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Abstract: Minor differences in the vibration characteristics of a vehicle may greatly influence the 
comfort experienced by the driver. Therefore, such characteristics are significant in the process of 
vehicle development. In this experimental study, just-noticeable differences were determined for 
sinusoidal vertical whole-body vibrations at the frequencies 1.3 Hz and 6.0 Hz, and for the vibration 
amplitudes 0.2 m/s², 0.5 m/s² and 1.2 m/s². The stimulation set up was realised using a test rig 
constituting a seating position similar to that in a real vehicle environment. A transformed one-up-
three-down method, in conjunction with a two-interval forced choice procedure, was used to 
determine difference thresholds, in accordance with Weber’s Law, for 14 test subjects. Median 
relative difference thresholds in the range of 6.7% to 11.0% were observed, and were examined for 
statistical significance (α < 0.05) and practical importance on amplitude and frequency, with respect 
to this law. The results showed a frequency-dependence at the lowest vibration amplitude and an 
amplitude-dependence for both frequencies from a statistical point of view. However, the 
amplitude-dependence at 6.0 Hz was considered as negligible for practical use. 

Keywords: NVH; human factors; whole-body vibrations; difference thresholds; vehicle motion; ride 
comfort; Weber’s Law 

 

1. Introduction 

In developing the vibration characteristics of cars, promising vehicle variants are evaluated 
against criteria and objects regarding various aspects, including ride comfort (Vibration-induced 
discomfort up to 30 Hz, see Appendix B1 for additional information). In order to allow important 
vehicle conditions to be defined at an early stage of development, studies are carried out first on the 
basis of digital prototypes. In this way, real prototypes can be developed and advanced at a high level 
close to series production. In a later pre-series phase, potential vehicle states are studied extensively 
on bench tests and on road tests, in which boundary conditions (temperature, excitation, etc.) are 
varied. Differences in the vibration characteristics of a vehicle may be slight. Consequently, a robust, 
objective analysis requires knowledge of the connections between characteristic quantities, which can 
be measured and calculated objectively, on the one hand, and subjectively, on the other. 
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1.1. Basic Principles 

The approach developed by the physiologist Ernst Heinrich Weber (1795–1878) can be used to 
describe differences in perception objectively: 

constant = 
ΔI
I

 (1) 

This approach implies that the just-noticeable difference between a change in stimulus, ∆I, is in 
a constant relation to the initial stimulus, I. Studies have shown that this law can be extended to most 
senses unless the initial stimulus is too close to a perception threshold [1–3]. Pütter [4] also pointed 
out that the approach was valid for an interval of mean intensities of stimuli, but not so for very weak 
or very strong stimuli. 

The relation between a physical stimulus and human perception can be described by a 
psychometric function (Appendix, Figure A1). As a function of the process selected for threshold 
determination, the function proper or the intensity of the stimulus can be determined for a desired 
probability of perception (convergence level). Both classical procedures and modern adaptive 
procedures can be used for this purpose. The classical procedures of threshold determination include 
the method of limits, the method of adjustment and the method of constant stimuli. Classical 
procedures are very time-consuming, on the one hand, and easy to see through by the test subject, 
on the other hand. Besides the time aspect, habituation or expectation errors may additionally 
influence the result, which is why classical procedures generally are considered inefficient. Modern 
adaptive procedures allow the increment step of stimuli (as a function of the response of the test 
subject) to be adapted in such a way that stimuli can be presented in the vicinity of the desired 
threshold. Procedures like Bekesy’s tracking method, the PEST (parameter estimation by sequential 
testing) method or the (transformed) up-down method therefore allow precise and efficient threshold 
determination, and the possibility of combining procedures in addition permits adaptation and 
habituation effects to be minimised. For further information, see [1]. 

Studies with test subjects generate data sets, which can be checked for significant differences by 
means of statistical tests (such as hypotheses tests). In this case, a formulated question is translated 
into two complementary hypotheses: the null hypothesis, H0, and the alternative hypothesis, H1. 
Later definition of a hypothesis is always associated with the risk of a wrong decision. As a matter of 
principle, type I errors (α-risk), which lead to a wrong decision favouring H1, and type II errors (β-
risk), which favour H0 in a wrong decision, are distinguished in this case (schematic overview, see 
Table A4). The significance level, α, indicates the probability of a formulated alternative hypothesis, 
H1, being wrongly assumed. The statistical power (1-β) indicates the probability of a binary 
hypothesis test deciding the feasibility of an alternative hypothesis, H1. In research, defined limits of 
0.05 for α and 0.80 for 1-β have become established. Information about practical significance, 
however, cannot be derived from the α/β-constellation [5]; thus, an explanation of the practical 
importance of statistically significant results makes additional calculation of the effect size for existing 
data sets meaningful. The effect size in this case refers to the calculation of the degree of difference, 
i.e., the magnitude and direction of a difference between two distributions. More information on this 
point is contained in [6]. 

