a                                                                          (7) 

where T is the duration of measurement and aw is the frequency weighted 

acceleration (index w stands for weighted data). 

MTVV is the highest magnitude of aw(to), see equation (8): 

MTVV = max [aw(to)]                                                                                  (8)

where aw(to) is defined by equation (9): 

(9)

MK2=CC

( ) ( )[ ]
2

1

21

⎭
⎬
⎫

⎩
⎨
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−
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t0

ww dtta toa
ττ
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where to is instantaneous time, aw(to) is the instantaneous frequency weighted 

acceleration obtained by using the running r.m.s. evaluation method, integration 

time (τ) is 1 second. 

Section 6.4, Figures 2 and 3 – describes the human perception of discomfort for 

vibrations in different points and directions. For example, the relative importance 

of different frequencies to discomfort due to vibrations in the z-direction on a seat 

(Wk), vibrations in the x- and y-directions on a seat (Wd), rotational (e.g. pitch) 

vibrations at the seat/driver interface (We), and vibrations in the x-direction on a 

backrest (Wc). Highest discomfort is at 3-12 Hz for seat vibrations in the z-

direction, 0.5-2 Hz for seat vibrations in the x- and y-directions, 0.5-1 Hz for seat 

rotational vibrations, and 0.5-8 Hz for backrest vibrations in the x-direction. 

Section 8.2.2.1 – describes the k multiplying factors for use with frequency 

weightings that predict the effects of vibration on comfort. Body points and 

directions for vibration measurement when seated are described.  

Section 8.2.3 - describes the overall total vibration value (OVTV) upon which

VSPM, a prediction model, is based. It uses the pitch and vertical vibrations at the 

seat/driver interface. 

2.2 Damping properties 

There are a number of different damping suspension techniques to use for suspended 

vehicles such as passive and active damping suspensions. Active damping suspensions 

are usually expensive and have a high energy consumption [19]. This causes active 

damping suspensions to be least favoured by most vehicle designers. Passive damping 

systems are often categorized as linear and non-linear e.g. progressive damping 

suspension. In the literature [20 & 21], a linear damping suspension with a low damping 

ratio was found to offer the best vibration protection on smooth surfaces and higher 

damping ratio was found to preferable on a rough track. The progressive damping 

systems are preferable on rough roads [20 & 21]. Since forklifts are most often driven on 

smooth surfaces, except for occasional transients, this paper focuses on the simplest 

damping systems (linear damping). In general, a damping ratio between 0.2 and 1.0 was 

used (e.g. Hansson [21]). The oscillations for four different damping ratios are shown in 

Figure 1a.  

2. 3 Transmissibility 

The transmissibilities are shown as functions of the ratio of the frequency of the vibratory 

force to the resonance frequency of the system in Figure 1c.  
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Figure 1. The acceleration vs. time (a) and the force transmissibility, Tf, vs. frequency 

ratio for four damping ratios (b) where  = 0.0 (thick solid grey line),  = 0.2 (thin solid 

grey line),  = 0.5 (solid black line) and  = 1 (dashed grey line). The conditions of the 

mass damper system (c) are M = 10 kg; K = 9869.6 N/m (which corresponds to f0 = 5 

Hz), the length of the spring is 100 mm and the initial velocity is 0 km/h. This means that 

the mass is initially 100 mm from the ground when it starts to compress the unloaded 

spring.

The transmissibility is shown in Figures 1a and b for four different damping ratios (  = 

0.0, 0.2, 0.5 and 1.0), which affect the attenuation of the vibration magnitude.  

When the damping ratio is increased as in Figure 1 it changes the attenuation of the 

vibration magnitude at the eigen frequency, f0, and at the higher frequencies. This means 

that vibration magnitude at f0 decreases and magnitudes at higher frequencies increase. 

Since a transient consists of high frequencies, it means that a damping ratio close to one 

increases the peak value. 

For the study reported here, the damping ratio of 0.5 was selected. At this level, the 

damping ratio has a satisfactory transient attenuation (equivalent to rough roads) and yet 

still responds well on smooth surfaces [21].

2.4 Vehicle pitch rotational centre 

Analysis of field data and computer modelling data showed that the vibration in the x-

direction in the rotational centre was low compared to the seat x-axis vibration. These 

results are shown in Figure 2 and described in the paragraph that follows the figure.  

b)

K

M

 C 

c)
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Figure 2. The modelled vibrations in the x-direction on the chassis CX (thick solid black 

line), on the cab floor FX (dotted black line) and in the seat position SX (thin solid black 

line). The software ADAMS® calculated the vibrations. 

The location of the pitch rotational centre for the whole vehicle was found to be 0.25 m 

beneath the cab floor. The SX is in principal excited by the vehicle pitch motion. 

2.5 Seat transfer function 

The seat/driver interface is a critical factor to include when modelling the seating 

dynamics. Since information about the properties of the seat suspension and the dynamics 

of the backrest were unavailable, the vertical and pitch vibrations on the seat were 

calculated by a pitch seat transfer function and a vertical seat transfer function that was 

based on floor vibrations measured in the field [17], see equation (10). 

    
( )
( )f

f
fT

i

io

G

G
)( =                (10)

where Gio was the cross spectral density function and Gi was the auto power spectral 

density function. The input i stand for the unweighted acceleration measured beneath the 

seat on floor, and the output o stands for the unweighted acceleration measured at the 

interface between the subject and the seat surface. 

Appropriate seat responses are important for accurate prediction of discomfort in 

computer modeling. 

2.6 Body postures and angles 

Other factors to consider when designing vibration discomfort experiments in field or in 

platform simulations are: subject weight, body posture, thigh contact and arm angle, 
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which have been found to affect the vibration response on the seat in several studies [22 - 

26]. Findings from a myoelectric activity study on a car driver’s seat by Andersson et al. 

[27] recommend an inclination of 14º and 30º for the backrest and the seat pan 

respectively. Also considered was Mansfield and Griffin’s [22] report that the resonance 

frequency of transmissibility and apparent mass decreases with increases in vibration 

magnitude. The extent of the decrease varied with posture. Another report about body 

angles [23] observed various degrees of non-linearity of the human body during four 

different degrees of thigh contact with the seat. 

3. Methods and Procedures 

The work reported here is divided into two parts: computer modelling (3.1) and 

platform simulation experiments (3.2).  

3.1. Computer modelling 

3.1.1 Model properties 

The software ADAMS 12.0® was used to simulate forklift runs (T), collect data and 

calculate vibrations. The forklift model was set up to imitate the properties of an 

industrial forklift (KALMAR-DCD80®) manufactured by Kalmar Industries AB 

(Ljungby, Sweden), see figure 2. The forklift model was equipped with four pneumatic 

front tyres and two pneumatic rear tyres. No data on the tyre dynamics beyond 

recommended inflation pressures was on record. The weight and inertia of moments of 

the forklift model were based on data given by the manufacturer that is shown in Table 1. 

Inclusion of this information in the computer model was necessary for accurate 

reconstruction of the forklift and subsequent use in simulations. The dimensions of the 

forklift and locations of bodies are shown in Figure 3. The weight of engine was included 

in the weight of chassis and the whole was assumed to be a rigid system. Totally, the 

forklift model consists of 11 parts.

Table 1. Properties of the unloaded forklift model

Body Weight [kg] Inertia of moment 

Ixx, Iyy, Izz [kg/m
2
]

Tyre 50/tyre 0.1, 0.1, 0.1 

Chassis 6950 5000, 5000, 11900 

Counterbalance mass 780 1, 1, 1 

Cab 700 200, 200, 388 

Bucket 1620 1100, 1100, 2027 

Fork 920 200, 200, 359 

Load 1 and 3000 1, 1, 1 

From Table 1 it can be seen that the chassis was a dominant part (63 %) of the total 

weight (tyre weight excluded) of the unloaded forklift.  
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a)

b)

c)

0.35 m

1.86 m

2.78 m

0.66 m 

0.97 m

d)

e)

Figure 3. The distance between front and rear wheels was 2.4 m. The distance from the 

front wheel to the mass centre in the x-direction of: a) load, b) bucket, c) counterbalance 

weight, d) chassis and e) cab was 0.66 m, 0.35 m, 2.78 m, 1.86 m and 0.97 m 

respectively.

