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Abstract A laboratory-based experiment was conducted to measure the effect of vibrational 

energy distribution on human cognitive detection of road surface based on steering wheel 

vibration. The test stimuli used in the current study were ten steering wheel acceleration time 

histories of mid-sized European automobiles. The ten original steering wheel time histories were 

manipulated via digital Butterworth filters to eliminate four different frequency bands from the 

steering wheel vibration spectrum of within 20 to 60 Hz. The ensemble, composed of both the 

original and the manipulated time histories, was used to perform a laboratory-based detection. 

During the test, participants were asked to judge if the actuated acceleration stimulus transmitted 

came from the road surface shown on photographs featured on a board directly in front of the 

test bench and rate the confidence of their judgement on a five-point scale ((1) = very sure there 

was no signal – (5) = very sure there was a signal)). The findings suggest that the elimination of 

vibrational energy in the frequency band of 26.32 to 34.64 Hz can be highly detrimental to human 

cognitive detection of road surface types and compromise the steering wheel feedback the most. 

The elimination can lead to the correct detection of road surfaces. 

1. Introduction 

Steer-by-wire systems have become a central issue in the automobile industry. With such systems there 

is often an objective to minimise vibrations on the steering wheel to increase driver comfort. 

Nevertheless, steering wheel vibration is also recognised as an important medium that assists drivers in 

judging the vehicle, road and to indicate important information such as the presence of danger as well 

as the vehicle’s subsystems dynamics. This has led to studies of the possible role of vibrational stimuli 

towards informing drivers of environment conditions such as road surface type. Numerous prior studies 

were done to identify how characteristics of steering wheel vibrational stimuli might influence human 

cognitive detection of road surfaces, beginning with primary characteristics of the vibrational stimuli 

(scale and bandwidth) by [1], [2] and [3]. The results from scaling and bandwidth experiments suggested 

that a single, optimal, acceleration gain does not exist and steering wheel acceleration frequencies 

exceeding 60 Hz were used by the human for purposes of road surface type detection. 

In [4], further investigation of the effect of vibrational energy distributions has been done. They 

highlighted that the elimination of vibrational energy within the frequency band of 20 to 60 Hz is highly 

detrimental to the task of detecting road surface. Even though frequency band of 20 to 60 Hz was found 

to be a significant impact on the drivers’ awareness, the frequency band was known to contain resonant 

behaviours of numerous chassis and steering systems [5]. The steering wheel feedback can hence be 

determined by reducing the range of the eliminated frequency band at 20 to 60 Hz. Therefore, the current 

study aimed to measure the effect of vibrational energy distribution within the frequency band of 20 to 



60 Hz on the human cognitive detection of road surface types and to identify the interval frequency band 

that most compromised with steering feedback. 

 

2. Theory of Signal Detection with Rating Scale 
Previous studies evaluated human detection response using binary response procedure [1], [2], [3] and 

[4]. However, an alternative procedure involving detection using a continuum might prove beneficial 

towards improving its accuracy and resolution [6]. Consequently, the Theory of Signal Detection (TSD) 

with a rating scale was applied in this study. 

TSD facilitates the measurements and quantification of how people actually behave in detection 

situations based on statistical decision theory [7]. TSD is applicable in any situation where a signal is 

detected in the presence of background noise. Figure 1 presents graphically the distribution curve in 

theory of signal detection.  

 

 
Figure 1. Noise and signal plus noise distributions [8]. 

 

During the signal detection task, the observer must make an observation (x) and then make a decision 

about the observation. In each trial, the observer must decide whether x is due to a signal added to the 

background noise or to the noise alone. In rating scale procedure, the assumption is that the observer 

would say ‘Yes’ where they report a signal was almost certainly present. Accordingly, every trial the 

observer used in the first category is treated as if the he/she had said ‘Yes’, while all others where the 

remaining categories were used are treated as if the observer had said ‘No’. Analysis of the signal (s) 

and noise (n) trials in this manner had allowed researchers to estimate the hit rate, P(S|s) and false alarm, 

P(S|n) respectively [7]. 