The vibrations induced by the roadway are transmitted to the driver through the seat, the 
steering wheel and the footwell. From a physiological point of view, the driver senses vibration, for 
instance, from the surface sensitivity of the skin (mechanical receptors) or the vestibular organ, which 
serves for the postural equilibrium of the human body. Four groups of mechanical receptors (see 
Appendix A—Table A1 for additional information) are present in different layers of the skin (partly 
also in organs), responding in individual frequency bands to pressure (Merkel, 0.4 Hz to 3 Hz), 
velocity (Meissner, 3 Hz to 35 Hz; Ruffini, 80 Hz to 500 Hz) and acceleration (Paccini, 35 Hz to 500 
Hz) [7,8], and differ in the speed of adaptation, stimulus detection and size of the receptor field. The 
vestibular organ, located in the human inner ear, is responsible for the sense of balance for the human 
body in motion or at rest. The organs contained in it carry hair cells responding to motion or changes 
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in motion. The macula organ, among other things, detects linear accelerations, while the system of 
semi-circular ducts is able to perceive rotary accelerations. For further information, see [1]. 

1.2. Previous Studies 

The purpose of the following section is to provide a brief overview of relevant studies, 
contributing to the objective evaluation of just-noticeable differences of sinusoidal whole-body 
vibrations. Table 1 provides information regarding stimuli (amplitude and frequency), 
psychophysical testing method, test setup, test subjects and results for each study. 

Table 1. Overview of relevant studies contributing to the objective evaluation of just-noticeable 
differences of sinusoidal whole-body vibrations (AFC: alternative forced choice, IFC: interval forced 
choice) 

Publication [9] [10–12] [13] [14] [15] 

Year 2000 from 2001 2001 2003 2010 

Frequency 5, 20 Hz 4–80 Hz 12.5–80 Hz 4–80 Hz 2.5–315 Hz 

Amplitude 0.1, 0.5 m/s² 0.063 m/s² 
(96 dB) 

0.1 m/s² 
(100 dB) 

0.7 m/s² 
0.05, 0.2,  
0.8 m/s² 

Inquiry 
technique 

2 AFC 
1 up–3 down 

3 AFC 
1 up–2 down 

3 AFC 
1 up–2 down 

method of 
limits 

2 IFC 
1 up–3 down 

Convergence 79.4% 70.7% 70.7% 50.0% 79.4% 

Increment 
step 

2.9% 
0.25 dB 

5.9% 
0.5 dB 

5.9% 
0.5 dB 

2.9% 
0.25 dB 

2.9% 
0.25 dB 

Test subjects 12 8 - 16 10 16 12 

Result 8.1%–12.3% ~19% ~20% 5.2%–6.5% 9.5%–20.3% 

Morioka and Griffin [9] determined difference thresholds at 5 Hz and 20 Hz, with amplitude 
levels of 0.1 m/s² and 0.5 m/s², on a rigid wooden surface (electrodynamic shaker). The results showed 
that increased amplitude levels tend to reduce thresholds, however, not in a statistically significant 
way. The median relative difference thresholds of about 10% (8.1%–12.3%) established in this study 
applied irrespective of frequency and amplitude, thus confirming the approach according to Weber. 

Bellmann et al. [10–12] detected difference thresholds above the perception threshold at 0.063 
m/s² in a frequency range between 5 Hz and 50 Hz. The test setup consisted of a wooden chair 
connected to a vibrating platform excited by an electrodynamic shaker. The data sets resulted in 
difference thresholds of approximately 19% across all selected reference points. The approach 
according to Weber could similarly be confirmed in this study. 

Baumann et al. [13] also used the test setup of [11], but added a driver’s seat. Difference 
thresholds were determined for a frequency range from 12.5 Hz to 80 Hz at an amplitude level of 
0.1 m/s². According to Baumann et al. [13], the result of approximately 20% was comparable, across 
all selected reference points, with the findings in Bellmann et al. [11]. 

