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Abstract 

This Licentiate is about Whole Body Vibration and focuses on subject responses to transient 
vibrations attributable to overall discomfort and perceived motion. Whole Body Vibrations 
occur when a body is in contact with a vibrating surface. Whole Body Vibrations are a major 
problem in off-road vehicles where both the physiological and psychological health and 
discomfort are affected. 

This Licentiate consists of the introduction, a general summary of work carried out, three 
papers, and directions for future research. The introduction and summary provide background 
descriptions on the subject area, reviews the research approaches, and provides an overview 
of the three papers. 

The first paper, Paper A, focuses on the prediction of subjective response from overall 
discomfort based on unweighted r.m.s.-values in the z-direction of a seat. 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 judgments on overall discomfort and 
measured accelerations in 4 degrees of freedom in the seat/driver and seat/cabin interface. 
Data from the subjective assessment of II professional drivers was collected. With respect to 
individual results, the correlation coefficient was 0.54. 

The study in Paper  B  focuses on the prediction of subjective response from overall 
discomfort and perceived motions. 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. 
The experiment was based on 12 different combinations of conditions using the variables of 
vehicle speed, obstacle height and load conditions. Eleven professional drivers participated. 
Background variables for the subjects were collected and included in the analysis. In the case 
of individual results, the relationship between maximum transient vibration value in the z-
direction of the seat and judgments of perceived motion were r=0.45. Inclusion of the 
rotational degree of freedom improved the prediction of perceived motions (r=0.63). When all 
test conditions were averaged a stronger correlation was achieved. However, a perception 
model based on vibration accelerations in 1/3-octave bands of pitch vibrations and one 
background variable (body length) gave the best result (r=0,68). 
The same variable, "length of driver", was found to have a significant influence on subjective 
response of perceived motions. Tall drivers perceived reduced motion more than did short 
drivers. 

Paper  C  focuses on evaluating the effect of two seat designs (sliding and fixed) in 
minimizing the subjective response from transient vibrations. The seat designs (sliding or 
fixed in horizontal direction) were compared in a designed experiment based on variation of 
sitting posture, speed and type of obstacle. The comparison was done by means of assessment 
of discomfort and perceived motion and vibration measurement. Ten professional drivers 
were used as subjects. 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. 

Finally, directions for further research are discussed. 

Keywords: Whole Body Vibrations, Transient vibrations, Vibration discomfort, Prediction of 
Vehicle comfort 
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Thesis 

This licentiate thesis consists of a short introduction, a summary of work, plans for future 
research, and the following papers: 

Paper A:  
Jönsson  P.  &  Johansson Ö.,  2000. Discomfort from Transient Whole Body Vibrations, 
Proceedings of the 7th International Congress on Sound and Vibration, July,  Garmisch  
Partenkirchen 2000. 

Paper  B:  
Jönsson  P.  &  Johansson Ö.  Prediction models of Vehicle Comfort from transient vibrations. 
To be submitted for publication in Journal of Sound and Vibration. 

Paper  C:  
Wijaya A.R.,Jönsson  P.,  Johansson Ö.  The effect of seat design on vibration comfort. 
To be submitted for publication in International Journal of Occupational Safety and 
Ergonomics. 
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Introduction 

Whole Body Vibrations (WBV) arise when a body is in contact with a vibrating surface. 
For example, when a driver is in a vibrating/shaking vehicle, they are exposed to whole body 
vibrations. Statistical data on whole body vibration as a cause of occupational disease is not 
readily available. Therefore, it is difficult to determine actual cost to employers and 
employees of the effects of whole body vibration on the continuing ability to work. Of interest 
however, is that vibration caused occupational disease is one of 9 occupational disease 
categories used by the Statistics Sweden and Swedish Work Environment Authority 
organizations in their statistics reporting  (Arbetsmiljöverket  &  Statistiska centralbyrån,  2002). 
Noted in the 2002 statistics report is that occupational diseases caused by vibration was four 
time greater than the previous year. As the emphasis in this statistic is on hand-arm vibration 
it is difficult to pinpoint the severity of whole body vibration occupational disease. Still, the 
fact that vibration is a separate category can not be dismissed. 

Noted by the Swedish National Institute for Working Life (1998) is that in the North or 
Sweden alone there are up to 20,000 professionals who operate off-road vehicles; this type of 
vehicle is most likely to have a higher level of vibration than vehicles operating on roads. This 
is another indicator that whole body vibrations are an underreported problem that may 
contribute to any number of diseases; customarily identified as work or non-work related. 

Whole body vibration, such as addressed here, is viewed as a significant occupational 
health issue.  Lundström  (1999) describes an  EU-funded research project concerning detection 
and prevention of injuries caused by occupational vibration exposure. Noted in the 
background section is that whole body vibration can cause musculoskeletal disorders of the 
spine with low back pain, early degeneration of the spine and herniated inter-vertebral discs 
being the most frequently reported problems. Work by Palmer et al. (2000) on assessing the 
level of occupational exposure to whole body vibration found that the incidence of exposure 
was high and some exposures exceeded recommended levels thus constituting a clear health 
risk. A critical review of epidemiological literature on whole body vibration and low back 
pain published between 1992 and 1999 identified several articles that clearly establish that 
occupationally related whole body vibration is a cause of low back pain (Lings & Leboeuf-
Yde, 2000). An intervention study by three Japanese physicians with forklift operators found 
that improving forklift seating and tires reduced the incidence of back pain in the study 
population (Shinozaki et al., 2001). In addition to back-related problems there are reports in 
medical literature that suggest that whole body vibration above certain levels can cause other 
health problems. Ishitake et al. (1999) found that digestive activities were affected through 
exposure to whole body vibration. In another study using rabbit tissues it was found that 
vibration affected cell function (Russo et al., 2002). While these two studies were limited in 
scope, both serve to demonstrate that whole body vibration has the potential to affect other 
body functions than the low back. That medical studies demonstrate that whole body vibration 
has a physiological impact upon body function helps to underscore the importance of gaining 
a better understanding of the mechanics of whole body vibration as is done in this work. 

In engineering and design there is growing interest in modeling the dynamic behaviors 
of vehicles as a means to identify design solutions that reduce Whole Body Vibrations and 
consequently improve vehicle vibration comfort or reduce discomfort. When designing for 
vehicle comfort and particularly for vibration discomfort more knowledge about how humans 
perceive discomfort is needed. This body of knowledge is, at this point in research, best 
collected from real, field environments (e.g. rather than from approaches such as pure 
computer simulations or laboratory settings). When studying the subjective feeling of 
vibration alone, the term "vibration discomfort" is preferred (Griffin, 1990). 
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The knowledge about the relationship between vibration measurement and subject 
response has most often been studied in laboratories; many times only in one direction. The 
guidelines in ISO 2631-1 do not seem to provide an optimal recommendation for the 
prediction of vehicle discomfort (Mansfield et al., 2000), therefore more studies of 
subjectively judged discomfort and field measurements are needed. 

The studies in this thesis are performed on forklift trucks with professional drivers in 
real environments. In this thesis forklifts were, in effect, the vibration source. Forklifts 
typically do not have the type of suspension used in other types of trucks. This is because the 
dampening quality of a suspension system as used in most trucks is incompatible with the 
weight lifting and carrying tasks typically carried out by forklifts. Thus, vibration is not as 
efficiently dampened as it is in other types of vehicles. Seat and cabin suspension and design 
then becomes more important when protection of the operator from whole body vibration is 
evaluated. It is hope that the ultimate value of the data generated through this thesis will be to 
benefit design and thus provide better worker protection and reduced employer liability. 

Research direction and objectives 

The research focuses on correlations between transient Whole Body Vibrations and subject 
response to different vibrations. 

The following objectives are covered in this research: 
1. Studying the effect of various driving conditions on measured vibrations and subject 

response to those vibrations. 
2. Analyzing prediction models of overall discomfort and perceived motions. 
3. Studying subject variability and its effect on subjective response to vibration and 

measured vibrations. 
4. Analyzing the frequency dependence for each degree of freedom in the seat on subject 

response to perceived motions. 
5. Studying the effect of seat design with respect to minimizing vibration and reducing 

subject response to vibration. 

2 



Methods 

Subjects 

Study A and  B  
Eleven professional drivers (all males) were chosen as test subjects. They performed tests of 
discomfort in a forklift. 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 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). 

Study  C  
Ten professional drivers (all males) participated in study  C.  Nine of the drivers had also 
participated in studies A and  B.  Age varied from 28 to 60 years (Mean = 43.4, SD = 9.958), 
body weight ranged from 68 to 103 kg (Mean = 85.1, SD = 14.167), and body length from 
172 to 187 cm (Mean = 179.1, SD=4.926). 

Experimental design and procedures 

In all studies the tests were performed on an artificial test track. Using an artificial test 
track provides the advantage of optimal control over experimental variables while at the same 
time accurately simulating a real work environment. Prior to each test in all three studies the 
drivers were provided with information about the experimental procedure. Vibrations were 
measured throughout each test and immediately after each test drivers were asked to judge 
their subjective response to the vibrations. Instead of the term "vibration discomfort" (Griffin, 
1990), the term "subject response to vibrations" is most often used (the similarity of meaning 
of the two terms is close enough that the two are interchangeable). Subject response is based 
on vibration discomfort and motions. 

Study A and  B  

These studies consisted of 12 different vibration stimuli carried out in random order. The 
experiment was conducted as a factorial design (Box, et al., 1978) with the three variables of 
vehicle speed, obstacle height and load condition. Obstacle height and load condition 
contained two levels and vehicle speed contained three levels. The levels of the experimental 
variables were Load: no: Okg, yes: 3000kg; Obstacle: low: 30mm, high: 50mm; Speed: 
5km/h, 12km/h, and 20km/h. 
The general judgment question was: "How did you judge the shaking, bumping and motion 
when you drove over the obstacle?" (Translated from Swedish). Each subject also made 
judgments on perceived over-all shaking, up and down motion, and backward/forward 
motion. 

Study  C  
The study comprised 16 vibration stimuli carried out in random order. The experiment was 

conducted as a factorial design (Box, et al., 1978) with four variables at two levels such as 
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). 
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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" 

Measurements methods and analysis 

Measurement 
An 8-channel Sony  DAT  recorder and an 8-channel charge amplifier (B&K 5974) were used 
to record all vibration measurements in all studies. 

Study A and  B  
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 acceleration 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. 
Drivers judged overall discomfort on a scale 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). Each subject also made judgments on perceived motion on three  9-cm  scales, 
without markings. The two end points were "Very weak" and "Very strong". 

Study  C  
In order to measure accelerations in 5 degrees of freedom in the seat/driver and seat/cabin 
interface, two three-axis piezo-electric accelerometers (B&K 4321) were used. One of the 
three-axis accelerometers was placed on the seat used by the drivers. The second was placed 
on the mid-scapular area of the subject's back. One three-axis piezo-electric accelerometer 
(B&K 4321) was used to measure vibrations in 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. 
For subjective judgments, 7 point-rating scales were used. The neck-shoulder and the lower 
back regions together with overall discomfort were chosen as the indicator of driver 
discomfort. The two end points were "Not at all uncomfortable" and "Extremely 
uncomfortable". Drivers judged the perceived motions in three scales, vertical, pitching and 
rolling. The two end points were "Very weak" and "Very strong". 