From Figure 3 it can be seen that the mass locations, illustrated by black dots, of load 

(a), bucket (b), counterbalance weight (c) and cab were well distanced from the chassis 

(d) and they consequently affected the vehicle’s inertia of moment.  

When performing vibration discomfort experiments there are several variables to 

control if test conditions are to be the same for all test runs. For example, the literature 

indicates that backrest positions and vibrations are influenced by these variables and thus 

contribute to discomfort [16, 17 & 22]. 

The point and direction of vibration measurement followed ISO specifications (2.B.). 

Accelerations in the z-axis are determined by an average in two points on the floor (FZ).

The two points were beneath the front and rear edges of the centreline of the seat. The 

calculation of floor pitch (FP) was determined by subtracting the z-axis (RFZ) beneath 

the rear edge of the seat from the z-axis (FFZ) beneath the front edge of the seat and 

dividing the result by 0.35 m, the distance in the x-direction between the measurement 

locations (expressed mathematically, this is FP=(RFZ-FFZ)/0.35).

Tyre properties are an important factor in the transmission of vibration. The software 

ADAMS® contains a module that addresses tyre properties. To ensure that the model 

would, as much as possible, imitate the behaviour of a real forklift, the ADAMS/Tire®

module was used. The ADAMS/Tire® module provides a simplicity in modelling forces 

and torques acting on a tyre moving over irregular terrain. ADAMS/Tire® has six tyre 

models to choose from. No test results for the tyres on the forklift were available. A 

simple tyre model was chosen – the Fiala Tyre with an outer dimension of Ø820 mm 

(corresponding to a Michelin® 8.25x15). Starting simulation runs with a simple tyre 

allowed adjustment up until a match with the recorded data was achieved.  

The tyre model can be described as a damped suspension system between the ground 

and the chassis. The stiffness and required damping ratio for appropriate agreement with 
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measured pitch and vertical seat vibrations from the field are described in the calculations 

that follow below.   

The static tyre deflection ( z) was approximately measured in unloaded and loaded 

conditions. Each front tyre was deflected 12 mm and each rear tyre 20 mm, respectively 

at the unloaded condition. At the loaded condition the deflections were 20 mm and 17 

mm respectively. The mass distributions, calculated by the equilibrium of the mass 

distributions, acting on the front and the rear axis in the unloaded condition were 5340 kg 

and 5632 kg respectively. In the loaded condition, the mass distributions were 9100 and 

4872 kg respectively. From the static deflection and the mass distribution on the front and 

rear wheel axes, the tyre stiffness was calculated. 

The tyre stiffness, KT, in both loaded and unloaded conditions for each front and rear 

tyre was 1091.4 kN/m and 1381.2 kN/m respectively. These figures were used 

throughout all simulation runs. The calculated static tyre stiffness KT was used in the 

Fiala tyre model. Different static loads - from 1000 kg to 6000 kg on the front tyre - are 

plotted in Figure 4. The static load masses in this study were 1335 kg at the unloaded and 

2275 kg at the loaded operating conditions as marked in Figure 3.  

2275 kg

1335 kg

Figure 4. The static deflection of tyres calculated by ADAMS®, K= 1091.4 kN/m, M= 

1000 kg-6000 kg. The static load mass on the tyres were 1335 kg at the unloaded and 

2275 kg at the loaded conditions.

Figure 4 shows that the static deflection of the Fiala Tire is linear to the load mass 

(there is an non-linearity at lower load conditions). This means that the force response is 

proportional to the deflection up to approximately a 60 kN (6000 kg * 9.81 m/s
2
) load; 

this can occur when the tyres hit the obstacle.  

The damping property of the tyre model was evaluated by dropping it from a height of 

100 mm with no initial velocity and at five common load conditions (1000 kg, 1500 kg, 

2000 kg, 2500 kg and 3000 kg). This is illustrated in Figure 5.  
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Figure 5. The response for the damped tyre model with five load conditions; 1000 kg

(thin solid black line), 1500 kg (dashed black line), 2000 kg (thick solid black line), 2500 

kg (dashed grey line) and 3000 kg (solid grey line). The tyre stiffness is KT = 1091.4 

kN/m at initial displacement, the tyre is initially 100 mm from the ground when it starts to 

compress the unloaded. 

Figure 5 shows the oscillations for the tyre model at different load conditions, the 

damping is proportional to speed (linear dampening). The oscillations are longer with an 

increasing load (the mass was increased) due to the increased excitation force. A linear 

damping behaviour in real tyres might not exist. Rather than attempting to determine if 

there is a linear relationship, different damping ratios for different test conditions 

(different speeds and loads) were used. This approach avoided the need to collect more 

data in the field and then to analyse the data to develop a formula that definitively ruled 

in or out the presence of a linear relationship.

As the alternative approach, ADAMS® was used, calculations and results from the field 

and computer model could be compared. The computer model’s tyres’ damping ratios for 

each test condition were then adjusted to obtain a close match. It was found that different 

damping properties were required at different speeds and load conditions, shown in Table 

2. The effects of used damping properties can be seen in Figure 5. The highest value was 

used for high speed and the same for the front tyres at low speed. At low speed the rear 

tyres had low value of damping. 

Table 2. The damping properties used for the tyre 

model in the ADAMS® at the four test conditions. 

Test run Load Speed Rear tyre Front tyre 

T1 0 kg 12 km/h 0.22 0.7 

T2 3000 kg 12 km/h 0.22 0.8 

T3 0 kg 20 km/h 0.7 0.7 

T4 3000 kg 20 km/h 0.8 0.8 
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Cab suspension is another factor of importance. The ADAMS® software includes an 

element that allows for cab suspension. The cab of the original forklift was connected to 

the chassis by four 10 mm thick rubber bushings located in each lower corner of the cab. 

The bushings had a high stiffness of 2e10
6
 N/m in the x- and z-directions. This bushing 

damping ratio was 5.55 (over damped) based on manufacturer data. This meant that the 

cab would not oscillate. 

Another dynamic system included in the model was the bucket (lifting system). The 

bucket was connected at the base to the chassis by a revolution joint. A hydraulic arm 

located at a higher point allowed rotation of the bucket in relation to the chassis.  

Forces from the forks (through the chain elevation system) and bucket could be 

transmitted through the arm to the chassis. The connection between load and forks was 

described by a force impact equation contained in ADAMS® which imitated an impact 

between two steel surfaces. This took into account forces that took place in the field when 

loads were shifted by transient vibrations.  

In this study, the transfer functions (equation 10) used for calculating the vibrations in 

the seat/driver interface were based on one subject in each test condition. The selected 

subject had a weight and length that was close to the average of all subjects participating 

in the field study [17]. The seat transfer functions of floor pitch motion and floor vertical 

vibrations made the reproduction of discomforting vibrations found in the field study [17] 

possible. This is in accordance with Qiu and Griffin [28] that proposed the use of a two-

input and one-output system for calculating the transmissibility of fore-and-aft vibrations 

in a backrest. 

The transfer functions are shown in Figures 6 and 7 for the selected subject and 

compared to three other randomly selected subjects. 

Figure 6. The seat transfer function for the vertical acceleration based on the selected 

subject (solid black line) and the average of three other subjects (solid grey line) during 

the condition with load (on the top) and without load (on the bottom) during a speed of 

12 km/h (on the left) and 20 km/h (on the right). 
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Figure 7. The seat transfer function for the pitch acceleration, based on the selected 

subject (solid black line) and the average of three other subjects (solid grey line) during 

the condition with load (on the top) and without load (on the bottom) during a speed of 

12 km/h (on the left) and 20 km/h (on the right).

In general, from Figure 6 in the case of vertical vibrations, a peak at 1-2 Hz is present. 