Matsumoto et al. [14] also used an electrodynamic shaker to determine difference thresholds at 
an amplitude level of 0.7 m/s² for frequencies between 4 Hz and 80 Hz. Evaluations indicated 
threshold levels between 5.2% and 6.5%. The results indicated that changes in amplitudes were better 
perceived at 4 Hz rather than at higher frequencies. However, this series of studies did not confer to 
Weber’s approach. 

Forta et al. [15] investigated a frequency range between 2.5 Hz and 315 Hz at amplitude levels 
of 0.05 m/s², 0.2 m/s² and 0.8 m/s². The study used an electrodynamic shaker with a rigid seat made 
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of wood as a test setup. The relative difference thresholds thus determined covered a range between 
9.5% and 20.3%. Especially at the frequencies 2.5 Hz and 315 Hz, the results were dependent on the 
vibration amplitude. A significant effect of frequency was observed for lower and higher vibration 
amplitudes. Therefore, the approach according to Weber could not be applied for these boundary 
conditions. 

1.3. Motivation 

In the vibration design of vehicles, vehicle modifications during the vehicle development 
process are evaluated regarding the predefined comfort development objectives. Virtual and real 
prototypes are hence evaluated on whole-vehicle test benches (e.g., 4-poster), by using simplified 
substitute loads (e.g., harmonic excitation), among other things, to predict the vibration behaviour in 
real driving conditions. In addition to real road excitations, real prototypes are tested on special 
testing grounds that also consider harmonic short-wave excitations. In order to get an indication 
which vehicle modification could affect the discomfort behaviour the least for these special boundary 
conditions (harmonic excitation), it is necessary to understand the relationship between objectively 
calculable and measurable parameters, and the subjective perceptions. To evaluate these differences 
in the vibration of a vehicle, findings about difference thresholds determined for sinusoidal 
vibrations are advantageous and can consequently be considered as requisite minimum thresholds, 
acknowledging that the differences in vibration perceived by vehicle occupants in real driving 
conditions could significantly differ. The reasons for this are various: presence of vibrations at other 
frequencies, type of excitation (harmonic, transient, random), type of car seat, sensory inputs or 
cognitive effects, etc. 

Regarding difference thresholds determined for sinusoidal vertical whole-body vibration, 
previous studies (see Section 1.2) investigated a broad range of frequencies and amplitudes, 
nevertheless, no findings have so far emerged regarding difference thresholds in the area of vehicle 
body movement (roughly up to 2 Hz). With regards to the sensitivity of a driver’s body in the range 
of approximately 6 Hz [16], only studies by Bellmann et al. [10,12] have so far furnished information 
about difference thresholds, though for an amplitude level close to the threshold of perception. As 
described in Section 1.1, the validity of Weber’s law was not ensured in this case. Consequently, an 
additional study of different amplitude levels was still missing for this elementary frequency. 

Moreover, previous studies mainly showed investigations on the surfaces of plates of 
electrodynamic shakers (Matsumoto et al. [14]), rigid chairs (Bellmann et al. [10–12]) or ergonomically 
shaped wooden surfaces (Forta et al. [15]). In this way, test subjects assumed a posture clearly 
different from that in a vehicle. As VDI 2057-1 [16] states that the transmission of vibrations to the 
human body and their effect is a function of body posture, a test setup was selected for this study in 
which the test subjects were in a seating posture more comparable to that in a real vehicle. 

This series of studies was therefore aimed at determining just-noticeable differences in vertical 
sinusoidal vibrations experienced by seated test subjects at the frequencies 1.3 Hz and 6.0 Hz, and at 
amplitudes from 0.2 m/s² to 1.2 m/s², relevant to ride comfort, investigating the effect of amplitude 
and frequency of vertical sinusoidal whole-body vibrations. As per the findings in a comparable 
previous study [15], it was hypothesised that the difference thresholds would depend on both 
amplitude and frequency of vibration. 

2. Test Environment and Methodology 

Figure 1 shows a ride comfort simulator on which both real signals actually measured (ride on 
a rough road surface) and purely synthetic signals can be played. 