Table 1 shows the stimulus-response matrix for the rating procedure containing the sequence of two 

physical stimulus events (s and n) and the five scale responses. The first scale represents s as almost 

certainly not present, while the fifth as almost certainly present. The scale between one and five 

represents lesser degree of certainty about the occurrence or non-occurrence of s. Meanwhile, Table 2 

displays the reduction of the rating procedure matrix to a binary response procedure matrix used in the 

analysis. The details were described in [7]. 

 

Table 1. Stimulus-response matrix for rating procedure. 

 Rating Response 

 1 2 3 4 5 

S
ti

m
u

lu
s P(1|s) P(2|s) P(3|s) P(4|s) P(5|s) 

P(1|n) P(2|n) P(3|n) P(4|n) P(5|n) 



Table 2. Reduction of matrix from rating to binary procedure. 

 Presumed Binary Response 

 S N 

S
ti

m
u

lu
s 

Hit 

P(S|s) = P(4|s) + P(5|s) 
Miss 

False Alarm 

P(S|n) = P(1|n) + P(2|n) + P(3|n) 
Correct rejection 

 

3. Experiment Road Surface Detection 

3.1 Test Facility 

The study employed steering wheel rotational vibration test rig to perform laboratory experiments as 

shown in Figure 2. The schematic diagram and geometric dimensions of the test rig were described in 

detail by [9]. 

An evaluation was done to determine the stimuli reproduction accuracy of the test rig facility. The 

accuracy of the target stimuli reproduction was quantified by measuring the r.m.s. difference between 

the actuated signal and the target signal. Seven participants were used in the pre-test process to also 

consider the possible differences in bench response caused by the impedance loading discrepancies on 

the steering wheel of people with different sizes. The pre-test results suggested that the maximum rate 

of error between the level of r.m.s. acceleration’s target signal and the actuated signal was found to be 

less than 5% for all stimuli used. 

 

 
Figure 2. Steering wheel test rig. 

 

3.2 Test Stimuli 

The test stimuli used were ten steering wheel acceleration time histories selected from an extensive 

database of previous road test measurements done by the Perception Enhancement Research Group of 

Brunel University, London [4] and [9]. The steering wheel vibration stimuli were chosen on the premise 

that steering wheel vibration is caused mainly by the act of driving over a road surface. This decision 

was made based on the results of a previous questionnaire-based study [10] which suggested that 

respondents considered steering wheel vibration to be particularly useful in the task of detecting road 

surface types.  

The ten steering wheel time histories with their global statistics properties are listed in Table 3. This 

is followed by the data of the aerial and distant view of the ten base stimuli while driving as well as the 

original acceleration time histories extracted from the 10-second segment in Figure 3. 

 



Table 3. Global statistical properties of the steering wheel acceleration time histories used for the 

laboratory test stimuli. 
Type of 

Road Surface 

r.m.s 

(m/s2) 

Vehicle speed 

(km/h) 

Kurtosis 

(Dimensionless) 

Skewness 

(Dimensionless) 

Crest Factor 

(Dimensionless) 

Broken* 1.317 40 3.484 -0.051 3.838 

Broken Concrete* 1.733 50 3.214 0.010 3.358 

Broken Lane* 1.784 50 3.631 -0.028 4.399 

Cobblestone* 1.310 30 3.163 0.007 3.893 

Country Lane* 2.048 40 3.271 -0.066 3.487 

Concrete* 0.094 96 3.079 0.049 3.467 

Harsh 1.265 40 18.831 1.142 7.279 

Low Bump 0.139 50 6.426 0.329 5.350 

Noise* 0.746 80 2.928 0.088 3.464 

Tarmac* 0.055 96 3.005 0.066 3.639 

* Classified as mildly non-stationary signals [5]. 