Analysis 

Analysis was carried out using the following specialized software: 1-deas  (SDRC),  Simca-P  
7.01(Umetric), Statgraphics Plus 4.0 (statistical graphics corp.) and  Matlab  R12 (Mathwork). 
Preparation of measurement data was performed using 1-deas  and  Matlab  R12. The vibration 
data was analyzed in frequency range 1 to 100Hz by  softwares  Simca-P  7.01, Statgraphics 
Plus 4.0 and  Matlab  R12. 
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In all studies, Analysis of Variance (ANOVA) and Pearson product momentum correlation 
was used for data analysis to find the main effect of each factor and the interaction among 
factors. The selected significance level was a=0.05 for all studies. 

Study A 

For each test run a 5 second recording time was selected. The 5 second intervals were selected 
because critical events being measured occurred during those periods. The analysis method 
used for vibration was root-means-square method (unweighted). This approach does differ 
from the ISO standard where the called-for values are to be weighted. Vibrations in the 
vertical direction of the seat were analysed. The relation between vibration measurement and 
subjectively judged overall discomfort were analysed. Also, the effects of driving conditions 
(e.g. speed, obstacle and load) on subject response of overall discomfort and vibration 
measurement were analysed. 

Study  B  

For each test run a 5 second recording time was selected. The 5 second intervals were selected 
because critical events being measured occurred during those periods. A vector sum based on 
MTVV 1 and 5 second integration time (r) (MTVVvsuint) was used. Subject responses were 
defined as the vector sum of perceived motions (VSPM), which are indirectly an estimate of 
vibration discomfort. Further evaluation of data was based on correlation analysis, Partial 
Least Square (PLS is a type of multiple regression analysis) as described in Höskuldsson et al 
(1996),  Eriksson  et al (1999), and Khan et al (1995). PLS are used for describing the 
relationship between different variables and to find the relation between subject response 
concerning overall discomfort or VSPM and vibration measurements. PLS calculations were 
carried out using the  Simca-P  7.01 program. Effects of driving conditions on VSPM and 
vibration measurement were also analysed. 

Study  C  

Vibration data from a 20 second interval in each test run was used. As in the earlier studies, 
the 20 second periods contained the critical events being assessed. The basic evaluation 
method for vibration, using weighted root-means-square acceleration (r.m.s.) was used. Two 
additional evaluation methods are also used, Maximum Transient Vibration Value (MTVV) 
and Vibration Dose Value (VDV) and the vector sum of every vibration direction (overall 
MTVV and overall VDV). The relation between subject response and vibration 
measurements were also analyzed. 

Results and Discussion 

Study A 

The aim of this pilot study was to find important and significant effects of driving conditions 
on subject response to vibration and measured vibrations in frequency range from 0 to 100Hz. 
The second objective was to analyze the relation between measured vibrations and subject 
response concerning overall discomfort. 
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Speed was found to produce the greatest effect on both unweighted r.m.s.-values for vertical 
vibrations in the seat and overall discomfort levels. The vibration based on r.m.s.-values was 
used as a predictor of discomfort from transient vibrations. In the case of individual results, 
the correlation coefficient between unweighted r.m.s.-values in the z-direction and comfort-
judgments was 0.54. 

Study  B  

This study is an extension of study A. There are two foci, the first was analysis of individual 
variability and its effect on subject response to vibration and measured vibrations in frequency 
range from 0 to 100Hz. The second was analysis of frequency dependence for each degree of 
freedom with respect to subject response. 

The experimental variables of speed and obstacle height were found to produce the greatest 
effect on both measured vibration values and subject response of overall discomfort and 
perceived motions. 

The frequency analysis in narrow bands show a frequency peak at 2Hz and indicates the  
eigen  frequency of seat. A frequency peak at 3.5Hz and 3.8 Hz seems to be  eigen  frequency in 
z-direction for the whole vehicle. 

There was no difference between using MTVV,suiit calculated with 1 or 5 second 
integration time. The experiment variable speed and obstacle were found to produce the 
greatest effect on both measured vibration values and subject response concerning perceived 
motions (VSPM). 

MTVV.fli was found to be the best method for predicting VSPM as an indicator on 
discomfort than were concerning perceptions of overall discomfort (r=0.63 with VSPM and 
r=0.57 with overall discomfort). 

The background variables (weight, body length, age, years of work, and years as a 
professional driver) of the subjects were studied and one was found to be significant in 
subject's response of perceived motions (VSPM). Taller drivers perceived motion as less than 
did shorter drivers. The correlation coefficient between vibration measurements (vector sum 
of MTVV) and perceived motions (VSPM), based on individuals, was improved when the 
background variable "length of driver" was included (r=0.65). 

Analyzing the frequency dependence (using one-third octave bands) for each degree of 
freedom in the seat showed that pitch alone with the variable "length of driver" was found to 
give best prediction of VSPM (r=0.68). The vibrations in backrest were found to be important 
in predicting subjective response. 

Study  C  

The objective of this study was to evaluate seat design with respect to the ability to minimize 
vibration and in reducing the level of discomfort. The results showed that a sliding seat is 
superior in attenuating transient vibration in the horizontal direction than is a fixed seat. It was 
perceived reducing overall discomfort, low back discomfort and pitching motion. 
When using frequency analysis it was found that both fixed and sliding seats reduced 
horizontal vibration above 4 Hz and increased horizontal vibration below 2.5 Hz. 
Amplification below 2.5Hz can be described by the following: 0.5 — 1 Hz and 2 — 2.5 Hz 
probably relate to the resonance frequency of the body. 1-2Hz is probably related to the 
resonance frequency of the seat system. A study of horizontal transmissibility of six truck 
suspension seats by Corbrigde (1987) showed that frequencies above 2.5 Hz were attenuated 
and a significant amplification between about 1 and 2 Hz occurred. It was also found that the 
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sliding seat gave lower peaks in the lower frequency range (under 4Hz). Reasons for this 
behavior are that the seat system becomes mechanically softer due to the free slide movement. 
The posture of driver's bodies was found to have significant effect on horizontal motion 
(VDV). Sitting upright gave lower vibration values than leaning against the backrest (which is 
a less upright position). Using a sliding seat gave reduced perceived pitching motion when 
compared to a fixed seat. In the same way, measured pitch vibrations (r.m.s. 4 second) were 
reduced with a sliding seat. 
Horizontal vibration in the seat and pitching motion provided better correlation values 
between subject response and measured vibrations than did other measurement axes. 

Conclusions 

In Papers A and  B  the experiment variables of speed and obstacle were found to produce the 
greatest effect on both measured vibration values and subject response. 
In Paper  B,  the variable "Length of driver" was found to have a significant effect on 
subjective response concerning perceived motions. Taller drivers perceived less motion than 
short drivers. 
Analyses of the vibration values in one-third octave bands for: the  x-direction on the top of 
the seat backrest, for pitch motion and for vertical motions in the seat were carried out. It was 
found that pitch along with the variable "length of driver" was found to be the best predictor 
of perceived motions (VSPM) (F--0.68). Frequencies above 50 Hz were found to be of 
significant importance. This finding is at variance with the ISO Standard that does not assign 
significance to frequencies above 50 Hz. In mentioning this difference it is important to 
qualify this conclusion by noting that the ISO Standard is concerned with health risks, 
perception, and comfort whereas the focus of this paper is on perception and comfort. 
In paper  C,  the use of a sliding seat reduced transient vibration in the horizontal direction, 
overall discomfort, low back discomfort and pitching motion. Horizontal vibration in the seat 
and pitching motion provided better correlation values than did other measurement axes. The 
posture of drivers was also found to have a significant effect on the horizontal motion (VDV) 
of the body. Sitting upright gave lower vibration values than did leaning back against the 
backrest. 

Future research 

Further research will be performed with the objective of studying subjective response in after 
long-term exposure to multi-axis vibration. Increasing duration of vibration tends to increase 
the discomfort produced by vibrations (Griffin, 1990). Studies concerning long-term exposure 
to vibration and the influence of a break on the subjective judgment of discomfort produced 
by vibration will be performed. 
Also studies of possible technical solutions of for example, cabin suspension systems to 
reduce the subjective response of discomfort. How can the mechanical fatigue of a seat affect 
the perceptions of discomfort? 

7 



Reference 

Arbetslivsinstitutet (1998). A Broad Study of Terrain Vehicles: pamphlet.  Umeå,  Sweden: 
Arbetslivsinstitutet.  

Arbetsmiljöverket  &  Statistiska centralbyrån  (2002).  Arbetssjukdomar och arbetsolyckor  
2000 (Occupational Diseases and Occupational Accidents 2000). Stockholm:  Sveriges  
officiella  statistik.  

Box,  G.,  Hunter, W. & Hunter,  J.  (1978) Statistics for experimenters: An Introduction to 
Design, Data Analysis, and Model Building. New York: Wiley. 

Corbridge,  C.  (1987). Vibration in vehicles: its effect on comfort, Ph.D Thesis, Southampton, 
United Kingdom: University of Southampton  

Eriksson,  L.,  Johansson  E.  , Kettaneh-Wold,  N.  & Wold, S. (1999) Introduction to Multi- and 
Megavariate Data Analysis using Projection Methods.  Umeå,  Sweden: Umetrics. 

Griffin, M. (1990) Handbook of Human Vibration. London: Academic Press. 
Höskuldsson, A. (1996). Prediction methods in Science and Technology.  Lundtofte,  Denmark: 

Thor. 
International Organization for Standardization 1997 ISO 2631-1. Mechanical vibration and 

shock - Evaluation of human exposure to whole body vibration — Part 1: General 
requirements. 

Ishitake, T., Miyazaki,  Y.,  Ando,  H.  & Matoba, T. (1999). Suppressive mechanism of gastric 
motility by whole-body vibration. International Archives of Occupational and 
Environmental Health, 72, 469-474.  

Jönsson,  P.  and  Johansson, Ö.  (2000) Discomfort from Transient Whole Body Vibrations. In  
E.  Ericksson &  J.  Jonsson  (Eds.)  Proceedings of the 7th International Congress on 
Sound and Vibration,  Garmisch  Partenkirchen, Germany, (pp xx-xx). 

Khan, M.,  Johansson, Ö.,  Lindberg, W. & Sundbäck, U. (1995) Annoyance of Idling Diesel 
Engine Evaluated by Multivariate Analysis. Noise Control Engineering Journal 43, 
197-207. 

Lings, S. & Leboeuf-Yde,  C.  (2000). Whole-body vibration and low back pain: a systematic 
critical review of the epidemiological literature 1992-1999. International Archives of 
Occupational and Environmental Health, 73, 290-297.  

Lundström,  R.  (1999). Swedish Contribution to European Research Network Activities on 
Detection and Prevention of Injuries Due to Occupational Vibration Exposures. 
American Journal of Industrial Medicine, Supp. 1, 98-100. 