Two vibrating platforms connected with separately controllable vertical z-axis servohydraulic 
cylinders model the comfort interfaces, i.e., seat and footwell. These cylinders were controlled and 
managed by means of the Remote Parameter Control process from the manufacturer MTS [17]. 
Moreover, an instrument panel complete with a steering wheel was utilised which was rigidly 
connected to the environment. The sports bucket seat (without seat cushion so as to subtract the 
influence of seat isolation) was made of fibreglass and carbon-reinforced polymer with a surface 
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made of carbon. The amplitudes of vibrations observed on the platform were considered to be 
comparable due to its rigid body design. Moreover, the first eigenmode was located at frequencies 
greater than 30 Hz. Data were recorded with 6000 samples/s by means of the DataRec4 modules from 
the Heim Zodiac Company. Acceleration data from the test setup were acquired along the vibration 
transfer path from the center of the platform to the driver seat or the footrest, by means of acceleration 
sensors of the 4507B type (Brüel & Kjær). The associated vertical displacements of the oscillating 
platforms were recorded by means of induction-type displacement transducers (integrated system 
sensors), which were considered as reference sensors (see Figure A2 for a schematic overview of the 
sensor positions). 

 
Figure 1. Test apparatus with two z-axis vibrating platforms at the comfort interfaces of seat (right) 
and footwell (left) 

Difference thresholds were determined for sinusoidal vertical whole-body vibrations at the 
frequencies 1.3 Hz and 6.0 Hz, and for the vibration amplitudes (root mean square value, r.m.s.) 0.2 
m/s², 0.5 m/s² and 1.2 m/s². For safety reasons, the amplitude of 1.2 m/s² was considered only at 6 Hz. 

Those were determined employing a 2-interval-force choice (2 IFC) procedure and a transformed 
1-up/3-down method for an adaptive step increment of up to 1% (r.m.s.). The resultant convergence 
level of the psychometric function was 79.4% [18] and was thus comparable to the procedures in [9] 
and in [15]. In addition, the guessing rate of the 2 IFC procedure was taken into account, which 
yielded to a modified detection probability level of 58.8% [19]. Figure 2 shows an example of the 
determination of relative difference threshold by the process described above. 

After an accommodation phase (e.g., trial number 1–7, Figure 2), when three consecutive correct 
responses were given (e.g., trial number 8–10, Figure 2), the amplitudes were scaled back by one step 
increment. When an incorrect response was given, the amplitude was increased by one step (e.g., trial 
number 15, Figure 2). From the last eight reversal points the relative difference threshold (Weber 
fraction, Figure 2) was determined for each test subject as defined in Equation (2). 

Relative difference threshold = ��
Ti − Ri

Ri
�

N=8

i=1

∙
1
N ∙ 100 (2) 
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where N is the number of reversal points (i.e., 8), and Ti and Ri are the measured accelerations 
of the test and reference stimuli at the reversals, respectively. Reversal point p defines the peaks or 
troughs in subject responses (Figure 2). 

 
Figure 2. Typical curve for determining a relative difference threshold associated with a reference 
stimulus by means of the transformed 3-down/1-up method 

In paired comparison, 14 test subjects (see Appendix B2 for additional information) were 
presented a reference stimulus and a test stimulus in a random order, and were asked to identify the 
stimulus with the higher amplitude level (only the test stimulus was modified). The lengths of the 
reference and test stimuli, respectively, were designed for the duration of 4 s as used in [9] (Morioka 
and Griffin), with a rise and decay time of around one period. The interval between the reference and 
the test stimuli was 2 s in this study. The stimulus at 6 Hz was transmitted only through the seat-
platform, and at 1.3 Hz through the seat-platform as well as through the footwell-platform (in-phase-
motion, see Appendix B3 for additional information). 

An acoustic signal (interior noise of a comfort vehicle) recorded on a real roadway was 
additionally played back (72 dB(A), Figure A3) through headphones (Sennheiser HD25) while the 
vibration was transmitted, on the one hand to mask test rig noise, and on the other hand, to model a 
real vehicle acoustic environment. The sound played back was independent of the vibration 
generated during the test. Other additional sensory inputs, like visual inputs, were not considered in 
this study. 

The investigation was conducted in five sessions (=five stimuli) over a period of five days. Each 
experimental session took about 25 min; a test session with five trials included. All subjects were 
exposed to the five stimuli, however, a maximum of two sessions were run consecutively for each 
subject in one day to reduce fatigue-effects. A break of 5 min between the two sessions was thought 
out to recover the senses. 

3. Results 

For statistical evaluation (the software SPSS and G* Power were used for statistical analysis) of 
the data (at least one data set was not normally distributed, Shapiro–Wilk: p < 0.05), the Wilcoxon 
signed-rank test was selected. In paired comparisons, this test studied whether the central trends of 
the dependent data sets were different. As the number of paired comparisons increased, so did the 
probability of making a wrong decision (α-error cumulation). To compensate for the type I error 
inflation, the resultant significance level 𝑝𝑝 of each paired was compared/confronted with adjusted 
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by means of the Bonferroni procedure (𝑝𝑝𝑎𝑎𝑎𝑎𝑎𝑎 = 𝑝𝑝 × 6; number of paired comparisons = 6) in such a 
way that it resulted in the established significance level of α = 0.05. The approach according to Cohen 
[20] was taken into account in interpreting the effect size. For further information, see [21] (Bühner 
and Ziegler). 