This peak corresponded to the eigen frequency in the vertical direction of the seat. The 

seat attenuated all frequencies in all test conditions with a slight deviation at the condition 

of 20 km/h and loaded.

From Figure 7, in the case of pitch vibrations, major amplification in every test 

condition and almost the whole frequency range was evident. Peaks were found at 3-5 Hz 

at 20 km/h, 2-6 Hz at 12 km/h unloaded and a more diffuse 4-7 Hz at 12 km/h loaded.  

3.1.2 Experimental design of computer modelling 

The experiment was a factorial design using three variables: load condition, vehicle 

speed and forklift models.  

The levels of the experimental variables were load: 0 kg and 3000 kg; speed: 12 km/h 

and 20 km/h; three cab suspension positions in the z-direction: 0.5, 1.25 and 2.0 m, 

indicated as 05Z, 125Z and 2Z, respectively; and five cab locations in the x-direction 

from the original position of cab: -0.2 m, 0.0 m (i.e. original position), +0.2 m, +0.4 m 

and +0.6 m, labelled as: -02X, 00X, 02X, 04X and 06X, respectively. Using a total of three 

different cab suspension locations in the z-direction and six different cab locations in the 

x-direction was assumed to be enough to reveal any possible minima of vibrations with 

significant effect on the subjective response to discomfort. The cab suspension stiffness 

in the x- and z-directions were labelled KX and KZ.

After the computer simulations, the experimental design matrix for platform 

simulations will be based on three forklift models: original, model 1 and model 2 (the 

original forklift was a stock model and models 1 & 2 were the same forklift with 
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modifications). The experimental design matrix that varies load, speed and three forklift 

models is shown in Table 3.

Table 3. The experimental design matrix. T 

stands for test number.
T Load 

 [kg] 

Speed 

 [km/h] 

Forklift 

model 

1 0 12 Original 

2 3000 12 Original 

3 0 20 Original 

4 3000 20 Original 

5 0 12 Model 1 

6 3000 12 Model 1 

7 0 20 Model 1 

8 3000 20 Model 1 
9 0 12 Model 2 

10 3000 12 Model 2 

11 0 20 Model 2 

12 3000 20 Model 2 

The response variable was predicted vector sum of perceived motions (VSPM) as in 

equation (11): 

[ ]212222 4.00.10.6141.730 wpitchwsz aaVSPM ⋅+⋅⋅+=                (11)

The included measurement point and vibration axis in the predicted VSPM were; the z-

axis at the seat pan (awsz) and the pitch rotation of the occupant/seat interface (awpitch). The 

seat vibrations are calculated from the floor vibrations by transfer functions. The 

multiplying factors were in accordance with ISO section 8.2.2.1 (2.B.).  

For prediction of subjective response, the vector sum of perceived motions (VSPM)

[17] was used as the indicator of vibration discomfort.  

The cab and suspension location are shown in Figure 8. 
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125Z
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Figure 8. The three design variables: the x-position of the cab (-02X, 00X, 02X, 04X and 

06X), the cab suspension position in the z-direction (05Z, 125Z and 2Z) and the cab 

suspension properties (KX and KZ). 

The cab stiffness in the x- and z-directions were in three levels, corresponding to 

maximum stroke of cab suspension: KX1, KX2 and KX3; and KZ1, KZ2 and KZ3,

respectively.  

The maximum acceleration, amax, was 5.3 m/s
2
 in the x-direction and 11.8 m/s

2
 in the z-

direction. This data was used in equation (1) to calculate the cab suspension stiffness. The 

results were: KX1 = 38.7 kN/m, KX2 = 25.8 kN/m, KX3 = 19.3 kN/m, KZ1 = 86.1 kN/m,

KZ2 = 57.4 kN/m, and KZ3 = 43.1 kN/m. KX represents the cab suspension stiffness in 

the x-direction and the number that follows is the level. KZ represents the cab suspension 

stiffness in the z-direction and the number that follows is the level. The corresponding 

eigen frequencies in the x- and z-directions were calculated using equation (3). The 

results were: fox1 = 1.64 Hz, fox2 = 1.34 Hz, fox3 = 1.16 Hz, foz1 = 2.44 Hz, foz2 = 2.00 Hz,

and foz3 = 1.73 Hz. The eigen frequency in the x-direction that corresponds to the cab 

suspension stiffness is represented by fox and the number that follows is the level. The 

eigen frequency in the z-direction that corresponds to the cab suspension stiffness is 

represented by foz and the number that follows is the level. All of the values were found to 

be lower than the eigen frequency of the original rubber bushings which was 12 Hz. The 

eigen frequency of the cab pitch motion was calculated based on the KZ-values and the 

distance between the suspension on the front and rear surfaces of the cab. The results 

were: fop1 = 1.93 Hz, fop2 = 1.58 Hz and fop3 = 1.37 Hz. The eigen frequency of the cab 

pitch motion is fop and the number that follows is the level. 

3.1.3 Optimisation procedure 

The predicted vibration discomfort of four different actual working conditions typically 

performed by the forklift model were simulated and optimised. Vibrations were collected 

from defined measurement points and directions in the model and weighted. The 

vibrations (not weighted) from the z-direction on the floor are illustrated in Figure 9 and 

corresponded to the four driving conditions, T1-T4 (Table 3). The duration of the 
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transients were less than 3 seconds with magnitudes varying between 4.3 m/s
2
 and 12.0 

m/s
2
.

Figure 9. Four acceleration signals in the z-axis at the floor in the computer model were 

measured during the condition with the load (on the top) and without the load (on the 

bottom) during a speed of 12 km/h (on the left) and 20 km/h (on the right).

The vibration signals from field test conditions were used for validation of the 

computer model was optimised to reduce predicted vibration discomfort. The forklift 

model was optimised according to the lowest possible predicted VSPM. The modelling 

process can be described in six steps as shown in Figure 10. 

Figure 10. The procedure for optimising the computer model

In step 1 the forklift model and test track consisting of parts, forces, contacts, joints and 

motion generators was created. In step 2, modelled responses from the four simulated test 

runs (T1-T4) was measured.

For the simulation experiment, the forklift was driven on a 43 m smooth test track with 

one obstacle. The shape of the obstacle was a symmetric triangle 2 meters in length in the 

x-direction and 50 mm in height.  

In step 3 the model was validated through the use of a narrow frequency band spectra 

analysis of unweighted pitch and vertical floor vibrations from the field study. In the 

analysis, the field and model were compared and the model refined so that the two 

1. Build 2. Test   

    runs 

3. Validate 4. Refine 5. Iterate 6. Optimise 
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matched. The model was refined in step 4 and validated by step 3 again when the result 

didn’t match. In step 5, the model was iterated through variations that used parametric 

and design variables. Finally, the model was optimised in step 6 by using the ADAMS®

Design of Experiments (DOE) based on the parameterisation defined in part 3.1.2.  

It is reasonable to assume that the lower speed (12 km/h) is more often used than the 

highest speed (20 km/h) during the loaded condition; experienced drivers prudently avoid 

driving fast with a load. The higher speed (20 km/h) is more probable with an unloaded 

condition. In unsafe environments, 12 km/h might be necessary.  This suggests that 12 

km/h loaded and unloaded, and 20 km/h unloaded are the average forklift operating 

conditions. From a practical standpoint, these three conditions are those where 

improvements will be most important. 

3.1.4 Analysis of computer model 

The time history of the floor vibrations in each test run was cut into a 4-second period. 

Analyses were performed using ADAMS®, Windows Excel® and Matlab R12®,

Mathworks®.

For evaluation of the measured vibrations, discomfort was predicted by using the 

relationship between vibration measurement and subjective response from the earlier 

field study [17], see equation (11).  

The analysis procedure used for calculations is summarized as follows: 

1. Export of computer modelling data to the Matlab® software, 

2. Calculation of floor pitch vibrations and  

3. Calculation of the seat/driver interface vibrations by using transfer functions, 

4. Frequency weighting of vibration data and 

5. Calculation of predicted VSPM from calculated MTVV data. 

The measurement accelerations were low pass filtered with a cut-off frequency of 100 

Hz; which was above the highest frequency of interest.  