 

For each of the ten original steering wheel time histories (3 to 125Hz), four different frequency bands 

within 20 to 60 Hz were eliminated. To differentiate the test stimuli 𝑓𝑡𝑒𝑠𝑡 from the frequency of reference 

stimuli 𝑓𝑟𝑒𝑓, the study used the Weber fractions (𝐽𝑁𝐷𝐹 𝑓𝑟𝑒𝑓⁄ ) calculation to determine the four different 

frequency bands, within the interval from 20 to 60 Hz, to be eliminated. The variable increment was 

fixed by 𝑓𝑡𝑒𝑠𝑡 = 𝑓𝑟𝑒𝑓 + ∆𝑓  to differentiate the test stimuli 𝑓𝑡𝑒𝑠𝑡  from the frequency of reference 

stimuli𝑓𝑟𝑒𝑓 [11]. 

 

𝐽𝑁𝐷𝐹 =
∆𝑓

𝑓
                                                                                    (1) 

 

In [12] suggested that vibration intensity needs to be reduced by at least 10% for the changes to be 

detected by a person; hence Equation 1 can be simplified to: 

 

𝐽𝑁𝐷𝐹 =
𝑓𝑛+1 − 𝑓𝑛

0.1𝑓𝑛
, 𝑛 = 1,2,3,4                                                  (2) 

 

where n is the total number of the frequency bands that were eliminated. Since 𝑓1 = 20 and 𝑓4 = 60, 

the value for frequency band intervals was found to be equal on a logarithmic scale of 3.161 by 

simplifying Equation 2. After all the values were substituted, the general formula to determine the 

frequency band intervals were identified as follows: 

 

𝑓𝑛 = 20(1.3161)𝑛−1, 𝑛 = 1,2,3,4,5                                   (3) 
 

From Equation 3, the frequency bands to be eliminated were identified as 20 to 26.32 Hz, 26.32 to 

34.64 Hz, 34.64 to 45.59 Hz and 45.59 to 60 Hz, respectively. The elimination for each of the frequency 

bands involved high-pass filtered and band-pass filtered processes. This was achieved with digital 

Butterworth filters constructed using the LMS® TMON software [13]. 

Figure 4 presents the example of the power spectral density (PSD) data of the original and 

manipulated high-pass filtered and band-pass filtered for Country Lane, which recorded the highest 

energy level among the ten road surface studied. The r.m.s. acceleration value (m/s2) for each of test 

stimuli obtained after the elimination of the chosen frequency bands are shown in Table 4. 



Figure 3. Road surfaces and time history segments extracted from the road test recordings for 

laboratory stimuli.



 
Figure 4. PSD of Country Lane for original and manipulated Butterworth filter used for producing the 

laboratory test stimuli. 

 

Table 4. The r.m.s. values (m/s2) for original and manipulated Butterworth filter used for producing 

the laboratory test stimuli. 

Type of 

Road Surface 
Original 

Eliminated Frequency Bands 

20 –26.32 Hz 26.32-34.64 Hz 34.64–45.59 Hz 45.59–60 Hz 

Broken 1.317 0.764 0.726 1.275 1.306 

Broken Concrete 1.733 1.519 1.464 1.157 1.680 

Broken Lane 1.784 1.644 1.693 1.415 1.720 

Cobblestone 1.310 1.092 1.196 1.212 1.281 

Country Lane 2.048 1.853 1.888 1.623 2.027 

Concrete 0.094 0.081 0.088 0.089 0.089 

Harsh 1.265 0.886 0.961 0.668 1.038 

Low Bump 0.139 0.091 0.116 0.128 0.136 

Noise 0.746 0.646 0.676 0.589 0.680 

Tarmac 0.055 0.037 0.047 0.051 0.052 

 

3.3 Test Subject 

A non-probability purposive sampling strategy [14] was used, where driving experience of a minimum 

of two years was selected as a primary characteristic and controlled parameter to minimise errors during 

detection task [15]. Meanwhile, gender and physical body mass were not controlled since there were no 

significant differences between both parameters in the subjective experience of hand-arm vibration [16], 

[17] and [18]. 