3.1. Effect of Amplitude 

Figure 3a,b (box plot) show the relative difference thresholds determined (see Appendix A—
Table A2 for additional information), plotted against the amplitude for the frequencies of 1.3 Hz and 
6.0 Hz. The median values varied between 6.7% and 11.0% at 1.3 Hz, and between 7.3% and 8.4% at 
6.0 Hz. Table 2 shows the derived statistical parameters of the paired comparisons. 

  
Figure 3. (a) Relative difference thresholds at 1.3 Hz: effect of amplitude, (b) Relative difference 
thresholds at 6.0 Hz: effect of amplitude. The line in the box shows the median value of the 
distribution additionally indicated as a numerical value. The outliers were defined as larger than 1.5 
times the interquartile range (IQR). 

At 1.3 Hz (paired comparison 1, Table 2), the relative difference threshold was reduced 
significantly (p < 0.01) from 11.0% (0.2 m/s²) to 6.7% (0.5 m/s²), while the amplitude level rose. The 
resulting effect size according to Cohen [20] was >1.0, corresponding to a large effect. 

At 6.0 Hz, successive increases in amplitude [0.2 m/s² → 0.5 m/s², as well as 0.5 m/s² → 1.2 m/s², 
(see Figure 3b)] exhibit a trend towards a reduction in relative difference thresholds, however, the 
difference is not significant (p > 0.05 for paired comparisons 2 and 3, Table 2). However, if there was 
a clear increase in amplitude (0.2 m/s² → 1.2 m/s², Figure 3b), the relative difference thresholds were 
significantly reduced, from 8.4% (0.2 m/s²) to 7.3% (1.2 m/s²), to a significant extent (p < 0.05, Table 2). 
The resulting effect size according to Cohen [20] was >0.8, corresponding to a large effect. 

Table 2. Statistical parameters: effect of amplitude. 

No. f Paired Comparison Statistical Power Significance Effect Size Interpretation 
 Hz m/s²  padj d acc. to Cohen [20] 

1 1.3 0.2 ↔ 0.5 >0.8 <0.01 >1.0 Large 
2 6.0 0.2 ↔ 0.5 <0.8 >0.05 - - 
3 6.0 0.5 ↔ 1.2 <0.8 >0.05 - - 
4 6.0 0.2 ↔ 1.2 <0.8 <0.05 >0.8 Large 
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3.2. Effect of Frequency 

Figure 4a,b (box plot) show the relative difference thresholds determined plotted over the 
frequency for the amplitude levels of 0.2 m/s² and 0.5 m/s². The median values varied between 11.0% 
and 8.4% at 0.2 m/s², and between 6.7% and 7.9% at 0.5 m/s². Table 3 shows the derived statistical 
parameters of the paired comparisons. 

  
Figure 4. (a) Relative difference thresholds at 0.2 m/s²: effect of frequency, (b) Relative difference 
thresholds at 0.5 m/s²: effect of frequency. The line in the box shows the median value of the 
distribution additionally indicated as a numerical value. The outliers were defined as larger than 1.5 
times the interquartile range (IQR). 

At 0.2 m/s², the relative difference threshold decreased significantly from 11.0% (1.3 Hz) to 8.4% 
(6.0 Hz), as the frequency increased. The resultant effect size according to Cohen [20] was >1.0, 
corresponding to a large effect (paired comparison 5, Table 3). 

On the other hand, at 0.5 m/s² (Figure 4b), the relative difference threshold increased with 
frequency from 6.7% (1.3 Hz) to 7.9% (6 Hz), however, the difference is not significant (p > 0.05, Table 
3). 

Table 3. Statistical parameters: effect of frequency. 

No. a Paired Comparison Statistical Power Significance Effect Size Interpretation 
 m/s² Hz  padj d acc. to Cohen [20] 
5 0.2 1.3 ↔ 6.0 <0.8 <0.05 >1.0 Large 
6 0.5 1.3 ↔ 6.0 <0.8 >0.05 - - 

4. Discussion 

In the following section, the results of this study are discussed and compared with results of 
previous studies (see Table 1). 