The frequency analyses of FZ, FP, SZ and SP in the test runs (T1-T12) were based on 

the auto power spectrum (r.m.s.).

3.2 Platform simulations 

3.2.1 Subjects 

Eighteen test subjects (all males) participated in the experiments and were divided into 

two test groups. There were nine subjects in each group: the group SG-wo was not told 

the simulated speed and SG-w was told the simulated speed (“wo” stands for without

speed information and “w” stands for with speed information).   

All had never or seldom driven a forklift truck. The statistical power was calculated and 

interpolated as 0.87 (nine male subjects, A = 1.47,  = 0.05) based on the effect size 

from a study by Mansfield [29]. Background variables were collected through the use of 

a questionnaire. In Table 4, the background variables for the subjects are summarized. 
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Table 4. Minimum, Maximum, Mean and standard 

deviation of subject characteristics 

Variable Min Max Mean SD 

Age (year) 23 58 37.1 10.0 

Weight (kg) 60 110 80.5 12.0 

Body length - height in cm 168 194 178.1 6.6 

Years with employer 0.4 30 6.2 8.4 

The platform simulation experiment consisted of evaluating 12 different test runs (T), 

using three forklift models. The runs were carried out in random order for all subjects. 

3.2.2 Measurement set-up 

From each of the twelve ADAMS® test runs (T), the pitch and vertical floor vibration 

signals were exported as input signals to the Max Cue 600® platform simulator. The 

simulator had 6 degrees of freedom. The input signals were low pass filtered with a cut-

off frequency of 20 Hz. The physical limitations of the platform simulator made it 

necessary to set the cut-off frequency at the 20 Hz level. Frequencies below 0.4 Hz were 

eliminated by a high pass filter. 

A BE-GE® seat (manufactured by BE-GE Förarmiljö AB, Sweden), was used for the 

platform simulations. This was the same model of seat used in the field experiments [17]. 

This seat has been described as having a cross-linkage mechanism, a squab and a vertical 

adjustable pneumatic suspension under the seat pan. The height of the seat back was 640 

mm.  The laboratory environment used black curtains to minimise extraneous visual cues. 

The driving position consisted of a seat with a steering wheel as shown in Figure 11. 

Figure 11. The laboratory environment in the platform simulation experiments. The stick 

figure depicts subject posture.

3.2.3 Validation of the platform signals 

A 6-channel Sony® Pulse system (B&K® 3560) was used for recording all vibration 

measurements in the platform simulations. The sampling rate of the acceleration signals 

was 256 Hz. A three-axis piezo-electric accelerometer (B&K® 4321) and a single-axis 
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piezo-electric accelerometer (B&K® 4366) were used to measure accelerations in 2 

degrees of freedom at the occupant/seat. Two piezo-electric accelerometers with integral 

preamplifiers (B&K® 4508) were used to measure accelerations in 2 degrees of freedom 

on the platform interface. 

Vertical vibrations (SZ) at the occupant/seat interface were measured using a pliable 

rubber disc in which the three-axis accelerometers were embedded. The disc was placed 

on the seat pad according to ISO (2.B.) specifications. The two single-axis 

accelerometers with integral preamplifiers were mounted on the floor and located beneath 

the front and rear edge of the seat’s centreline. These were used to measure accelerations 

in the z-direction on the floor (FZ). The calculation of floor pitch (FP) was determined by 

subtracting the z-axis beneath the rear edge of seat from the z-axis accelerations beneath 

the front edge of the seat and dividing the result by the distance in the x-direction 

between the measurement locations (0.25 m). The third single-axis accelerometer was 

placed on a rigid beam mounted on top of the seat backrest and was used to measure 

accelerations in the x-direction (bX). The pitch motion at the occupant/seat interface (SP)

was calculated by subtracting the x-axis acceleration on the seat from the x-axis 

accelerations on the top of the backrest and then dividing the result by the distance 

between the measurement locations (0.6 m). The vibration axes in this study are in 

accordance with commonly used definitions and terminologies [30] (page 35, Table 2.2). 

The seat vibrations weren’t measured during the experiments since the seat pad might 

have affected the subjective response to vibration discomfort. The vibration 

measurements were performed on the seat based on three subjects during four test runs 

using the original forklift model. The subjects selected had different weights, 62, 78 and 

93 kg and the body lengths were 171, 181 and 191 cm respectively.  

The entire procedure/prediction model was used to establish how the platform simulator 

needed to move to accurately imitate field conditions; this validation used three subjects 

(three of the eighteen who participated in the platform simulator experiments) to compare 

the results of that work. The small number of subjects and the use of a measurement 

device on the seat meant that a statistical comparison would be impractical. Instead, the 

goal was to compare patterns to verify that signal patterns from the field and platform for 

individual subjects would be reasonably similar; as with a case study. 

3.2.4 Platform simulations

Subjects were exposed to 12 vibration stimuli and data collection was carried out in 

laboratory conditions designed to simulate the test conditions in a previous field study 

[17]. Each test run lasted 5 seconds and the whole experiment for each subject lasted for 

approximately 15 minutes.  

Before the start of data collection, the drivers were provided with information and 

instructions concerning the experimental procedure (Appendix A). The weight 

adjustment of the seat damping range in the vertical direction was set to the middle 

position for all subjects. The backrest was reclined to 23º at the vertical and the seat 

inclined to 12º on the horizontal. This adjustment was the same during all test runs for all 

subjects (see Figure 11), which is in accordance with the field study [17] but not 

recommended by Andersson et al. [27]. 

Subjects were instructed to adopt a posture with arms slightly bent, sitting up straight, 

holding the steering wheel in a comfortable manner and looking forward. They were to 
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adjust their thigh-seat contact by moving their feet to achieve an average thigh-seat 

contact with least body non-linearity (terminology from Nawayseh and Griffin [23]).  

To minimize possible bias, subjects followed a predefined randomised order of test 

runs. Prior to each test run, for subject group SG-wo, no information or instruction about 

speed was given. For subject group SG-w, oral information concerning which speed 

would be used was given. During each test a masking pink noise (78 dBA) was used to 

eliminate external noise such as the noise from the platform simulator. 

For each subject, two information test runs were followed by two training test runs at 

the start. The purpose of the information test runs was to give knowledge to subjects 

about which minimum and maximum vibration discomfort levels were going to be used 

in the experiments. Test runs 6 and 3 were used. The two training test runs were 

randomly selected from the 12; the two were different for each subject. The reliability of 

the subjective response was checked by comparing the results of the training trials with 

the same actual test run (r = 0.84). 

Immediately after each test run subjects were instructed to judge vibration discomfort. 

The general judgment question was: “How uncomfortable, unpleasant or disturbing do 

you judge the shaking, shocks and hits from the test run?” (Translated from Swedish). 

Rather than reading this question to subjects after each run, a printed version was hanging 

in front of them and they were instructed to read the question after each run and then give 

a verbal response.

Besides physical and physiological measurements (e.g. weight and length), the 

subjective discomfort response to vibration was collected on an 11 interval uni-polar 

rating scale [31]. The two end points were "not at all uncomfortable" and "extremely 

uncomfortable" as shown in Figure 12 below.  

Figure 12. The rating scale for collecting subjective responses to transient vibrations.

3.2.5 Analysis of platform simulations 

Analyses were performed using Matlab R12®, Mathworks®. The vibration signals time 

history for every subject and vibration direction was weighted according to ISO (2.B.). 

The analysis procedure used for calculations of platform signals is summarized as 

follows: 

1. Export of platform simulation data to the Matlab® software and 

2. Calculation of pitch vibrations on floor. 

To validate the platform behaviour in each test condition, narrow frequency band 

spectra analysis (0-100 Hz) of unweighted vibrations from the field study [17] and from 

the platform simulations was performed. The frequency analyses of FZ, FP, SZ and SP in 

the test runs (T1-T12) were based on the auto power spectrum (r.m.s.).