Mansfield,  N.,  Holmlund,  P.  &  Lundström,  R.  (2000). Comparison of subjective Responses to 
Vibration and Shock with Standard Analysis Methods and Absorbed Power. Journal 
of Sound and Vibration, 230, 477-491. 

Palmer,  K.,  Griffin, M., Bendall,  H.,  Pannett,  B.  & Coggon,  D.  (2000). Prevalence and pattern 
of occupational exposure in Great Britain: findings from a national survey. 
Occupational and Environmental Medicine, 57, 229-236. 

Russo, A., Banes, A., Elfervig, M., Tsuzaki, M. Yamazaki, S.,  Weinhold,  P.  & Minchew,  J.  
(2002). The effect of vibration on annulus cell signaling. The Spine Journal, 2, Supp. 
1,4. 

Shinozaki, T., Yano,  E.  & Murata,  K.  (2001). Intervention for Prevention of Low Back Pain 
in Japanese Forklift Workers. American Journal of Industrial Medicine, 40, 141-144. 

Wikstroem,  B.-O.,  Kjellberg,  A. & Dallner, M. (1991) Whole-body Vibration: a comparison 
of different methods for the evaluation of mechanical shocks. International Journal of 
Industrial Ergonomics 7, 41-52. 

8 



Paper A 



SEVENTH INTERNATIONAL CONGRESS 
ON SOUND AND VIBRATION 

4-7 July MO, Garmisch-Partenkirchen, Germany 

DISCOMFORT FROM TRANSIENT WHOLE BODY VIBRATIONS 

Peter  Jönsson & Örjan Johansson  

Engineering Acoustics, Division of Environment Technology,  
Luleå  University of Technology, S-97187  Luleå,  Sweden 

Peter.Jonsson@arb.luth.se  

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 are in progress to assess if measurements of the rotational degree of freedom will 
improve the prediction of discomfort. 

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. This study focuses on "vibration comfort" and is further limited to the 
effects of transient vibrations. Knowledge concerning transient vibrations is of considerable 
interest, particularly since ISO 2631 [2] provides limited guidance on transient vibrations. The 
subject area of whole body vibrations is extensively described by Griffin [1]. 
Studies were performed by Wikstroem,  Kjellberg  and  Daller  [3] that compared different 
technical -methods for assessing the effect of mechanical shocks on discomfort. Wikstroem, 
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Kjellberg  and Daliner [3] study showed that a dose value based on an RMS or RMQ 
calculation in z-direction provides the best prediction of discomfort from shocks. It has been 
shown earlier by Holmlund,  P.  [4] in a field study in a vehicle that the results from single-axis 
studies can probably not be directly  transfered  to a multi-axis environment. Holmlund pointed 
out that there is a great need of further research in the area of multi-axis vibration. 

In engineering and design there is growing interest in modeling the dynamic behavior 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 I. The strategy shown uses four methods to acquire information. The arrows 
connecting methods depict information flows. 

A model that describes the relationship between objective vibration measurements and 
subjective 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 modeling of that 
relationship using a dynamic computer simulation is imprecise. The ultimate goal of the 
research described in this paper is the collection of data and associated analyses that will 
permit the development of a computer-based model of the relationship. 

There are two objectives in this study. The first is to find the most important and 
significant effects of driving conditions on individual perception of vibration and measured 
vibrations. The second objective is to calculate the correlation between measured vibrations 
and subject assessment. 
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METHODS AND PROCEDURES 

The experiments were performed using multichannel measurements and subjective 
assessments of vibration comfort on a forklift truck (KALMAR-DCD800) manufactured by 
Kalmar Industries AB  (Ljungby,  Sweden). 

Experimental design 

The experiment was conducted as a factorial design [6] 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. The levels of the experimental variables were: 
Load: no: Okg, yes: 3000kg; Obstacle: low: 30mm, high: 50mm; Speed: 5km/h, 12km/h, and 
20km/h. A factorial design allows all the data from the experiment to be used to study both 
main- and interactioneffect. The experiment included 11 drivers and 12 different tests carried 
out in random order. The drivers in the study were professional drivers. 

Table 1. The experimental design matrix 

Test 
number 

Load Obstacle Speed, 
km/h 

1 no low 5 
2 yes low 5 
3 no high 5 
4 yes high 5 
5 no low 12 
6 yes low 12 
7 no high 12 
8 yes high 12 
9 no low 20 
10 yes low 20 
11 no high 20 
12 yes high 20 

The experiment used a clearly laid out test road (see Figure 2). 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. 

 

Subjective 
assessment and 
new instruction 

Figure 2. Layout of the test road 
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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 assessed vibration comfort on a scale 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). Drivers marked their assessment on the scale with a 
cross. The scale was reversed for the calculations. Each driver was also asked to assess over-
all shaking, up and down motion, and backward/forward motion. Figures 3 through 6 depict 
the scales used in the driver assessments. 

2 
	

3 
	

4 
	

5 

Very 
	

Uncomfortable 
	

Neither 
	

Comfortable 
	

Very 
Uncomfortable 
	

Uncomfortable 
	

Comfortable 
nor 

Comfortable 

Figure 3. The subjective assessment scale. 

SHAKING 

Very Strong 
	

Very Weak 

Figure 4. The scale of over-all shaking. 

BUMPS 

Very Strong 	 Very Weak 

Figure 5. The scale of bumping up and down. 

BACKWARD/FORWARD 

41--> 

Very Strong 	 Very Weak 

Figure 6. The scale of backward/forward motion. 
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The postures of the drivers were video taped. This was to control for possible differences in 
subjective assessment and vibration measurements due to extreme differences in the postures 
of the drivers. 

Statistical calculations were carried out using the software Statgraphics [5] and uses the 
methodology described by Box/Hunter/Hunter [6]. 

Measurement set-up 

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, see Figure 7, 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. 

Figure 7. A principal picture on the tested forkijti truck 

RESULTS AND DISCUSSION 

The present study focuses only on the RMS-value in z-axis of the seat and is compared to the 
driver's vibration-comfort assessment. The RMS-values are in all cases determined with a 
time interval of 5 seconds, denoted as RMS5. The RMS5-values in the present study were not 
frequency weighted. In vehicles such as forklift trucks, there are three common degrees of 
freedom in the motions. These are mainly acceleration in  x-,  z-directions and rotation around 
y-axis (pitch). In vehicles operating in off-road conditions there are more degrees of freedom. 
It is common for there to be accelerations in six degrees of freedom; the  x-, y-,  and z-
directions and rotations around, the  x-, y-,  and z-axis (roll, pitch and yaw). 

The vibration measurements in the seat in z-direction differed significantly between 
tests, see Figure 8. The highest acceleration levels were observed in T7, T II and T12. T7 had 
no load, a high obstacle and a speed of 12 km/h. The high vibration level in test 7 is related to 
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a positive interaction between the excitation forces of the front and rear wheel. The lowest 
acceleration level was observed in T2, which had a load, a low obstacle and the lowest speed. 

TI T2 13 14 T5 16 17 T8 T9 T10 T11112 

Test no. 

Figure 8. The mean values and 95% confidence intervals of the RMS5-values for each test. 

The determined effects regarding RMS5-values and subjective assessments are shown in 
Figures 9 and 11. The length of each bar in Figures 9 and 11 are 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. 

C:speed 

B:obstacle 

A:load 

BC 

AC 

AB 

0 
	

0.2 
	

0.4 	0.6 
	

0.8 
	

1 
Effect, rn/s2 

Figure 9. The figure shows the main- and interaction effects for the RMS5-value, all three 
maineffects are significant. 

The analysis of the subjective assessments, as shown in Figure 10, gave almost the same mean 
and median values. This suggests a normal distribution among the assessments. The following 
analyses are therefore based on parametric statistics. The mean values and corresponding 95% 
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confidence intervals in Figure 10, show small differences, only 1.4 between minimum and 
maximum values. The reasons for this may possibly be twofold. The first is that drivers who 
participated in the experiment are very experienced and accustomed to large differences in 
perceived vibration comfort (e.g., knowing there will be a jar). The second reason is that the 
forklift truck used is above average in vibration comfort. Some of the drivers gave comments 
like, " this was a very good forklift truck". The differences between drivers were however, 
considerable. The reason for this may be found among presently unidentified background 
variables or posture. This question is yet to be analyzed. 

TI T2 T3 14 T5 T6 T7 T8 T9  TIO  TI  I  112 

Test  no.  

Figure 10. The mean values and 95% confidence intervals of subjective assessments for each 
test. 

C:speed 

B:obstacle 

A:load 

AB 

AC 

BC 

0 	0.2 	0.4 	0.6 	0.8 
	

1 
Subjective assessment 

Figure 11. Main and interaction effects associated with subjective assessments. The effect of 
load and interaction effects is not significant. 

The experimental methods used were designed to obtain a high correlation between measured 
vibrations and subject assessment in a vehicle with few degrees of freedoms. In case of 
individual results, the correlation coefficient between RMS5-values in the z-direction and 
comfort-assessments was 0.54. The variability among driver RMS5-values of acceleration in 
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the z-direction indicates a dependence on other variables. Further studies are in progress to 
assess if measurements of the rotational degree of freedom will improve the prediction of 
discomfort. Based on averages for each test condition, however, the correlation coefficient 
was 0.93. 

SUMMARY 

This study is based on a designed experiment, including the three design variables, vehicle 
speed, obstacle height and load case. Of the three, speed was found to produce the greatest 
effect on both RMS5-values and vibration comfort levels. The observed variability among 
driver RMS5-values of acceleration in the z-direction indicates a dependence on other 
variables. One variable of importance might be the posture of the drivers (controlled by video 
monitoring). This variable was not addressed in this analysis; analysis is now in progress. The 
vibration based on RMS5-values gave a good prediction of discomfort from transient 
vibrations, which is consistent with the studies by Wikstroem,  Kjellberg  and Dallner [3]. In 
the case of individual results, the correlation coefficient between RMS5-values in the z-
direction and comfort-assessments was 0.54. Based on averages for each test condition, the 
correlation coefficient was 0.93. Analyses of the differences between individual results and 
those based on averages for each test condition are planned. 
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PREDICTION OF VEHICLE DISCOMFORT 
FROM TRANSIENT VIBRATIONS  

P. JÖNSSON  AND  Ö. JOHANSSON  

Division of Sound & Vibration,  
Luleå  University of Technology, S-97187  Luleå,  Sweden 

Subjective responses from transient vibrations in a forklift were studied using the guidelines 
described in ISO 2631-1. 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 
analyse the frequency dependence for each degree of freedom for subjective responses. The 
experiment was based on 12 different combinations of conditions using the variables of 
vehicle speed, obstacle height and load conditions. Eleven professional drivers participated. 
Background variables for the subjects were collected and included in the analysis. In the case 
of individual results, the relationship between maximum transient vibration value in the z-
direction of the seat and judgments of perceived motion were 1=0.45. Inclusion of the 
rotational degree of freedom improved the prediction of perceived motions (r=0.63). When all 
test conditions were averaged a stronger correlation was achieved. However, a perception 
model based on vibration accelerations in 1/3-octave bands of pitch vibrations and one 
background variable (body length) gave the best result (r=0,68). 