Bellmann et al. [10–12] investigated relative difference thresholds in the perception threshold 
range at 0.063 m/s², for frequencies between 5 Hz and 80 Hz. Baumann et al. [13] extended those 
studies by additional investigations at an amplitude level of 0.1 m/s². The relative difference 
thresholds were in the range between 19% and 20%, showing a standard deviation of approximately 
6% (0.5 dB). 

Bellmann et al. [10–12] explained these deviations from the results in [9] (Morioka and Griffin) 
by the different procedures of threshold determination. In their case, the procedure converged in a 
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70.7% level of a psychometric function, and not, as in [9] (Morioka & Griffin), [15] (Forta et al.), and 
this investigation too, a 79.4% level. A further view (see Appendix B4) of that matter showed 
corrected (without taking into account the lapsus rate) probabilities (convergence level) of 58.8% in a 
2 AFC test, and 56.1% in a 3 AFC test. Hence, it was not possible to explain the differences between 
Morioka and Griffin [9] and Forta et al. [15], relative to Bellmann et al. [10–12] and Baumann et al. 
[13], as being due to different methodological approaches, as the different possible replies (2 AFC 
and 3 AFC, respectively) made the two rectified convergence levels comparable. 

On the other hand, Forta et al. [15] explained the difference relative to Bellmann et al. [10–12] via 
their test setup. The test subjects in [10–12] (Bellmann et al.) experienced vibrations on a rigid chair 
made of wood. The feet and parts of the back were subjected to additional excitation. Under these 
conditions, a more sensitive perception (or change in perception, respectively), due to a larger contact 
area of the skin, could be expected, but the results by Bellmann et al. [10–12] and Baumann et al. [13] 
portrayed the opposite characteristics. Therefore, any influence of the test setup remains 
questionable, and could be investigated in further studies. 

However, there may be another decisive parameter influencing threshold levels, namely the 
choice of suitable increment steps (resolution) of the stimuli produced. Bellmann et al. and Baumann 
et al., in [10–13], used an increment step of 0.5 dB (5.9%) and, unlike Morioka and Griffin [9] and 
Forta et al. [15], an increment step of 0.25 dB (2.9%), larger by a factor of two. True, larger increment 
steps cause the procedure to occur within a foreseeable time frame, but this makes the quality of the 
results suffer. This aspect therefore could explain the greater variance in data sets and, consequently, 
the higher relative difference thresholds in general. 

The lowest relative difference thresholds, of 5.2% to 6.5% (0.7 m/s²), were determined by 
Matsumoto et al. [14]. The general differences relative to previous studies, and the results outlined in 
Section 3, could be explained by an alternative method of threshold determination. That study used 
the “method of limits” procedure, which was referenced to a 50% level of a psychometric function. 

Morioka and Griffin [9] determined difference thresholds in the range between 8.1% and 12.3% 
for the frequencies 5 Hz and 20 Hz, and the amplitude levels 0.1 m/s² and 0.5 m/s² (Figure 5). These 
results were not significantly different in direct comparison. Therefore, median relative difference 
thresholds of about 10% have been derived by [9]. 

Forta et al. [15] stated relative difference thresholds for the amplitude levels 0.05 m/s², 0.2 m/s² 
and 0.8 m/s², and for frequencies between 2.5 Hz and 315 Hz. The determined median relative 
thresholds seemed to be dependent on the frequency at the lowest and highest amplitude. In 
addition, they were dependent on the amplitude at the lowest and highest frequencies. However, the 
results were “broadly similar to those obtained with more restricted ranges of vibration frequency 
and magnitude” [15], and hence comparable with the results by Morioka and Griffin [9]. 

The relative difference thresholds determined within this study at 6 Hz (see 3.1) showed slightly 
lower levels than the relative difference thresholds studied by Morioka and Griffin [9] and Forta et 
al. [15] at 5 Hz (Figure 5). This fact could be attributed to the increment steps used in the threshold 
determination process. Large increment steps (= low resolution) resulted in the inability to determine 
precisely any thresholds. This may explain the slightly higher relative difference thresholds in [9] and 
[15] (increment step = 2.92%), compared to this study (increment step = 1%). Another factor could be 
the different seating condition used in this study. Due to a larger contact area of skin, subjects could 
be more sensitive to changes in perception. Regarding the different test subjects, this may be another 
factor that caused the different thresholds determined in Section 3. Furthermore, in this study, the 
recorded interior noise from a comfortable vehicle when crossing a section of rough road surface was 
played back to the subjects, and not a white noise, as used in previous studies [9,15]. This different 
frequency characteristic could be a further factor that may have influenced determination of vibration 
thresholds. Experimental work by Stamm et al. [22] or Merchel et al. [23] referred to this aspect, or 
rather to an interaction between vibration and acoustics, as underpinning the thesis described above. 
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Figure 5. Comparison of results (median relative difference thresholds) previously studied (extract 
up to 20 Hz) and currently study 