Not at all Extremely
0 1 2 3 4 5 6 7 8 9 10
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3.2.6 Statistical Analysis 

Possible significant differences between predicted VSPM in the field tests [17] and the 

platform simulations were calculated using student’s t-test. Analysis of variance 

(ANOVA) of accelerations and subjective responses from the platform simulations were 

carried out to study the main effects of each factor as well as the interaction effect 

between these factors. 

The selected significance level was α = 0.05. Statistical analyses were carried out using 

the software Windows Excel®, Statgraphics Plus 4.0®.

4. Results 

4.1 Computer modelling 

4.1.1 Validation of the computer model 

FP and FZ spectra of the computer-modelled forklift were validated by comparison 

with the field spectra during four test runs as shown in Figure 13.  

Figure 13. Spectra of the unweighted pitch vibrations measured at the floor, FP, in the 

cases of computer modelling (solid line) and field experiments (dotted line) during (a) 12 

km/h with a load, (b) 20 km/h with a load, (c) 12 km/h without a load and (d) 20 km/h 

without a load.

At 20 km/h, the frequency spectra (Figs. 13b and d) showed strong peaks at 2.5 and 2.8 

Hz, respectively, which corresponds to the pitch eigen frequency. At 12 km/h (Figs. 13a 

and c) these peaks were not present. At 12 km/h in the loaded and the unloaded 

conditions and at 20 km/h in the loaded condition (Figs. 13a-c) for the computer 

modelling, the pitch eigen frequency showed agreement in frequency and level. With FP

vibration at 20 km/h in the unloaded condition (Fig. 13d) the value at 2.8 Hz was about 
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30 % lower in the case of computer modelling; instead of being in one peak, the energy 

was split into two peaks.  

Generally it can be seen that the 7-8 Hz peaks from field measurements are missing in 

the computer modelling. The peaks from field measurements might be caused by the 

eigen frequency of the bucket hydraulics, lifting system or engine; none of these 

possibilities could be verified in computer modelling as the properties of these forklift 

components were unknown. If considering the weighting function, it shows that humans 

are most sensitive in the frequency range of 0.5-1 Hz. The unweighted vibrations in 

Figure 13 are weighted and plotted in Figure 14 to illustrate the difference between 

unweighted and weighted pitch vibration.  

Figure 14. Spectra of the weighted pitch acceleration measured at the floor, FP, for 

computer modelling (solid line) and field experiments (dotted line) during the conditions 

(a) 12 km/h with a load, (b) 20 km/h with a load, (c) 12 km/h without a load and (d) 20 

km/h without a load.

After weighting the pitch vibrations, the frequencies at 7-8 Hz were strongly attenuated 

(Figure 14). These results were consistent with ISO (2.B.) that downplays the frequency. 

For the vertical vibrations, the weighted and unweighted vibrations were similar due to 

the property of the weighting function. The unweighted vertical vibrations were analysed 

in a similar way to unweighted pitch motion as shown in Figure 15. 
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Figure 15. Spectra of the unweighted z-axis vibrations measured at the floor, FZ, for 

computer modelling (solid black line) and field experiments (dotted black line) during the 

condition (a) 12 km/h with a load, (b) 20 km/h with a load, (c) 12 km/h without a load 

and (d) 20 km/h without a load.

In Figures 15a and c, clear distinct peaks occurred at 3.5 Hz and 3.8 Hz respectively. 

These agree in frequency with the field measurements, but the amplitudes were 40-55% 

lower with computer modelling. Peaks at 2.5 Hz and 2.8 Hz, due to the pitch motion, 

were diminished. This was consistent with the observation that the excitation of the rear 

wheel was out of phase with the pitch motion of the whole vehicle.

4.1.2 Computer model optimisation 

The results of predicted discomfort from the first optimisation trials after 60 simulation 

runs using the test conditions of 20 km/h and 12 km/h, and loaded and unloaded with 

different cab and suspension positions. All data is shown in Table B.1. in Appendix B. 

From a review of all the data it was apparent that the location in the z-direction (Zpos) of 

the cab suspension didn’t have a significant effect on the predicted discomfort.  

At a speed of 20 km/h the lowest predicted discomfort was found at the cab positions -

02X (loaded) and 02X (unloaded) - an average of 00X. At a speed 12 km/h for the loaded 

and unloaded conditions, the lowest predicted discomfort was at 00X and 06X,

respectively. This means that the cab position 00X is the optimal position when only cab 

and suspension positions are considered. While cab positions 06X (12 km/h) and 02X (20 

km/h) had lower values in the unloaded condition, the difference was found to be so 

small that these changes are not justifiable from a manufacturer’s standpoint. The optimal 

cab position may be different during other circumstances such as a lower eigen frequency 
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of the cab and/or a changed cab suspension location. This is considered further on in this 

paper.

4.1.3 Optimisation, trial II 

The second optimisation trial evaluated three levels of cab suspension stiffness in the x- 

and z-directions and three levels of cab suspension position in the z-direction.  

The predicted VSPM results from the 324 simulation runs are presented in Appendix B 

in Tables B.2. and B.3. As described earlier, the operational conditions targeted for the 

reduction of the subjective effect of vibrations were 12 km/h, loaded and unloaded, and 

20 km/h unloaded. When examining the data presented in Tables B.2. and B.3., the goal 

was to identify the lowest possible predicted VSPM values at the speeds and loads in 

combination with the optimal cab position in the x-direction, the cab suspension location 

in the z-direction and the cab suspension stiffness. The engineering parameters in Tables 

B.2. and B.3. could then be compared with the findings from Table B.1. (which contains 

computer model data on the original model). From this material, the forklifts described as 

the modified models could be selected and compared with the data of the original model 

in the platform simulation experiments. In the narrative that follows, the terms: original,

model 1 and model 2 are used. Table 5 below summarises the relevant engineering 

characteristics of the best solutions. 

Table 5. The best choice of the parameters for the three forklift models. 

The terms KX and KZ stand for cab suspension stiffness in the x- and z-

directions. CL stands for cab location in the x-direction. Zpos stands for 

suspension location in the z-direction.

Design variable original model 1 model 2 

KX 2e6 N/m KX3 (19.3 kN/m) KX3 (19.3 kN/m)

KZ 2e6 N/m KZ2 (57.4 kN/m) KZ2 (57.4 kN/m)

CL 00X 00X 00X

Zpos 05Z 05Z 2Z 

There were slight differences between the original and modified models 1 and 2 in the 

case of 12 km/h and the loaded condition (as may be seen in Tables B.1. and B.3.).  

At 20 km/h and the unloaded condition, model 1 had a slightly lower predicted VSPM.

The original’s VSPM of 4.67 (Table B.1., indexed by a) is higher than model 1’s VSPM

of 4.24 (Table B.2., indexed by a).

At 20 km/h and the loaded condition (Tables B.1. and B.2.) there are minor differences 

between results for the original and models 1 and 2. The original’s predicted VSPM is 

3.50 (Table B.1., indexed by b), 3.48 for model 1 (Table B.2., indexed by b) and 3.49 for 

model 2 (Table B.2., indexed by c). Predicted was that this difference would not affect 

assessed discomfort values in the subsequent platform simulations and, as mentioned 

earlier, this speed and load combination is not as critical.

At the unloaded condition and the speed of 12 km/h (as shown in Table B.3.) there 

were significant differences between the different cab positions. Model 1 and model 2

lowered the predicted VSPM from the original’s 5.68 (Table B.1., indexed by c) to 4.26 
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(Table B.3., indexed by a) for model 1 and to 3.82 (Table B.3., indexed by b) for model 2.

These two modified models were found to give the lowest possible predicted VSPM at 

both speeds in combination with the cab suspension locations of 05Z and 2Z and cab 

suspension stiffness KZ2/KX3.

What appeared to be a critical consideration in the planning of the platform simulations 

was the recognition that reengineering would not necessarily cause a modified model to 

have a superior discomfort reduction in every area when compared to the engineering 

parameters of the original model. More important, was to identify engineering solutions 

that would offer incremental improvements in some areas without degrading performance 

in other areas. 