1. INTRODUCTION 

In engineering and design there is growing interest in modeling the dynamic behavior of 
vehicles as a means to identify design solutions that reduce whole body vibrations and 
consequently lessen vibration discomfort. Whole body vibrations are a major problem in off-
road vehicles and affect both physiological and psychological health and comfort. Dynamic 
computer simulations are not yet universally recognized as accurate. This is because there is 
not common agreement as to what constitutes a strong correlation between vibration 
measurements and vibration discomfort judgments. A strategy that uses a multivariate field 
of attack through collection of data in "real" conditions is an approach that can provide this 
type of correlation. 

Knowledge concerning transient vibrations is of considerable interest, particularly since 
ISO 2631 [1] provides limited guidance on transient vibrations. A more comprehensive 
description of the subject area of whole body vibrations is given by Griffin [2]. Wikstroem et 
al [3] compared different technical methods for judging the effect of mechanical shocks on 
discomfort. The results showed that a dose value based on a r.m.s. or r.m.q. calculation in z-
direction provides the best prediction of discomfort from shocks.  Spång  [4] has shown very 
good correlation between human subjective response and the measurement of single event 
shocks. Short integration time (Is) is, however, of great importance; otherwise the shocks will 
be underestimated [4]. Another investigation by Mansfield et al [5] found that VDV 
giveshigher correlations to discomfort than does r.m.s. or MTVV. However, in cases of 
multiple axes excitation Holmlund [6] has shown that responses in vertical direction due to 
single-axis excitation could probably not be directly transferred to a multi-axis environment. 



Another problem addressed by Hashimoto et al [7] is that vibrations in the seat/floor/steering 
wheel increase unpleasantness. 

In this study, subjective responses from transient vibrations in a forklift were studied on 
the basis of ISO 2631-1 standards. The first objective was to find the most important variables 
affecting subject response of overall discomfort and perceived motions. The second objective 
was to define a model that described perceived discomfort as a function of measured 
vibrations and appropriate background variables. The experiment was based on 12 different 
tests. Eleven professional drivers (all males) participated in each test. For each subject and 
test, accelerations were measured in 4 degrees of freedom in the seat/driver and seat/cabin 
interface  (x-,  z-translation and pitch). After each test subjective responses were measured by 
asking the question: "How did you judge the shaking, bumping and motion when you drove 
over the obstacle?" 

2. METHODS AND PROCEDURES 

2.1. SUBJECTS 

Eleven professional drivers (all males) were test subjects. All had earlier participated in a 
company evaluation concerning discomfort during forklift operation. Everyone was employed 
by the same company and many had duties in addition to forklift operation. The background 
variables for the drivers are summarized in Table!. 

Table 1. Mean value and standard deviation of background variables for drivers 

Variable Min Maxi Mean SD 
Age 27 59 	1 43,3 8,6 
Weight 68 110 	84,2 12,7 
Body Length 169 188 	1178,7 6,0 
No. Years with employer 0 18 	' 10,0 6,1 
No. Years as professional driver 0 16 5,6 5,7 

2.2. EXPERIMENTAL DESIGN 

The experiment included 12 different tests carried out in random order. The experiment was 
conducted as a factorial design [8] with the three variables of vehicle speed, obstacle height 
and load condition. Obstacle height and load condition contained two levels and vehicle speed 
contained three levels. The levels of the experimental variables were Load: no: Okg, yes: 
3000kg; Obstacle: low: 30mm, high: 50mm; Speed: 51cm/h, 121cm/h, and 20km/h. The 
experimental design matrix is shown in Table 2. 



Table 2. The experimental design matrix 

Test 
number 

Load Obstacle Speed, 
km/h 

1 no low 5 
•2 yes low 5 
3 no high 5 
4 yes high 5 
5 no low 12 
6 yes low 12 
7 no high 12 
8 yes high 12 
9 no low 20 

10 yes low 20 
11 no high 20 
12 yes high 20 

2.3. APPARATUS 

The used vehicle in this study was an industrial forklift (KALMAR-DCD800 
manufactured by Kalmar Industries AB  (Ljungby,  Sweden). It was equipped with four 
pneumatic front tires and two pneumatic rear tires. The suspension between each comer of 
cabin and chassis was 1  Omm  thick rubber bushings. The seat was of brand BE-GE®  
(manufactured by BE-GE  Förarmiljö  AB, Sweden). 

Figure 1. The distance from ground up to driver (1,35m) and distance from front wheel to driver 
(1,2m) can be seen in figure. The distance between the front and rear wheels is 2,4m. Vibrations in  x-
direction is "for and aft", z-direction is "vertical" and the pitch-rotation is in the seat; all are marked in 
the figure. 

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 vertical direction (z-direction) and placed 
below the front edge of the seat on the floor. The second was used to measure the for- and aft 



direction  (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. 

For subjective judgment of overall discomfort a rating scale 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 perceived vibration motion three  9-cm  
continuous scales were used. The two end points were "Very weak" and "Very strong". The 
answers were calculated as a vector sum of the judgments of shaking, up and down, and 
backward/forward motions. The terminology used was based on descriptive word 
combinations familiar to the subjects. Subjective judgment scales are shown in Appendix 1. 

2.4. EXPERIMENTAL PROCEDURES 

The experiments comprised 12 stimuli and were carried out in field conditions that were 
similar to actual working conditions (e.g., drivers used a brand of forklift used on their job 
and drove in conditions the same or similar to that performed during actual work activities). 
To minimize possible bias subjects followed a predefined randomized order of trials. The 
experiment used a clearly laid out test road. The obstacle was made of thick steel plates with 
symmetric triangular cross section dimensions. The length of obstacles was 2m and height 
was 30mm and 50mm. Prior to each test oral and written instruction was given. The 
instruction concerned which speed, obstacle and load would be used. Each test was carried 
out once per subject except for the first two trials that were training trials. The vibrations were 
measured throughout each test and immediately after each test drivers were asked to judge 
vibration discomfort. The general judgment question was: "How did you judge the shaking, 
bumping and motion when you drove over the obstacle?" (Translated from Swedish). 
Each subject also made judgments on perceived over-all shaking, up and down motion, and 
backward/forward motion. No instruction regarding body posture was given. However, visual 
inspection of video recordings showed that every subject leaned against the seat backrest 
during the tests. 

2.5. ANALYSIS 

Analyses were performed by using  Matlab  R12®, Mathworks®  and I-deas®.  Since no rotational 
accelerometer was used, pitch motion was calculated from the  x-vibrations in seat and 
backrest. The time history data for every driver and vibration direction are weighted 
according to ISO 2631-1 [1]. 

When the crest factor is less than 9 the basic evaluation method is recommended in ISO 
2631-1. However, in this paper transient vibrations are studied and therefore analysis is based 
on additional methods also outlined in ISO 2631-1. The additional methods in ISO 2631-1 are 
MTVV (maximum transient vibration value) and VDV (vibration dose value). Since the 
vibrations are single shocks with time duration of 5 seconds the VDV method was not used. 
MTVV is defined as the highest magnitude of a(t0) (index w stands for weighted data): 

MTVV = max [a„(to)J 

and 

t' 	2 
an  (t [-

1  iTaift1 dt  
T  to —r 

(1)  

(2)  



where to  is instantaneous time, a(t0) is the instantaneous frequency weighted acceleration 
obtained by using the running r.m.s. evaluation method, integration time (T) is 1 and 5 second. 

A vector sum based on MTVV of  x-translation (a,x) and z-translation in seat (awsz),  x-
translation in backrest (awbx) and pitch rotation (awpitch)  is defined as MTVVvsunn. The 
multiplying factors ksx  ,ksz  , kb, and kpitch are 1.0, 1.0, 0.8 and 0.4 mirad respectively. 
The subject responses were defined by the vector sum of perceived motions (VSPM) in three 
degree of freedom (equation 3) and the judgment of overall discomfort. 

VSPM = (shakings` +vertical motions2  +backward/forward motions2f 2 	 (3) 

The analysis procedure is summarized as follows: 

1: Field measurements. 
2: Import of data to analysis-software  (Matlabs).  
3: Calculation of rotational vibrations from vibration data in  x-direction of seat and backrest. 
4: Frequency analysis. 
5: Vibration weighting. 
6: Calculation of MTVV and the vibration total value of MTVVvsunn• 

2.6. STATISTICAL ANALYSIS 

A factorial design allows all the data from the experiment to be used to study both main-
and interaction effect. Statistical analyses were carried out using the software Windows 
Excels, 1-deas®  and Statgraphics Plus 4.0®; the methodology used is described in Box et al. 
[8]. In all studies, Analysis of Variance (ANOVA) and Pearson product momentum 
correlation was used for data analysis to find the main effect of each factor and the interaction 
among factors. The selected significance level was a=0.05. Other evaluation of data is based 
on correlation analysis, Partial Least Square (a type of multiple regression analysis), [9] [10] 
[11]. PLS are used for describing the relationship between different variables and to find the 
relation between subjective response and vibration measurements. PLS calculations were 
performed using  Simca-P  7.01e. 



3. RESULTS AND DISCUSSIONS 

3.1. ANALYSIS OF MTVV IN THE SEAT DRIVER INTERFACE 

In Table 2, MTVV's are presented as mean-values and standard deviations (SD) of seat  x-  and 
z-direction (sX and sZ), back  x-direction (bX) and pitch for every test. 

Table 2. Mean value and standard deviation of MTVV's. bX, sX and sZ stands for 
vibrations in  x-direction in backrest,  x-direction in seat pan and z-direction in seat pan. 

Test Speed 
km/h 

Load Bump 
Height 

Mean, 
bX 

SD Mean, 
sX 

SD Mean 
sZ 

SD Mean 
Pitch 

SD 

7 No 	j  Low 0,69 0,11 0,33 0,04 1,48 0,44 1,64 0,24 
2 7 Yes Low 0,80 0,12 0,42 0,05 0,89 0,21 	1 2,00 0,27 

No Hi  h  0,86 0,15 0,43 0,04 	1,63 0,40 2,07 0,28 
4 7 Yes High 	1,35 0,17 0,67 0,05 1,06 I 0,30 3,33 0,33 

12No Low 	1,25 0,26 0,59 0,14 2,59 1 0,72 2,97 0,64 
6 	12 Yes Low 	1,01 0,22 0,54 0,06 2,13 : 0,49 2,50 0,44 
7 	I 12 	J  No High 1,50 0,12 0,75 0,08 3,08 0,73 3,60 0,26 
8 	1 12 	Yes High 1,44 0,17 0,82 0,10 2,29 : 0,49 3,68 0,41 
9 	20 	No Low 2,17 0,23 1,01 0,12 	2,31 1 0,61 5,16 0,54 
10 	1  20 	Yes Low 2,25 0,35 1,02 0,11 	2,21 1 0,53 	5,31 0,66 

1 	20 	1 No High 	1.. '''''1" < 	3j  0,87 

	

1joii 	: 2,62 
1,18 	I 	0,16 	i  2,65 

	

1 0,71 	0,75 

	

0,60 	6,32 	0,69 12 	20 	Yes 	High 	1 2,67 0,33 

Generally it can be seen that increasing speed and obstacle height gives higher vibration 
levels. Highest vibration values are seen at speeds of 12 and 20 km/h for tests without load 
and high obstacle. For example test 7 (sZ=3.08m/s2) and test 11 (bX, sX and Pitch are 3.79, 
1.81 and 9.51 ni/s2, respectively). From Table 2 it can be seen that sX isn't giving any high 
levels or high variances. The values for the seat in the  x-direction are included in pitch, and 
therefore sX was not included in following calculations. The values for bX were of particular 
interest and calculated as it is felt that knowing those results may be most useful as a 
predictor. 