The studies conducted at 6 Hz (see Section 3.1) indicated relative difference thresholds between 
7.3% and 8.4%. Raising the amplitude level resulted in a significant difference, from a statistical point 
of view (Table 2), but this was negligible from a practical point of view, because of the slight 
difference of 1.1% (difference between 8.4% and 7.3%). On account of this, a relative difference 
threshold of about 8% (mean value, averaging the relative difference thresholds from Section 3.1 at 
6 Hz) for vibrations at 6 Hz can be considered as the requisite minimum threshold for specific 
applications in vehicle development processes. 

The relative difference thresholds determined at 1.3 Hz (see Section 3.1) were dependent on the 
vibration amplitude. Raising the amplitude level from 0.2 m/s² to 0.5 m/s² reduced the median relative 
difference threshold significantly, from 11.0% to 6.7% (Table 2). The approach according to Weber 
therefore cannot be applied to this comparison. The studies by Forta et al. [15] also exhibited this 
characteristic at a frequency of 2.5 Hz. In that investigation, the median relative difference threshold 
was reduced significantly to 9.5%, with an increase in amplitude level from 0.2 m/s² to 0.8 m/s². 

Considering the results of [9] and [15], the conclusion must be that the approach according to 
Weber is tenable for frequencies relevant to vibration-induced discomfort above 5 Hz only, for a mean 
vibration amplitude (e.g., 0.1 m/s² and 0.5 m/s² in [9]; 0.05 m/s² and 0.2 m/s² in [15], and 0.2 m/s² and 
0.5 m/s² in this study). However, this approach does not work for frequencies relevant to vehicle body 
movements at ≤2.5 Hz (considering the results of [15]). Possible reasons may be found in regard to 
different human sensory organs (receptors), which are relevant to human perceptions of vibration. 

Jones and Ledermann [7] showed that mechanical receptors have individual ranges of 
sensitivity. For instance, the Merkel sensory cell has a sensitivity range of up to 3 Hz, while the 
Meissner sensory cell has a sensitivity range above 3 Hz. Moreover, Valko et al. [24] showed the 
dominant participation in perception of the vestibular system, for vibrations in the frequency range 
<2 Hz. 

The significant, important dependence on amplitude observed at 1.3 Hz (Table 2, paired 
comparison 1). The results generated in this study can be explained with the findings 
showed/discussed in Valko et al. [24] by the additional sensitivity of the vestibular system. It is to be 
assumed that the perceptive activity of the vestibular system can be ensured only by an excitation 
amplitude of sufficient (see Appendix B5 for additional information) magnitude, and information 
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about that excitation is transmitted only from that point on. In particular, vibrations of the vehicle 
body can meet the boundary conditions described above as a result of high motion amplitudes. 

Moreover, a change in frequency from 1.3 Hz to 6.0 Hz, at a low amplitude level of 0.2 m/s², also 
results in a significant reduction of the relative difference threshold (Table 3, paired comparison 5). 
In principle, this could be explained by the fact that, for the frequency range under study, different 
(mechanical) receptors make different contributions to overall perception. Experimental work by 
Gescheider et al. [25,26] referred to this aspect, conforming to the thesis described above. 

5. Summary and Conclusions 

Relative difference thresholds for the frequencies 1.3 Hz and 6.0 Hz were determined for 
amplitude levels of vibration 0.2 m/s², 0.5 m/s² and 1.2 m/s², on the basis of 14 subjects. It was observed 
that median relative difference thresholds determined at 1.3 Hz (see Section 3.1) were dependent on 
the vibration amplitude. Raising the vibration amplitude from a lower to a higher amplitude reduced 
the median relative difference threshold significantly, from 11.0% to 6.7%. Consequently, the 
vibration experienced for an amplitude of 0.5 m/s² at 1.3 Hz, which also belongs to the frequency 
range relevant to vehicle body movements, required a reduction of the reference stimulus by at least 
6.7%, in order to perceive lower vibration-discomfort. Furthermore, it was proved that a vibration 
acceleration of 0.2 m/s² at 1.3 Hz required changes of at least 11.0% if a difference was to be 
subjectively perceived. 