4.1.4 Analysis of the frequency spectra of the models

The frequency spectra of the pitch and the vertical vibrations on the floor from the three 

forklift models is analysed in Figures 16 and 17.

Figure 16. Spectra of the pitch acceleration measured at the floor of the original (solid 

black line), model 1 (solid grey line) and model 2 (dashed grey line) during the 

conditions: a) with load and 12 km/h, b) with load and 20 km/h, c) without load and 12 

km/h and d) without load and 20 km/h. 
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Figure 17. Spectra of the z-axis acceleration measured at the floor of the original (solid 

black line), model 1 (solid grey line) and model 2 (dashed grey line) during the 

conditions: a) with load and 12 km/h, b) with load and 20 km/h, c) without load and 12 

km/h and d) without load and 20 km/h.

Figures 16c and 17c (test condition 12 km/h unloaded) show that the vibration 

magnitude at 4 Hz was lowered. In the case of the floor pitch vibrations the magnitude at 

4 Hz was lowered from 0.7 to 0.45 for model 1 and 0.5 for model 2. For the vertical floor 

vibrations the magnitude at 4 Hz was lowered from 1.6 to 0.7 by model 1 and to 0.8 by 

model 2. With the other test conditions (Figures 16a, 16b, 16d, 17a, 17b and 17d) there 

was no evidence of lowered vibration magnitude or differences between the three. The 

lower eigen frequencies for all three suggest that the cab suspension system did not seem 

to attenuate frequencies below 4 Hz. The slight differences between the original and 

models 1 and 2 were consistent with the predictions of discomfort from the original in 

section 4.1.2 and model 1 and model 2 in section 4.1.3.

The effect on assessed discomfort from the different combinations of softer cab 

suspension and different cab suspension locations in the z-direction (as shown in Table 5) 

was then evaluated in the platform simulations. 

4.2 Platform simulations

4.2.1 Validation of the vibration exposure 

This part concerns a comparison of data from the field with the performance of the 

platform simulator. Each of the three subjects who participated were exposed to the same 

input signal (on the floor), the acquired accelerations at the seat (vibration stimuli) were 

not constant (for example, subject weight, posture, and muscle activity caused 

variations). The four additionally measured vibration stimuli (T1-T4) were in the z-
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direction on the seat and the pitch vibrations in the driver interface were compared with 

the field measurements as shown in Figure 18.  

Figure 18. Spectra of the pitch acceleration, SP, measured at the seat driver interface 

during the platform simulations for three subjects (solid, dotted and dashed black lines) 

and field experiments (solid grey line) for the conditions: (a) 12 km/h with load, (b) 20 

km/h with load, (c) 12 km/h without load and (d) 20 km/h without load.

As shown in Figures 18b and 18d, the pitch acceleration in both the platform 

simulations and field experiments showed peaks at 2.5 Hz to 2.8 Hz. These matched both 

in frequency and amplitude. At the loaded condition (Figs. 18a and b), there was a peak 

at 7-8 Hz in the field experiments. The peak was absent in the computer modelling. At 12 

km/h in the unloaded condition the peaks in Figs. 18a and c from the platform 

simulations (solid, dotted and dashed black lines) match in amplitude but deviated in 

frequency from the measurements from field experiments (solid grey line).  

The vibrations in the z-direction were analysed in a similar way to the pitch motion as 

shown in Figure 19. 



 28

Figure 19. Spectra of the z-axis acceleration, SZ, measured at the seat driver interface 

during the platform simulations for three subjects (solid, dotted and dashed black lines) 

and field experiments (solid grey line) for the conditions with load (on the top) and 

without load (on the bottom) at 12 km/h (on the left) and at 20 km/h (on the right). 

As shown in Figures 19a, b and d, the frequency spectra of acceleration in the z-

direction on the seat had closely similar peaks. The peaks in 19c were not as close 

together but the overall patterns were relatively similar. In Fig. 19a at 12 km/h and the 

loaded condition the amplitude was around 50 % lower. At 12 km/h and the unloaded 

condition (Figure 19c) the field measurement peaks were at 3.8 Hz (solid grey line). The 

platform simulations (solid, dotted and dashed black lines) had peaks close to 4.2 Hz and 

approximately 35% lower in amplitude. The patterns for the one subject from the field 

and the three from the platform simulation, while not an exact match, were similar. 

Variations were likely caused by factors such as differences between the subjects and 

movements during data recording.  

Another way to consider how individual differences affect vibration conditions was to 

look at the seat transfer functions (vertical and pitch) for 12 km/h and 20 km/h unloaded 

from the platform simulations for the three subjects. The seat transfer functions were 

calculated using equation (10). The differences in vibration response for these three 

subjects are illustrated in Figure 20a-d. 
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a) b) 

d)c) 

Figure 20. The seat transfer functions for the vertical seat acceleration (on the top) and 

the pitch seat acceleration (on the bottom) during the unloaded speed of 12 km/h (on the 

left) and 20 km/h (on the right). The seat transfer function responses for the three 

subjects are represented by a solid black line, a solid grey line and a dashed black line. 

The different seat transfer function responses for the three different subjects show 

agreement in the case of vertical vibrations (Figures 20a and b). In the case of the seat 

transfer response for the seat pitch motions, the differences between the seat transfer 

function for each subject was readily apparent. These differences could be attributed to 

individual intrinsic variables such as body posture and body dynamic response. 

When the seat transfer function for the subjects in Figure 20 were compared with the 

seat transfer functions used in the computer modelling (Figures 6 and 7), similar transfer 

responses to vertical accelerations and pitch acceleration deviations were evident. 

4.2.2 Subjective response

Four test conditions from the field studies were reconstructed in the platform 

simulations. The subjective responses to the vibration stimuli were scaled by a factor of 

2.83 (=31.17/11). The subjective responses to discomfort were evaluated and 

discrepancies between platform simulation and field experiments were identified. Giving 

speed information to one group of subjects was likely to have caused the differences. The 

results of the subjective response to discomfort from the field study and predicted 

discomfort based on the platform simulations are compared in Figure 21. 
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Figure 21. Mean values with standard deviations of the subjective responses for the 

platform simulations ( ) and field experiments ( ) during the test runs T1-T4. T1 is 12 

km/h and without load. T2 is 12 km/h with load. T3 is 20 km/h without load. T4 is 20 

km/h with load.

Subjective response to discomfort in platform simulations showed similar patterns as 

the results from the field experiments - lowered discomfort with increased load and 

decreased speed. In only one condition - 20 km/h without load - showed a significant 

difference between subjective responses to discomfort.

The assessments performed in platform simulations were, in general, higher than 

assessments from the field. The reasons for higher assessments in the platform 

simulations may have been caused by the absence of visual and auditory cues. The 

difference between assessments from the field and from the platform simulations at 20 

km/h without a load might be attributed to lowered awareness due to the absence of 

visual cues and the inexperience of the subjects.  

Both groups, SG-wo and SG-w, could distinguish differences in discomfort from test 

runs with different speeds and load conditions. On average, the two subject groups didn’t 

deviate significantly in their assessments. Further analysis of the differences between the 

subject groups may be found in section 4.2.3.  

In Table 6, results of the subjective responses for the three subjects are presented as 

min, max, mean-values and standard deviations (SD) of SZ and SP for every test run (T1-

T12).
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Table 6. Mean, minimum, maximum and standard deviation of 

subjective response. T stands for test number.

Discomfort Experimental Design 

T Mean Min Max SD Speed 

[km/h]

Load 

[kg] 

Forklift 

model

1 5.06 3 8 1.73 12 0 Original 

2 4.19 1 7 1.52 12 3000 Original 

3 8.69 7 10 0.95 20 0 Original 

4 7.00 3 10 1.51 20 3000 Original 

5 3.56 1 6 1.79 12 0 Model 1 

6 3.44 0 7 1.71 12 3000 Model 1 

7 8.88 7 10 0.89 20 0 Model 1 

8 7.00 4 10 1.37 20 3000 Model 1 

9 3.19 1 6 1.38 12 0 Model 2 

10 3.94 1 6 1.61 12 3000 Model 2 

11 8.50 7 10 0.97 20 0 Model 2 

12 7.00 5 10 1.51 20 3000 Model 2 

In general, from Table 6 it can be seen that the discomfort was lower at T5 and T9 than 

T1. T6 and T10 were lower than T2. There are no differences between forklift models for 

the other test conditions. The effects of design variable differences are statistically 

analysed in next section. 