3.2. FREQUENCY ANALYSIS 

To find possible explanations of the results in Table 2 an analysis of the frequency spectrum 
of 4 different tests was performed. Figures 2a-2d show the unweighted frequency spectrum 
measured in three positions.  SZ  stands for vibrations in the z-direction of the seat. FFZ and 
RFZ stands for vibrations in the front floor z-direction and rear floor z-direction respectively. 
Mh12 and Uh12 correspond to test conditions with and without load, high bump and a speed 
of 12km/h 
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Figure 2a. Acceleration measured in vertical 
direction of floor (rear, RFZ and front, FFZ) 
and seat  (SZ).  Mh12 means with load, high 
bump and a speed of 12Icm/h. 

Figure 2b. Acceleration measured in vertical 
direction of floor (rear, RFZ and front, FFZ) 
and seat  (SZ).  Mh20 means with load, high 
bump and a speed of 20Icm/h. 

Figure 2c. Acceleration measured in vertical 
direction of floor (rear, RFZ and front, FFZ) 
and seat  (SZ).  Uh12 means without load, high 
bump and a speed of 12km/h. 

Figure 2d. Acceleration measured in vertical 
direction of floor (rear, RFZ and front, FFZ) 
and seat  (SZ).  Uh20 means without load, high 
bump and a speed of 12Icm/h. 

At 201(m/h, (Figure 2b and 2d) there is a peak at 2 Hz for the vibration in seat. The  eigen  
frequency of the seat is in the frequency range 1-2Hz because the vibration signal is damped 
after 2Hz (see the red curve in for example Figure 2d). Damping frequencies of vibrations in 
the vertical direction above 2 Hz should increase the comfort since humans are most sensitive 
in the range of 4-8Hz in the vertical direction. 

At a speed of 12km/h and wheel distance of 2.4m the first excitation frequency caused by 
wheel impact is at 1.4Hz, with multiples at 2.8, 4.2, 5.6, and 7.0Hz. At 20km/h the first 
frequency caused by wheel impact is at 2.3 Hz, with multiples at 4.6, and 6.9Hz. The effect on 
pitch vibrations is shown in Figures 3a-d.  FP stand for floor pitch vibration in the floor and SP 
stands for pitch vibration in the seat. FP was measured by two accelerometers on the floor, 
one below the rear edge of the seat on the floor and the second below the front edge of the 
seat on the floor. 
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Figure 3a. Pitch acceleration measured in 
floor (FP) and seat (SP). Mh12 means with 
load, high bump and a speed of 12km/h. 

Figure 3b. Pitch acceleration measured in 
floor (FP) and seat (SP). Mh20 means with 
load, high bump and a speed of 20km/h. 

Figure 3c. Pitch acceleration measured in 
floor (FP) and seat (SP). Uh12 means 
without load, high bump and a speed of 
121cm/h. 

Figure 3d. Pitch acceleration measured in 
floor (FP) and seat (SP). Uh20 means 
without load, high bump and a speed of 
201cm/h. 

In Figures 2a, 2c, 3a and 3c, there is a peak at 3.5Hz and 3.8 Hz. That frequency seems to be 
the  eigen  frequency in the z-direction for the whole vehicle. When the vehicle was loaded 
there was a decrease in the  eigen  frequency from 3.8 Hz to 3.5Hz as shown in Figures 2a and 
2c. The  eigen  frequency of the pitch rotation can't be seen at 121cm/h (Figures 3a and 3c); this 
is likely due to the fact that the excitation of the rear wheel is out of phase with pitch motion 
of the whole vehicle. Apparently the tires act as springs and there is low damping. 

3.3. ANALYSIS AND COMPARISON OF SUBJECT JUDGMENTS 

A first step in the analysis of subject responses was to establish a relationship between overall 
discomfort and perceived motions (VSPM). A regression model based on group averages for 
each test, shows a non-linear relationship (r=0.98), see Equation 4 and Figure 4. 

o 

VSPM = 0,7678 (overall discomfort) 2'4321 	 (4) 
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Figure 4. The relationship between subjective responses of perceived 
motions (VSPM) and overall discomfort in every test (r=0.98). 

In the following discussion VSPM will be used as indirect measure of discomfort. There are 
two reasons for this. The first reason is related to the fact that the individual judgments 
became more precise. The other reason is related to the fact that the correlation between 
overall discomfort and MTVVvsuml (1=0.57) was lower than between perceived motions 
(VSPM) and MTVVvsuml (r=0.63). Note that the topic area of overall discomfort was 
addressed in another paper [12]. 

Correlation between MTVV,sumt and MTVV,sums is r=0.944. However, using MTVV,sumt 
gave slightly better predictions of subjective response (VSPM) than when using MTVVvsms 
(see Figures 5a and 5b). Using 1-second integration time gave a slightly better correlation; 
this is consistent with ISO 2631 [1] and  Spång  [4]. MTVV„.1  will be used in the remaining 
descriptions in this paper. 

Figure 5a. Using MTVV,sitint  in 
predicting the subjective response 
(VSPM, eq. 3) (r = 0.63). 

Figure 5b. Using MTVV,stim5 in predicting 
the subjective response (VSPM) (r = 0.62). 



3.4. THE EFFECT OF THE EXPERIMENTAL VARIABLES 

The effects of different design variables significant regarding weighted MTVVI-values in 
the z-direction of the seat,  x-direction of the backrest, pitch motion of the seat and VSPM 
judgments (Equation 3), are shown in Figures 6a,b,  c  and  d.  The length of each bar is 
proportional to the absolute value of its associated determined effect. Of the three studied 
variables, speed was found to produce the greatest effect on both MTVVI-values in every 
direction and VSPM values. Figures 6 a-d  show the effect of the design variables on different 
responses. 
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Figure 6a. The figure shows the 
main- and interaction effects for the 
MTVVI  of the z-direction of the 
seat. 

0 	2 	4 	6 
estimated effect 

Figure 6b. Main and interaction effects 
associated with subjective judgment of 
perceived motion (VSPM) (equation 4). 

In respect to MTVVI  in z-direction of the seat all main effects are significant as may be seen 
in Figure 6a. The main effects, speed and obstacle are significant in case of VSPM judgments 
only are depicted in Figure 6b. 
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Figure 6c. The figure shows the 
main- and interaction effects for 
MTVVI  of  x-direction of the 
backrest. 
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estimated effect 

Figure 6d. The figure shows the 
main- and interaction effects for the 
MTVVI  of pitch of the seat. 

The main effects; speed and obstacle height, and the two interaction effects from load and 
speed, obstacle and speed are significant for MTVVi  in the  x-direction of the backrest and 
pitch. The most significant results are summarized in Figure 7 and 8. The analysis of the 
results in Figures 7 and 8, gave almost the same mean and median values. This suggests a 
normal distribution among the results. The mean values and corresponding 95% confidence 
intervals are shown in Figures 7 and 8. 
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Figure 7. Subjective response, judgements of VSPM (Equation 3), for each test. 

6 

5 
E 

4 
con 

3  
2 

0 
tl  t2 t3 t4 t5 t6 t7 t8 t9 t10  til  t12 

TeStnUMber 

Figure 8. Acceleration values (MTVV.1) for each test. 

The MTVVvsurnr-values  differed significantly between tests (see Figure 8). Test 11 gave 
higher acceleration levels than all other tests. There were also a higher VSPM-value (eq. 3) in 
the case of Test 11 (Figure 7). No other test from 20km/h gave significantly higher 
acceleration levels than Test 7, which contained; no load, high obstacle and 12 km/h. Test 11 
corresponds to; no load, high obstacle and 20 km/h. The high vibration level in Test 7 can 
probably be related to a positive interaction between the excitation forces of the front and rear 
wheels. 



11111111111111111111 
11.11592M 

• • • 
•4*. 	• • • o • 

Jess ‘- - le 	•• 
4  *No ••• • • 	• 

0 	1 	2 	3 	4 
	

5 

MTVV1  of Seat z-direction 

30 

25 

20 

zo- 15 

10 

5 

0 

0 1 

r = 0,60 

19 
12 

• 

11 

• t4 An  18 
6  

15 e
13 

• t1 

0 	1 	2 	3 

MTVVI  of Seat z-direction 

rn  

20 

18 

16 

14 

12 

10 

8 

6 

4 

2 

0 

6 2 	4 

MTVV,,,u„„ 

0 2 	4 

MTVVvsum, 

6 	8 

r2  = 0,40  i)  
• 

• 
• , -- • • • 

•• 
•

•• 
••• • 

4. N 
•• • 
• 

0 

20 

18 

16 

14 

,.., 12 

, 51 10 

8 

6 

4 

2 

0 

30 

25 

20 

zeä- 15 

10 

5 

3.5. DIFFERENCES BETWEEN INDIVIDUALS AND THE GROUP 

Figure 9a. Correlation between VSPM and 
MTVVI  in Z-direction, r=0.45. 

Figure 9b. Correlation between VSPM and 
MTVVI  in Z-direction based on group 
averages in each test (t 1-t12), r=0.77. 

Figure 10a. Using ISO 2631-1 with 	 Figure 10b. Using ISO 2631-1 with 
MTVV,sumi, based on individual test, r --- 0.63. 	MTVVvsumi, based on group averages in each 

test (tl-t12), r = 0.98. 

Comparison of the results of VSPM judgments and vibration measurements show that the 
spread in VSPM judgment is greater than the spread in acceleration measurement as 
illustrated in Figures 7 and 8. Figures 9a and  b  show the z-direction and VSPM relationship; 
this data has in the past been used in studies on the value relationship however, the trend now 



is to use multi-axis values as may be seen in studies reported by  Paddan  and Griffin [13] and 
Hinz et al. [14]. The observed variability on the measured vibration values among drivers 
(Figure 10a) indicates a dependence on other variables. In Figure 10b, there are small 
differences between the tests. The reason is that drivers on average always yield smaller 
deviations when compared to data based on individuals. This is expected since drivers have 
individual differences such as experience, health, physiological body properties and different 
expectations. 

Points 1 and 2 found in Figure 10a illustrate examples of differences between drivers at 
similar vibration levels. Points 1 and 2 correspond to no load, high obstacle and a 20Icm/h 
speed for drivers 3 and 6 respectively. 

3.6. IMPORTANCE OF BACKGROUND VARIABLES 

In order to find a better model of subjective response than given in ISO 2631 a number of 
variables were obtained and several combinations were tested. 

All background variables were analyzed using a standard statistical method [8]; only the 
"length of driver" was found to be significant. In Figure 11 the drivers are divided into two 
length groups and the differences between length groups are shown for each test. 
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Figure 11. VSPM based on short and tall drivers. 