At the frequency of 6 Hz, which also belongs to the frequency range sensitive to the human 
whole-body vibrations (VDI 2057-1 [16]), a relative difference threshold of about 8% can be applicable 
to the stimuli used in this study. 

Fundamentally, it must be stated that, as per the findings in comparable previous studies [9,15] 
and the results of this study, the approach according to Weber can be argued for as it pertains to a 
frequency range related to ride comfort (up to 30 Hz) beyond 5 Hz only, for a mean vibration 
amplitude. 
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Appendix A: Diagrams and Tables 

 
Figure A1. Typical plot of psychometric function. 

 
Figure A2. Schematic overview of the sensor positions (displacement d0, acceleration ax). 



Vibration 2020, 3, 10 128 

 

 
Figure A3. Characteristic of the acoustic signal played back to the subjects (extract). 

Table A1. List of vibration receptors and their classification [8]. 

Sensory Cells Response to  Optimum Frequency Range Occurring in Skin Layer 
Merkel cell pressure 0.3–5 Hz Upper skin layer 

Meissner cell Slight contact 
(speed) 

3–40 Hz Middle skin layer 

Ruffini cell 
Stretching of skin 

(speed) 14–400 Hz Middle skin layer 

Paccini cell 
Fast vibrations 
(acceleration) 40–500 Hz Lower skin layer 

Table A2. Overview of relative difference thresholds determined in this study (%) 

Frequency 1.3 Hz 1.3 Hz 6 Hz 6 Hz 6 Hz 
Amplitude 0.2 m/s² 0.5 m/s² 0.2 m/s² 0.5 m/s² 1.2 m/s² 

Mean 10.7 6.2 8.4 7.6 6.5 
Standard deviation 1.5 1.9 2.2 1.9 1.9 

Median value 11.0 6.7 8.4 7.9 7.3 
Upper quartile 10.0 4.4 7.7 5.9 5.0 
Lower quartile 11.3 7.3 9.8 8.7 7.6 

IQR 1.2 2.9 2.1 2.8 2.7 
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Table A3. Interpretation of effect sized according to Cohen [20] from Lenhard and Lenhard [27]. 

d Interpretation acc. to Cohen [20] 
<0 Negative effect 
0.0 

No effect 0.1 
0.2 

Minor effect 0.3 
0.4 
0.5 

Average effect 0.6 
0.7 
0.8 

Major effect 0.9 
≥1.0 

Table A4. Type I and type II errors in statistical decisions [6]. 

Statistical Decision Applicable to the Population: 
 null hypothesis H0 alternative hypothesis H1 

Decision in favour of H0 Correct decision Wrong decision (type II error) 
Decision in favour of H1 Wrong decision (type I error) Correct decision 

Appendix B 

B1: This study considers especially vibration-induced discomfort with a frequency range <10 Hz 
of whole-body vibrations experienced with particularly high sensitivity [16]. In vehicle development, 
NVH-phenomena, such as vehicle body motion or Freeway-Hop, make a significant contribution to 
perception of whole-body vibrations <10 Hz. 

B2: A total of 14 male experts from Dr. Ing. H.c. F. Porsche AG, very experienced in subjective 
rating of ride comfort. All subjects were aged between 25 and 50 years with a stature from 165 cm to 
195 cm, weighing between 65 kg and 100 kg. All participants were healthy and without any existing 
complaints (e.g. discomfort in the area of the backbone). 

B3: Entrekin et al. investigated in [28] the effect of the difference in phase of vertical vibrations 
acting on the seat and acting on the floor. They concluded that most subjects prefer in-phase motion 
at frequencies below 5 Hz. 

Experiments preceding the current study confirmed this effect for a stimulus acting at 1.3 Hz. 
The stimulus acting not in phase, between the seating and the footwell, irritated the subjects so much 
that just-noticeable differences in stimuli with an amplitude of 0.5 m/s² were not identified. The 
measure taken was to present the analogue stimulus (in phase) additionally through the foot platform 
for the study conducted at 1.3 Hz. 

B4: According to the approach by Treutwein [19], a distinction must be made between a 
corrected and an uncorrected probability; the potential answers (such as 2 or 3) were taken into 
account in this case. 

B5: It is generally known that receptors (sensory cells) transform physical or chemical stimuli 
into a receptor potential only beyond a certain intensity (greater sensory threshold; signal 
transduction); further information about the characteristics and functions of receptors are contained 
in [29]. 
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