4.2.3 The effect of experimental design variables and instruction 

Main and interaction effects were analysed with factorial design. In Table 7, the p-value 

of main and interaction effects of the subjective responses to discomfort on an 11 interval 

rating scale are presented. 
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Table 7. P-values calculated for the main and 

interaction effects of discomfort presented for SG-

wo (without speed information) and SG-w (with 

speed information).

P-value 

Discomfort

Source SG-wo SG-w 

Speed 0.0343 0.0003 

Load 0.0000 0.0000 

Forklift model 0.0209 0.2489 

Load*Speed 0.0000 0.1177 

Load*Forklift model 0.0128 0.9385 

Speed*Forklift model 0.0774 0.3970 

In the case of the subject group without speed information (SG-wo), two interactions 

were significant (Table 7). The first interaction effect was between load and speed. 

During the condition 12 km/h, changing the load from 0 kg to 3000 kg increased 

discomfort from 4.0 to 4.6. During the condition 20 km/h, increasing the load from 0 kg 

to 3000 kg decreased discomfort from 8.4 to 6.8. The second interaction effect was 

between load and forklift model. At the unloaded condition, changing the forklift model 

from the original to the model 2 decreased discomfort from 6.9 to 5.5. The only 

significant differences between forklift models - changing original to either of the two 

modified models was found at 12 km/h and 0 kg (compare also T1 with T5 and T9 in 

Table 6). Model 2 lowered the discomfort from 5.1 to 3.2. For the original, changing the 

load from 0 kg to 3000 kg decreased discomfort from 6.9 to 5.7. 

For the subject group with speed information (SG-w), two main effects were significant 

(speed and load) and there was no evidence of any interaction effects. The change in 

speed from 12 to 20 km/h increased discomfort from 3.8 to 7.9. The change in load from 

0 kg to 3000 kg decreased discomfort from 6.4 to 5.3. 

5. Discussion  

In the field study [17], it was found that pitch motion and vertical vibrations on seats 

evaluated by the MTVV method were preferable for the prediction of vibration 

discomfort.

The first objective for present work was to validate the frequency spectra of measured 

floor vibrations from the computer modelling in comparison to the field experiments. 

Iterations were performed to find the best compromise between amplitude and frequency 

of the peaks in the frequency spectra of pitch and z-direction vibrations. In general, there 

were matches for the different conditions for frequency spectra of pitch and z-direction 

vibrations. This agreement demonstrates the accuracy of the methodology.  

The second objective of the computer modelling experiments concerned engineering 

solutions that reduced the vibration discomfort. Model 2 reduced the predicted discomfort 

even more than model 1, but model 1 had the same suspension position as the original. 
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Thus, for this particular brand of forklift, reengineering costs would be lower by choosing 

model 1.

The first objective of the platform simulation experiments was to evaluate assessed 

vibration discomfort from transient vibrations. Although each subject was exposed to the 

same vibration input, the measured vibration responses on the seat were not constant and 

the reasons for this appeared to be complex. For example, subject weight, body posture, 

thigh contact and arm angle were found in other studies (e.g. [22 - 26]) to affect the 

vibration response on a seat. From a review of the video recordings of the work reported 

here, it was observed that subjects seemed to straighten their arms during some of the test 

runs. This might have affected their subjective responses. This is consistent with what 

was reported by Nishiyama and Uesugi [26] that found a substantial effect from arm 

angle on the dynamic behaviour of subjects. 

Subjective response to discomfort, the second objective in the platform simulation 

experiments, showed agreement with the results from the field experiments [17] - a 

pattern of lowered discomfort with increased load and decreased speed. The absence of 

visual cues and inexperienced subjects may have caused any discrepancies. Future 

research which combines virtual reality with this model would likely help to determine 

the relative importance of visual cues. 

The subjective response to discomfort was lowered from 5.1 to 3.2 on an 11 interval 

rating scale when using a forklift with a lowered eigen frequency in the x- and z-

directions (model 2 was slightly better than model 1). Its success at identifying an 

engineering solution that reduced discomfort demonstrates the actual potential of this 

methodology. The results in this paper didn’t show any reductions in discomfort in the 

case of high speed for models 1 or 2. Discomfort in these models (and the original) might 

be reduced if a sliding seat is added as an additional engineering solution - a seat 

suspension system that attenuates translation in the x-direction. The sliding seat was 

shown to attenuate horizontal transient vibrations at high speed in a study by Wijaya et al. 

[32]. The combination of forces present as a result of all changes together could be 

studied.

There was no evidence of significant effect on subjective response from variable body 

length (p=0.34) as was found in the field experiments (p=0.0014) [17]. The most logical 

explanation for the difference is that taller drivers may have seen the obstacle at a time 

closer to the occurrence of the transient vibration and thus could time their muscle action 

more accurately.  

In this study, the subjects employed a longer time (more than three years) reported 

significantly lower discomfort (paired t-test, p=0.028). The explanation for this was not 

clear. Reasons such as age, commuting distance and general driving experience did not 

seem to readily account for this difference. The number of subjects (eighteen) made it 

impractical to carry out statistical analyses further as the reliability of any findings would 

have been weak. This was why this finding was not mentioned in the results.   

The standard deviation (SD) of subject assessments in the platform simulation study 

was slightly higher than among the professional drivers in study [17]. This relatively 

small difference was unexpected as it was felt that lack of forklift experience would have 

caused judgments of vibration discomfort to vary more widely. A possible explanation is 

that the greater number of variables in the field experiments, when compared to the more 



 34

neutral laboratory environment, might have affected judgments that then resulted in a 

smaller SD.  

6. Conclusions 

The original forklift was modelled using information provided by the manufacturer that 

was validated by comparison with measured floor vibrations. The computer model was 

found to agree with floor vibrations measured in the field [17]. The assessments of 

discomfort in the platform simulation experiments were similar to those in the field 

experiments [17]. This means that the computer modelling described in this paper can 

accurately reconstruct field conditions and be used to study WBV reduction solutions. 

The variable, cab suspension stiffness, was found to reduce reported discomfort 

(assessed in the platform simulations) by almost 2 on an 11 interval scale.  

The methodology described in this paper was found to be an effective procedure for 

evaluating reduction of vibration discomfort through engineering solutions. 

It was also discovered that oral instructions about speed in the platform simulations did 

affect assessment of vibration discomfort. Subjects without speed information could 

assess the differences between the forklift models, while subjects provided with speed 

information couldn’t.
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Appendix A: Instructions to subjects 

During the experiments it’s important to keep body posture, body angles (arms and 

legs) and seat settings constant since changing position might affect your assessments. 

The instructions are: sit up straight, lean against the backrest, hold the steering wheel in a 

comfortable way and look forward towards the assessment question straight in front of 

you. Your thigh contact must not to loose or to hard – that is, have average thigh contact. 

You can adjust contact by moving your feet forward or backward.  

The purpose of this experiment is to assess the vibration discomfort from twelve 

different test runs. The test runs consists of transient vibrations corresponding to driving 

different forklifts, unloaded and loaded, at two different speeds (information about which 

speed. i.e. 12 km/h and 20 km/h was given to the second subject group at this point) over 

an obstacle with a height of 50 mm.  

Before each test starts, there will be a masking noise in your headset. A transient 

vibration exposure will follow shortly afterwards (for the second subject group, 

information regarding which speed would be used was provided shortly before the 

masking noise). When the masking noise pauses you will need to give a verbal response 

to the question “How uncomfortable, unpleasant or disturbing do you judge the shaking, 
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shocks and hits from the test run?” by using the 11 interval rating scale (Figure 13) in 

front of you.