The variable "Length of driver" was grouped as short (169-176.5 cm body length) and tall 
(180-188 cm body length). Performing an Analysis of Variance (ANOVA) gave a  p-value of 
less than 0,05 (0,0014). This means that the variable of body length has a significant effect on 
VSPM.  P-value was 0,0291 for vibrations based on MTVVv.iii and ISO 2631 guidelines, 
which also means that the variable of body length has a significant effect on MTVV...i. Tall 
drivers perceived less VSPM than did short drivers as shown in Figure 11. The rank of VSPM 
is consistent. The judgment scales were used differently between drivers, this partly is related 
to background variables such as experienced level of discomfort due to past injuries, work 
history, physical condition, etc. One of the drivers was not similar to the other drivers. He had 
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a lot of past injuries and therefore he was probably used to pain and not inclined to report the 
actual level experienced. 
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Figure 12. Prediction of VSPM, based on length of driver and MTVV,sumi, r = 0.65. 

Using MTVV.i in the prediction of VSPM added with the background variable "body 
length of driver" gave an even better description of VSPM (r=0.65) as illustrated in Figure 12. 

Further analysis is performed in the next section to improve the prediction model of VSPM. 
Data is analyzed in 1/3-octave bands. The driver with many injuries was excluded. 

3.7. ALTERNATIVE ANALYSIS, 1/3-OCTAVE BAND 

The analysis was performed on vibration acceleration values in 1/3-octave bands. The data 
was expressed as acceleration levels in dB to achieve normal distributed data. The variable 
"body length of driver" is included. 
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Figure 13. The importance of the frequencies on vector sum of perceived motions (VSPM) is 
shown in figure. Data is weighted and logarithmic except for the variable of body length (r=0.68). 
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Figure 14. Pitch vibration values in 1/3-octave bands. Data is logarithmic except for the 
variable of body length r=0.68 

Analysis was performed on vibration values in one-third octave bands of the  x-direction on 
the top of the seat backrest, on the pitch motion and on the vertical motions on the seat. Pitch 
alone with variable length was found to give the best prediction model of VSPM. 

The second objective of this study was to analyze the frequency dependence for each 
degree of freedom for driver subjective judgments. A regression model defined by equation 
(5) describes the frequency dependence for subjective responses. The coefficients are shown 
in Figure 13. 

VSPM = b0+bi*pitch_1.25+b2*Pitch_1.6±—±b20*pitch_loo+b21*length  (5) 

Interestingly, frequencies above 50 Hz were of significant importance. Similar results in 
vertical direction for a car seat were found in a study by Weber et al [15]. Higher frequencies 
in the range of 0-100Hz are heavily weighted in ISO 2631-1. ISO 2631-1 uses a weighting of 
43dB at 100Hz one-third octave band of pitch rotation. 

4. CONCLUSIONS 
The experiments with variable speed and obstacle were found to produce the greatest effect 

on both measured vibration values and subject response regarding overall discomfort and 
perceived motions.  

Spång  [4] found that a short integration time is of great importance; this was consistent 
with the results from this study. In this study, vector sum of perceived motions (VSPM) was 
found to be the most accurate indirect method for prediction of discomfort. 

One of the background variables, "length of driver", was found to have a significant effect 
on subjective response regarding perceived motions. Tall drivers perceived less motion than 
did short drivers. Including the variable "length of driver" improved the prediction model 
(r=0.65). 

From the result of analyzing the vibration values in one-third octave bands of  x-direction 
on the top of the seat backrest, pitch motion and vertical motions on the seat. This 
demonstrated that pitch combined with variable length was the best predictor of VSPM 



(r=0.68). Using only vibrations in the  x-direction of the backrest or only pitch motion gives 
same result in the prediction of subjective response. This indicates the importance of 
vibrations on the backrest. 

Frequencies above 50 Hz were found to be of significant importance. This finding is at 
variance with the ISO Standard that does only assign low significance to frequencies above 50 
Hz. In mentioning this difference it is important to qualify this conclusion by noting that the 
ISO Standard is concerned with health risks, perception, and comfort whereas the focus of 
this paper is on perception and comfort. 
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Appendix 1 

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 
comfort on a scale 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). Drivers 
marked their judgment on the scale with a cross. The scale was reversed for the calculations. 
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Figure15. The subjective judgment scale for overall discomfort. 

Each driver was also asked to judge over-all shaking, up and down motion, and 
backward/forward motion. 
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Figure16. The scale for over-all shaking. 
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Figure17._The scale for bumping up and down. 
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Figure18. The scale for backward/forward motion. 



Paper  C  



The effect of seat design on vibration comfort 

Andi R. Wijaya  
Peter  Jönsson 

Örjan Johansson  

Division of Sound and Vibration 
Department of Human Work Sciences 

Lulea University of Technology, Lulea, Sweden 

Field study was done to evaluate different seat design in aspect of minimizing vibration 
transmission and reducing the level of discomfort experienced by drivers subjected to 
transient vibration. Two seat designs (sliding or fixed in horizontal direction) were 
compared in a designed experiment based on variation of sitting posture, speed and 
type of obstacle. The comparison was done by means of assessment of discomfort and 
perceived motion and vibration measurement. Ten professional drivers were used as 
subjects. Maximum Transient Vibration Value and Vibration Dose Value were used in 
evaluation. Results showed that sliding seat is superior in attenuating vibration contains 
transient vibration in horizontal direction and it was perceived giving less overall and low 
back discomfort compared to fixed seat. 

Seat design Transient vibration Vibration discomfort 

1. Introduction 

Field studies have shown that drivers are more likely to have low back problems than other 
workers who are not exposed to whole body vibration (Brenstrup, T. and Biering-Sorensen, F., 
1987; Hanley,  P.  and Bednall, A. W., 1995). The drivers experienced not only 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 momentary 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. The reason 
is that mechanical activity of back muscle to stabilize the spine is insufficient due to the high 
crest factor and short duration of transient vibrations. 
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To reduce vibration transmission to the drivers three modifications can be done. The first 
modification is a suspension system between the wheel and the chassis, the second is by floating 
the cabin, and the third is by modifying the seat design. In the case of forklift, the necessity of 
stability makes it difficult to mount a suspension system that has a sufficient stroke distance. A 
floating cabin cannot be done for the existing forklifts. Thus modifying the seat design seems to 
be the most appropriate option since the improvement can be done for both new and existing 
forklifts. 

One modified seat design to reduced transient vibrations uses a sliding seat. A sliding 
seat is a seat equipped with fore-and-aft isolator and allows a slide movement in fore and aft 
direction. This sliding seat can presumably attenuate the transient vibration occurrence. 

The objective of this study is to evaluate the sliding seat design in aspect of minimizing 
vibration transmission and reducing the level of discomfort experienced by drivers subjected to 
transient vibration. 

2. Methodology 

2.1 Experimental design 

The experiment was conducted as a factorial design with four factors to be tested (Box, et.al., 
1978). Each factor had 2 levels, which gave 16 tests allow test of interactions. The first factor 
was seat condition (fixed and sliding), the second was sitting posture (up right and posterior 
leaning posture), the third was speed (20 km/h and 5 km/h), and the last factor was the type of 
obstacle (single and double). The last three factors were chosen since these are three conditions 
of commonly occurred while driving a forklift. 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 1100  inclined backrest. The choice of inclination angle was based 
on the previous study by Magnusson (1991), which recommended a 1100  inclined backrest to 
operators who are subjected to prolonged sitting with or without whole body vibrations. The 
choice of speed and height of the obstacle was based on health risk considerations for the 
subjects. 

The study was done in an artificial test track. The reason for this choice was based on 
Burdoff and Swuste's (1993) recommendation that the effectiveness of seats in vibration 
reduction should ultimately be tested in the working environment. Using an artificial test track 
gave an advantage for this study, since it has similar condition to the real work environment but 
at the same time the experimental variables can be controlled. 

2.2 Apparatus 

In this study a KALMAR-DCD70-6H forklift was used. This industrial forklift was equipped 
with four pneumatic tyres on the front axle and two pneumatic tyres on the driving axle. During 
the test runs the pressure of all tyres was 10 Bar. The cabin was isolated from the chassis with 
four rubber bushings (10 mm thick) located on each corner of the cabin. 



To reduce the intervariability of seat properties during the test, a seat with double 
mechanism options (sliding and fixed) was used. The type of the seat is S85/LA130414 
(manufactured by Grammer AG industry, Germany). This seat had a cross-linkage mechanism 
and equipped with a vertical pneumatic suspension and horizontal isolator located under the seat 
pan. 

Measurements on the floor were done by using three-axis piezo-electric accelerometers 
(B&K 4321). Due to the limitation of the floor construction, the accelerometer was mounted on 
the base of the seat by using an aluminium beam. This mounting method did not have any major 
effects on vibration measurement results, since the resonance frequency of the aluminium beam 
was far above the frequency range of this study. The first natural frequency of 5 mm  x  50 mm  x  
40 ram aluminium beam was 1580 Hz. The location of the mounting was in the middle of the left 
side seat base. The choice of location was based on the draft of European Standard (EN 13059), 
which indicates when the transducer cannot be mounted under the seat pan, the alternative 
position was on the side of the seat. Measurements were done only for horizontal and vertical 
motions. 

In order to measure acceleration in 5 degrees of freedom in the seat — driver interface, 
two three-axis piezo-electric accelerometers (B&K 4321) were used. One accelerometer was 
imbedded to the centre of a hard-rubber disc (diameter: 250 mm) and placed below the subject's 
buttock, as shown in Figure la. Another one was located on the mid-scapular area of the 
subject's back by using a purpose-made back harness (as shown in Figure lb). 

la. seat lb. back 1 c. head 

Figure 1 Location of accelerometer 

In order to measure vertical vibrations transmitted to the head, one single-axis piezo-
electric accelerometer (B&K4339) was located in a vertical line of the subject's ear by using a 
purpose made head harness, as shown in figure lc. The choice of the location was based on the 
attempt to eliminate pitching effect on the accelerometer by locating it as close as possible to the 
fulcrum of the head and neck system. 

An 8-channel Sony  DAT  recorder and an 8-channel charge amplifier (B&K 5974) were 
used to record all vibration measurements. An  8-mm  Sony 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. 

A questionnaire was used to collect information about the subjects' background. For 
assessments of discomfort and perceived motion, a 7 point-rating scale was developed. The 
rating scales consisted of two parts. The first part was made up of questions regarding how the 
subject perceived vibration discomfort and the second part was made up of questions on how the 
subject perceived vibration motion. A rating scale that was used for this study is shown in 
figure 2. 
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In the first part of the rating scale, the neck-shoulder and the lower back regions were chosen as 
the indicator of driver's discomfort. This selection was based on the results from an 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 at the 
neck-shoulder and the lower back regions. 

2.3 Subjects 

Ten male professional drivers participated in this study. Age 28 — 60 (Mean 43.4) years, height 
172— 187 (Mean = 179.1) cm and weight 68— 103 (Mean = 85.1) kg. 

2.4 Experimental procedure 

Before starting the test run, the specifications of forklift, seat, and tyres were recorded. The 
pressure of tyres and surrounding temperature were also recorded. The forklift 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 in the 
questionnaire. Then the measurement devices were installed on the subject. The inclination of 
the seat pan and the backrest were adjusted to 10 degrees and 110 degrees. The weight 
adjustment of the seat damping was set to the middle position. The subject was asked to adjust 
the seat position (vertically and longitudinally) according to his height, and the popliteal height 
and buttock-popliteal length were measured. The subject was asked to adjust the seat according 
to 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 trial according to his last test run order, and 
to give a subjective assessment after that. The results of the test run trial were not used for 
evaluations. During the test run, the subject was asked to maintain his head in vertical position 
and put his hand on the steering wheel at the 10.10 o'clock position. For posterior leaning 
posture, the subject was asked to lean on 110 degree reclined seat. The upright posture was self-
selected by the subject following the command 'Sit up straight'. During the 'up right posture' the 
subjects could not totally isolated from the backrest, their low back was still in contact with the 
lumbar support. 

Each subject was required to accomplish 16 test runs. The experiment was restricted 
randomised in the meaning that the test runs were presented in different random order for each 
subject. The time to complete all test runs was 45 minutes for each subject. Four subjects were 
tested on the first day and six subjects on the second day. The forklift was driven on a 160 m 
length asphalt track with one pair of obstacles. The dimension of the obstacle was 53 mm height, 
0.8 m width, and 2 m length with 3-degree inclination at both sides. The obstacle was made of 20 
mm thick steel plate, thus the deflection of the obstacle can be neglected. The layout of the track 
can be seen in figure 3. 
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For the single obstacle test run, the driver should drive on track  b,  and for double 
obstacles run test on track a. The seat condition setting was done by adjusting the lock/unlock 
lever. The speed adjustment was done by automatic speed control. Recording time was written 
down before and after the test run. After accomplishing the test run the driver gave his subjective 
assessment and the new instructions were given for the next test. 

2.5 Data Analysis 

For each test run, the duration of measurement was cut into 20 seconds with the time of transient 
peak as a mid-time. Cutting time was done to eliminate the time taken for accelerating and 
decelerating the forklift and to make the analysing process easier. According to ISO 2631-1, 
basic evaluation method for vibration is by using weighted root-means-square acceleration 
(r.m.s.), defined as: 

a w 	1  — fa2.(t)dt 

_
T o 

where T is the duration of measurement. In case where the basic evaluation method may 
underestimate the effects of vibration (crest factor > 9, occasional shocks, transient vibration), 
one of the two additional evaluation methods should also be determined. Two additional 
evaluation methods are Maximum Transient Vibration Value (MTVV) and Vibration Dose 
Value (VDV). MTVV is defined as the highest magnitude of aw(to): 

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

where to is instantaneous time and a(to) is the instantaneous frequency weighted acceleration 
obtained by using running r.m.s. evaluation method with 1 second integration time (-0 for 
running averaging. The running r.m.s. is calculated by: 



- fk,,d2 dt} 
 2 

(3)  

The frequency weighted VDV is defined as: 
1 

'T 	4 
VDV 	naw(t)}4  dt

} 
 (4)  

Analysis of Variance (ANOVA) was used for data analysis in order to find the main 
effect of each factor and the interaction among factors. The selected alpha significant level of the 
tests was p<0.05. 

3. Results and discussion 

Mean values of selected acceleration measurements and subjective assessment for each test runs 
are shown in Table 1 and Table 2. 

Table 1. Mean values of MTVV and VDV for each test runs 

Ts A  B C D  
MTVV (ms-2) VDV(ms-1.75) 

XS YS ZS XB  ZH  XS YS ZS XB  ZH  
1 0.38 1.37 1.70 0.71 0.84 2.29 7.01 11.50 4.70 5.92 
2 + 0.34 1.23 1.83 0.90 0.88 2.16 6.51 11.54 5.37 6.00 
3 + 0.33 1.19 1.63 0.87 0.88 2.02 6.24 11.17 5.68 6.00 
4 + + 0.41 1.22 1.64 0.83 0.86 2.46 6.40 11.04 5.32 5.95 

5 + 0.96 2.75 3.04 1.90 1.66 5.22 13.82 16.94 10.35 9.77 
6 + - + _ 1.09 2.82 3.09 2.16 1.73 5.70 13.92 17.20 11.54 10.22 
7 + + 1.03 2.76 3.16 2.43 1.77 5.48 13.71 17.56 13.16 10.18 
8 + + + - 1.11 2.78 3.16 2.99 1.77 5.86 13.81 17.56 15.49 10.18 

9 + 0.47 0.80 2.56 1.04 1.33 3.06 4.68 15.09 6.20 7.98 
10 + - + 0.51 0.71 2.33 1.19 1.30 3.36 4.19 13.56 7.02 7.47 
11 + + 0.43 0.73 2.38 1.36 1.28 2.80 4.13 14.10 7.79 7.64 
12 + + - + 0.53 0.78 2.35 1.66 1.43 3.40 4.48 13.94 9.16 8.11 

13 + + 1.58 1.22 3.59 3.20 2.35 8.13 6.98 19.17 16.71 12.77 
14 + + + 1.86 1.35 3.82 4.16 2.87 9.11 7.50 20.35 21.29 15.70 
15 + + + 1.47 1.21 3.72 3.46 2.33 7.39 6.74 19.92 17.34 12.78 
16 + + + + 1.82 1.26 3.71 5.29 3.14 8.78 7.16 19.86 26.57 17.87 
Ts : Test run 	 XS : Seat Horizontal 
A : Seat design (- sliding seat; + standard seat) 	 YS : Seat Lateral  
B  : Posture ( - upright posture; + leaning posture) 	 ZS : Seat Vertical  
C  : Speed (- low speed; + high speed) 	 XB : Body Horizontal  
D  : Obstacle (- single obstacle; + double obstacle) 	 ZH  : Head Vertical 

a ,v (t o) 
10-1" 



Table 2 Mean values of RMS and assessment of discomfort and perceived motion for each 
test runs 

Ts A  B C D  
RMS (ms-2) Assessment 

XS YS ZS XB  ZH  HN LB OA  VM  PM  RM  
1 - - 0.18 0.49 1.09 0.42 0.55 1.90 2.10 1.90 1.80 1.60 2.50 
2 + - 0.18 0.46 1.08 0.44 0.56 2.00 2.10 2.20 1.90 1.90 2.50 
3 - + - 0.17 0.45 1.08 0.50 0.56 2.20 2.30 2.40 1.95 2.10 2.90 
4 + + - 0.19 0.47 1.06 0.47 0.55 2.10 2.20 2.30 2.00 2.00 2.70 

5 - + 0.41 0.84 1.34 0.84 0.82 3.00 3.10 2.90 3.05 3.15 3.50 
6 + + 0.44 0.83 1.39 0.91 0.86 3.15 3.65 3.60 3.20 3.40 4.30 
7 - + + 0.41 0.82 1.38 1.05 0.85 3.10 3.40 3.50 3.20 3.40 4.40 
8 + + + 0.45 0.85 1.38 1.19 0.85 3.30 3.40 3.20 2.90 3.40 3.90 

9 - - + 0.23 0.37 1.28 0.50 0.66 2.00 1.90 1.90 2.10 1.90 1.90 
10 + - + 0.24 0.34 1.17 0.54 0.65 2.05 2.10 2.30 1.90 2.20 1.90 
11 + + 0.21 0.34 1.21 0.62 0.65 1.60 1.65 1.60 1.80 1.50 1.60 
12 + + + 0.24 0.36 1.19 0.69 0.69 1.90 2.40 2.30 2.40 2.40 1.50 

13 + + 0.54 0.57 1.42 1.17 0.95 2.80 2.80 2.80 2.90 3.10 2.00 
14 + + + 0.66 0.60 1.49 1.43 1.10 3.10 3.50 3.30 3.30 3.60 2.10 
15 - + + + 0.49 0.56 1.48 1.21 0.95 2.70 2.80 2.60 2.90 3.05 2.20 
16 + + + + 0.59 0.59 1.45 1.74 1.19 3.70 3.80 3.80 3.50 4.30 2.80 
HN : Head and Neck Comfort 	 VM  : Perceived Vertical Motion 
LB : Low Back Comfort 	 PM : Perceived Pitching Motion 
OA : Overall Comfort 	 RM  : Perceived Rolling Motion 

According to ISO 2631-1 the use of additional evaluation methods will be important for 
the judgement of the effects of vibration on human beings when the following ratios are 
exceeded for evaluating comfort: 

MTVV 
 

VDV 
1/ 	=1.75 

awT / 

(5)  

(6)  

Since the individual results showed that the ratios were exceeded for almost every case, hereafter 
the evaluation were based on MTVV and VDV. 

The results of the factorial analysis are shown as a value of estimated main effects and 
interaction effects. ANOVA was performed to interpret the second order interaction effect. 
Interpretation of interaction between speed and obstacle was excluded since it was not related to 
the purpose of this study. The results of the selected results are shown in Table 3. 



Table 3 Estimated effects for MTVV, VDV and assessment of discomfort and perceived 
motion 

Effect 

MTVV VDV Assessment 
XS XB  ZH  XS XB  ZH  BC OA PM 

Average 0.90 2.13 1.65 4.83 11.48 9.66 2.70 2.66 2.69 
Main effects 
A: Seat design 0.13* 0.53* 0.19* 0.56* 2.48* 1.06* 0.39* 0.42* 0.42*  
B: Posture -0.01 0.45* 0.06 -0.11 2.17* 0.36 0.09 0.10 0.16  
C: Speed 0.94* 2.12* 1.10* 4.26* 10.15* 5.55* 1.21* 1.10* 1.48*  
D: Obstacle 0.38* 1.07* 0.71* 1.85* 5.06* 3.26* -0.16 -0.17 0.14 
Interactions 

Ax  B  0.03 0.13 0.04 0.14 0.66 0.32 0.02 -0.05 0.09 
Ax  C  0.08* 0.38* 0.16* 0.25 1.85* 1.06* 0.17 0.10 0.07 
Ax  D  0.06* 0.28* 0.17* 0.26 1.52* 0.94* 0.27 0.27 0.31  
B x C  -0.01 0.23* 0.04 -0.06 1.00 0.27 0.00 0.02 0.06  
B x D  -0.03 0.09 0.02 -0.22 0.24 0.26 0.00 -0.02 -0.05  
C x D  0.26* 0.58* 0.23* 0.93* 2.78* 1.43* 0.00 0.00 0.04 

*.Significant at the 0.05 level 

Correlation of vibration measurement and comfort assessment is calculated by using 
Pearson product moment and given as a correlation of determination (r2). Correlations were 
calculated for single axis and multi-axes (three translational axes and two rotational axes on the 
seat). The overall MTVV, determined from measured vibration in three translational axes  (x, y,  
z) and two rotational axes (pitch, roll) is calculated as follow: 

MTVV0„m1t = max (42  aw2x  (to)+ k2  a2  (to)+ k2  a2  (to)+ a}2„(to)+ k2  a2  (tO))-i y wy 	z wz 	 P wP (7) 