Try to base your assessments on the total overall effect of the shaking, shocks and hits 

from the transient vibration which may include discomfort, unpleasantness or 

disturbances.

Before the twelve test runs there will be four practise test runs to teach you how to 

judge and which discomfort levels are used in the experiment. The first practise run will 

give you some hints about one of the weakest transients and the second test run 

corresponds to one of the strongest transients in this experiment (also speed information 

for the second subject group). The third and fourth practise tests are randomly selected.  

After training section you will be asked if you understood everything and if there are 

any questions.  

When everything is understood, the experiment will continue with the twelve test runs. 
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Appendix B. Data Tables 

Table B.1. The prediction of VSPM at 20 km/h and 12 km/h, and loaded and unloaded 

with different suspension positions. Zpos stands for the suspension location in the z-

direction. CL stands for cab location in the x-direction. LC stands for the load 

condition.

Zpos (m) 

CL LC 20 km/h 12 km/h 

 (kg) 0.5 1.25 2.00 Average 0.5 1.25 2.00 Average 

-02X 3000 3.47 3.46 3.46 3.47 3.23 3.22 3.23 3.22 

00X 3000 3.50b 3.48 3.46 3.48 3.17 3.17 3.17 3.17 

02X 3000 3.53 3.52 3.52 3.53 3.17 3.19 3.17 3.18 

04X 3000 3.62 3.59 3.59 3.60 3.20 3.21 3.20 3.20 

06X 3000 3.75 3.73 3.69 3.72 3.24 3.23 3.23 3.23 

-02X 0 4.78 4.78 4.78 4.78 5.95 6.01 5.93 5.96 

00X 0 4.67a 4.64 4.67 4.66 5.68c 5.63 5.65 5.65

02X 0 4.63 4.63 4.66 4.64 5.41 5.49 5.41 5.44 

04X 0 4.66 4.65 4.65 4.65 5.18 5.25 5.18 5.20 

06X 0 4.68 4.69 4.68 4.68 5.01 4.96 4.93 4.97 

 Average 4.13 4.12 4.11  4.32 4.34 4.31  
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Table B.2. The prediction of VSPM for 20 km/h. The terms KX1, KX2, KX3, KZ1, KZ2, and 

KZ3 stand for cab suspension stiffness in the x- and z-directions. T stands for test number. 

CL stands for cab location in the x-direction. Zpos stands for suspension location in the z-

direction. LC stands for the load condition.
Predicted VSPM 

Zpos CL LC KZ1 KZ1 KZ1 KZ2 KZ2 KZ2 KZ3 KZ3 KZ3  

(m)  (kg) KX1 KX2 KX3 KX1 KX2 KX3 KX1 KX2 KX3 Average 

0.5 -02X 3000  3,41 3,42 3,40 3,44 3,41 3,46 3,42 3,39 3,39 3,42 

1.25 -02X 3000 3,39 3,40 3,41 3,41 3,43 3,45 3,42 3,43 3,44 3,42 

2.00 -02X 3000 3,42 3,41 3,42 3,41 3,44 3,45 3,42 3,41 3,43 3,42 

0.5 00X 3000  3,50 3,46 3,48 3,47 3,46 3,48b 3,50 3,47 3,49 3,48 

1.25 00X 3000 3,45 3,49 3,45 3,46 3,43 3,44 3,51 3,52 3,51 3,47 

2.00 00X 3000 3,46 3,48 3,49 3,51 3,49 3,49c 3,47 3,45 3,50 3,48 

0.5 02X 3000  3,51 3,49 3,49 3,51 3,47 3,47 3,47 3,48 3,50 3,49 

1.25 02X 3000 3,51 3,50 3,48 3,48 3,49 3,50 3,48 3,52 3,50 3,50 

2.00 02X 3000 3,50 3,49 3,47 3,49 3,49 3,51 3,47 3,51 3,48 3,49 

0.5 -02X 0 4,37 4,28 4,22 4,38 4,38 4,22 4,37 4,45 4,22 4,32 

1.25 -02X 0 4,48 4,34 4,32 4,35 4,38 4,41 4,33 4,35 4,38 4,37 

2.00 -02X 0 4,41 4,36 4,28 4,33 4,45 4,47 4,29 4,31 4,35 4,36 

0.5 00X 0 4,52 4,52 4,26 4,39 4,43 4,24a 4,52 4,41 4,42 4,41 

1.25 00X 0 4,32 4,26 4,42 4,49 4,45 4,41 4,47 4,50 4,34 4,41 

2.00 00X 0 4,40 4,43 4,59 4,47 4,45 4,39 4,38 4,50 4,55 4,46 

0.5 02X 0 4,48 4,53 4,53 4,48 4,48 4,45 4,47 4,47 4,47 4,49 

1.25 02X 0 4,38 4,38 4,44 4,31 4,52 4,39 4,54 4,40 4,53 4,43 

2.00 02X 0 4,48 4,53 4,53 4,47 4,48 4,47 4,34 4,53 4,53 4,49 

Average 3,94 3,93 3,93 3,94 3,95 3,93 3,94 3,95 3,95  
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Table B.3. The prediction of VSPM for 12 km/h. The terms KX1, KX2, KX3, KZ1, KZ2, and 

KZ3 stand for the cab suspension stiffness in the x- and z-directions. T stands for test 

number. CL stands for cab location in the x-direction. Zpos stands for suspension location in 

the z-direction. LC stands for the load condition.
Predicted VSPM 

Zpos CL LC KZ1 KZ1 KZ1 KZ2 KZ2 KZ2 KZ3 KZ3 KZ3  

(m)  (kg) KX1 KX2 KX3 KX1 KX2 KX3 KX1 KX2 KX3 Average 

0.5 -02X 3000  3,15 3,15 3,13 3,15 3,13 3,15 3,15 3,14 3,15 3,14 

1.25 -02X 3000 3,15 3,19 3,15 3,15 3,15 3,14 3,14 3,15 3,13 3,15 

2.00 -02X 3000 3,15 3,15 3,15 3,14 3,15 3,15 3,14 3,15 3,13 3,14 

0.5 00X 3000  3,15 3,15 3,11 3,15 3,14 3,13 3,15 3,13 3,15 3,14 

1.25 00X 3000 3,21 3,20 3,16 3,19 3,18 3,15 3,17 3,15 3,17 3,17 

2.00 00X 3000 3,15 3,15 3,18 3,11 3,12 3,15 3,15 3,17 3,11 3,14 

0.5 02X 3000  3,12 3,12 3,12 3,12 3,12 3,12 3,12 3,12 3,12 3,12 

1.25 02X 3000 3,19 3,16 3,20 3,19 3,19 3,20 3,18 3,17 3,18 3,18 

2.00 02X 3000 3,12 3,12 3,12 3,12 3,12 3,12 3,12 3,12 3,12 3,12 

0.5 -02X 0 4,85 4,58 4,73 4,84 4,84 5,37 5,13 5,64 5,03 5,00 

1.25 -02X 0 4,86 4,85 5,06 4,56 4,94 4,89 5,27 5,28 5,31 5,00 

2.00 -02X 0 4,86 4,90 4,89 5,44 4,69 5,20 4,96 4,86 4,98 4,98 

0.5 00X 0 5,09 4,79 4,85 4,98 5,33 4,26a 5,48 4,30 4,65 4,86 

1.25 00X 0 4,91 5,48 4,80 5,48 5,49 4,88 4,22 4,82 5,04 5,01 

2.00 00X 0 5,34 5,17 5,22 3,84 5,34 3,82b 4,97 5,09 4,13 4,77 

0.5 02X 0 4,43 4,48 4,51 4,45 5,64 4,91 5,06 4,57 4,79 4,76 

1.25 02X 0 5,45 4,94 4,68 4,57 5,35 5,04 5,24 5,03 4,56 4,98 

2.00 02X 0 4,49 4,25 4,90 4,75 4,84 4,66 4,56 4,62 4,13 4,58 

Average 4,04 3,99 4,00 3,96 4,15 3,96 4,07 4,03 3,94  