   

where, aw,(to), a(to), aw,(to), a, (to), a(to) are the instantaneous frequency weighted 

accelerations with respect to the translational axes  x, y,  z and rotational axes rx  (roll),  ry  (pitch) 
respectively and the multiplying factors 4, ky,  k,  are 1, kr is 0.63 m/rad, and  kp  is 0.4 m/rad. 
And for overall VDV is calculated as follow: 

	

VDVoverall =[k4 a,  4  4- k4  VdV4  k VdV 4  4 	k 4  VdV4  k4  VdV 4  F4  x V Vx 	y 	y 	z 	zr 	r 	pp  (8) 

where, vdvx, vdvy, vdvz, vdvr, vdv, are the vibration dose values with respect to the translational 
axes  x, y,  z and rotational axes rx  (roll),  ry  (pitch) respectively. Calculation of overall MTVV and 
overall VDV were done for three axes and five axes. Selected results of the correlation analysis 
are shown in Table 4. 
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Table 4 Correlation of vibration measurement and vibration discomfort (r2) 

Vibration MTVV VDV 

Discomfort r 2 r„ rz2, ri2Atch rr2o11 r32dof r52dof rx2,  rz2, rp2itch rr2oll r32dof  r52dof 

Head & Neck 0.76 0.50 0.59 0.70 0.45 0.83 0.81 0.71 0.56 0.62 0.70 0.57 0.75 0.76 
Low Back 0.72 0.53 0.54 0.65 0.49 0.80 0.82 0.68 0.58 0.57 0.66 0.59 0.71 0.76 

Overall 0.65 0.48 0.47 0.58 0.45 0.71 0.75 0.61 0.53 0.49 0.59 0.54 0.62 0.67 
3dof: combination of 3 translational axes 
5dof: combination of 3 translational axes and 2 rotational axes 

3.1 Frequency analysis 

In general (as shown in figure 4), both seat conditions reduced horizontal vibration above 4 Hz 
and increased horizontal vibration below 2.5 Hz. The amplification in the range below 2.5 Hz 
can be divided into three ranges, the first range is 0.5 - 1 Hz, the second is 1 - 2 Hz and the third 
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Figure 4 Spectrum of horizontal vibration of the seat (is) in high speed and up right 
posture 



is 2 — 2.5 Hz. The first and the third range are most probably related to the resonance frequency 
of the body. This argument is supported by the results of Fairley and Griffin (1990), by applying 
the apparent mass of the sitting human, they found that the human body has two 'resonances' at 
low frequencies at about 0.7 and 2 — 2.5 Hz in the horizontal direction. The second range is 
probably related to the resonance frequency of the seat system. A study of horizontal 
transmissibilities of six truck suspension seat by Corbrigde (1987) showed that frequencies 
above 2.5 Hz were attenuated and a significant amplification between about 1 and 2 Hz occurred. 
Thus it is reasonable that the amplification in the range 1 — 2 Hz is related with the resonance 
frequency of the seat in the horizontal direction. 

Figure 4 also shows a frequency shift in the low frequencies, where the sliding seat gave 
lower frequency. Reasons for this behavior may be that the seat system becoming mechanically 
softer due to the free slide movement. The sliding movement also altered a variation of knee 
angle and pelvic orientation, which changed the stiffness of the body due to the variation of 
lumbar curve and also changed the contact area of human — seat interface. All of these reasons 
could modify the vibration spectrum on the seat pan. 

3.2 MTVV and VDV 

The statistic analysis of MTVV shows that horizontal vibrations in the seat were affected by 
interaction of seat design and speed and interaction of seat design and obstacle as shown in 
figure 5. 
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Figure 5 Two-way table for MTVV of horizontal vibration in seat 
a) seat-speed interaction  b)  seat-obstacle interaction 

In high speed and double obstacle, sliding seat performed better in attenuating horizontal motion 
than fixed seat. The statistic analysis of VDV show that seat design had effect on horizontal 
vibration on the seat. Sliding seat gave lower vibration dose value in all conditions. The reason 
for the different results of MTVV and VDV is that MTVV consider one single transient peak, 
meanwhile VDV consider the whole signal. Thus in other words, MTVV results show that the 
sliding seat effectively attenuated transient vibration in case of high speed and double obstacle, 
and VDV results show that sliding seat effectively attenuated vibration contains transient 
vibration in all case. 



The end-stop impacts that can happen when the seat reaches the end of its travel in 
horizontal direction were not occurred. The analysis of the signals shows that after the first 
transient occurred, no other transient were observed. 

In the measured horizontal motion of the body, an interaction of seat design and speed, 
and seat design and obstacle are shown for MTVV and VDV analysis (see figure 6 and 7). 
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Figure 6 Two-way table for MTVV of horizontal vibration of the body 
a) seat-speed interaction  b)  seat-obstacle interaction 
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Figure 7 Two-way table for VDV of horizontal vibration of the body 
a) seat-speed interaction  b)  seat-obstacle interaction 

For high speed and for double obstacle, sliding seat gave lower vibration value, which 
also were found for horizontal motion of the seat. Since the motion of the seat affects the 
motions of upper body, similar results on the body are expected. 

The results of VDV show that posture has significant effect on horizontal motion of the 
body. Sitting up right gave lower vibration value than sitting against backrest. While sitting 
against backrest, some of the vertical motions of the backrest were transmitted as an additional 
input of horizontal motion to the upper body due to the contact of the body to the backrest. In 
MTVV the differences were large enough to be significant only in case of high speed. 

Measured vibration in vertical direction of the head shows an interaction between seat 
design and speed, and seat design and obstacle for both analysis (see figure 8 and 9). In case of 
high speed and double obstacle, sliding seat gave lower vibration value on the head. The 
explanation is that the horizontal movement of the seat affect the vertical vibration transmitted to 
the head. On the research the transmission of translational seat vibration to the head using a bite-
bar,  Paddan  and Griffin (1988) found that horizontal seat motion mainly resulted in head motion 

16.01 



within the mid-sagittal plane (that is horizontal and vertical axes). However, one thing should be 
noted is that the location of the accelerometer in this present study was in vertical line above the 
right ear. The horizontal and lateral motion of the head could be interpreted as vertical motion 
due to the distance of accelerometer to the center of the head co-ordinate system. 
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Figure 8 Two-way table for MTVV of vertical vibration of the head 
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Figure 9 Two-way table for VDV of vertical vibration of the head 
a) seat-speed interaction  b)  seat-obstacle interaction 

3.3 Perceived vibration comfort and motion 

The results of vibration comfort assessment results shows that seat design has a significant effect 
on overall discomfort and low back discomfort. On the study of subjective equivalence of sitting 
position, Donati et al (1983) suggest that the seated persons maximum sensitivity to horizontal 
motion is found at frequencies between 3 and 4 Hz rather than at frequency below 2 Hz. The 
attenuation of horizontal motions in the range 2.5 - 3.5 Hz by sliding seat is the reason for the 
subjects to assess sliding seat more comfortable than fixed seat. It also supported by the results 
study on translational vibration of the back by Parsons and Griffin (1982), which show that 
seated persons were considerably more sensitive to back vibration in the horizontal direction 
than in either of the other directions. Meanwhile results of the horizontal motion of the body 
showed that sliding seat reducing vibration value for high speed and for double obstacle. 

Seat design has significant effect on perceived pitching motion. The sliding seat was 
perceived to give lower pitching motion of the body compared to fixed seat. This result was 
confirmed with the analysis's results of the damping behaviour of the seat after the shock by 



using r.m.s. 4 second which shows that seat design have significant effect on pitching motion. 
Sliding seat gave lower pitching motion than fixed seat. The explanation is that when the human 
body is considered as a rigid body, the pitching motion of the body occurs when the upper body 
rotates in sagittal plane with the lumbo-sacral joint as a centre of rotation. Since sliding seat 
attenuated horizontal motion of the seat and the body. Concurrently, it also reduced pitching 
motion of the body. 

3.4 Correlation of vibration measurement and comfort assessment 

Table 4 shows that measured horizontal vibration in the seat and pitch provides better correlation 
to assessment of discomfort than other measurement axes. The correlation values were improved 
when the evaluation were based on combination of three axes or five axes, and the reason is that 
there is no dominant axis in this study since the vibrations are pure multi-axes excitation. It also 
shows that similar correlation values were found for MTVV and VDV. This results are 
understandable since in this study, subjects were exposed in vibrations contain single shock thus 
the differences between MTVV and VDV methods were not pronounced. 

To analyse the consistency of agreements of discomfort assessment among the subjects, 
correlation of determination of individual assessment and the median of the group were 
calculated. Results show that subject number 7 gave lower correlation value (0.34) than the rest 
of the group (0.60 - 0.93). The reason is that subject number 7 gave assessment in the narrow 
range (two scales out of seven available scales). The usage of this narrow scale was not 
corresponding to the measured vibration that varies in a wide range. When the subject number 7 
were excluded in the calculation of the correlation of vibration measurement and vibration 
comfort assessment, the correlation values were improved, as shown in table 5. 

Table 5 Correlation values without subject number 7 (r2) 

Vibration MTVV VDV 
Comfort rx

2
s 

 r  2 
1;2, rp2„„ rj,of  r52,f  r,, r 2 

ys 
2 

' 
 " 
zs 

2 r 
 pitch ro ll 

2 r 
3dof 

2 " 
 5 dof 

Head & Neck 0.85 0.63 0.79 0.83 0.63 0.90 0.87 0.84 0.68 0.80 0.84 0.70 0.86 0.86 
Low Back 0.81 0.67 0.75 0.79 0.67 0.88 0.88 0.80 0.71 0.76 0.80 0.73 0.83 0.87 

Overall 0.76 0.65 0.70 0.73 0.66 0.83 0.84 0.76 0.70 0.70 0.75 0.72 0.77 0.84 

Further analysis was done by grouping the data into two groups according to its speed 
(high speed and low speed). Results show that within the group the correlation values were 
lowered. Two significant results were found in high-speed group, the correlation of MTVV,„„aii 
of 3 axes (3doi) and overall discomfort (r2  = 0.50) and the correlation of MTVV.,„ail  of 3 axes 
and low back discomfort (r2  0.59). These results indicate that within the group of speed, the 
variability was small and made difficulties for subjects in assessing the discomfort. It also 
indicates that for these particular conditions (pure multi-axes excitations) a good model of 
discomfort requires at least measurements of 3 degrees of freedom. 



4. Conclusion and further study 

The results show that sliding seat is better in attenuating vibrations contains single transient 
vibration in horizontal direction than fixed seat. In attenuating transient vibration in horizontal 
direction sliding seat is superior only in case of high speed or double obstacle. Sliding seat was 
perceived giving less overall discomfort and less low back discomfort and giving less pitch 
motion. 

Further study should be done to know its effects on task performance, since the slide 
movement presumably could detriment the performance of the drivers for precision task while 
traveling such as operating the brake and the accelerator and in idling operation such as 
loading/unloading. A study of its performance in vibrations contain multiple shocks is also 
interesting. 
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