Sixteen (n=16) participants took part in the study. Table 5 summarises the controlled and 

uncontrolled parameters of participants. It is essential to note that none of the participants declared any 

conditions that might affect their perception of hand-arm vibration. 

 



Table 5. Anthropometrics and driving experience of test participants. 

Characteristics 
Male (n=8) Female (n=8) 

Mean SD Mean SD 

Controlled 

Parameters 

Age (years) 30.88 11.95 26 4.78 

Driving experience (years) 8.63 7.44 4.5 2.45 

Uncontrolled 

Parameters 

Weight (kg) 79.75 9.88 61.69 13.25 

Height (m) 1.77 0.10 1.62 0.04 

 

From Table 5, it is clear that the mean values and standard deviations of the height and mass of the 

test participants were proximate to the 50th percentile value for the U.K population [19]. The driving 

experience of participants can be categorised as experienced drivers [20]. A statistical t-test performed 

for the test groups in uncontrolled parameter suggested significant physical differences in height and 

mass between males and females (p<0.05). 

 

3.4 Test Protocol 

Following an email invitation sent to the students’ general mailing list of the College of Engineering, 

Design and Physical Sciences, Brunel University, London, the potential participants were approached 

by the researcher. Each potential participant was given an information sheet and a consent form 

describing the purpose, procedures, risks and time commitment entailed in their participation.  

Before commencing the test, participants were required to remove any articles of heavy clothing such 

as coats as well as watches and jewellery. To ensure that the simulated driving postures is as realistic as 

possible and to minimise the effect of the transmission of vibrations to the hand-arm system [21], each 

participant were also asked to adjust their seat position and backrest angle and maintain a constant palm 

grip on the steering wheel with both hands. The room temperature in the laboratory was kept at the range 

of 20 to 25°C to avoid significant environmental effects on participants’ skin sensitivities [22]. During 

the test, each participant were asked to look at a board placed directly in front of the test bench displaying 

a photograph of the road surface studied (Figure 2). Then, they were asked to judge whether the actuated 

acceleration stimulus transmitted comes from the road surface shown on photograph. They were also 

asked to rate the confidence of their judgement on a five-point scale. “One” indicates that they were very 

sure there was no signal and “two” if they were fairly sure of it. “Three” indicates they were not sure 

whether there was a signal detected or not. “Four” represents if they were fairly sure there was a signal 

and “five” if they were very sure of it. Each series of stimuli were separated by a five-second gap to 

allow participants express their responses towards the stimuli. 

Due to the large total numbers of both the stimuli detection (400 detections) and time spent (one and 

half hours), the experiment design took into account the learning and fatigue effects [23] and [24]. 

Hence, participants were asked to come on two consecutive days to complete a total of 400 detections 

consisted of 40 detections for each road surface studied, totalling to 200 detections per day. The order 

of stimuli arrangements in each series was fully random for each participant. 

Each of the ten road surfaces studied consisted of three repetitions of the four high-pass filtered, 

band-pass filtered and the original base stimulus from the displayed road surface. In addition, a further 

25 stimuli were chosen randomly from other stimuli sets of the other nine road surfaces as background 

noise. Five different series consisting of eight acceleration stimuli were applied to evaluate each road 

surface types. The duration of each individual test stimulus was ten-seconds. 

The facility and the protocol of the experiment was approved by the Ethics Committee of the College 

of Engineering, Design and Physical Sciences, Brunel University, London.



3 Results 

Figure 5 presents the percentage of correct detection as a function of the frequency bands. The line graph 

shows the relationship between the correct detections of the original and Butterworth filters of steering 

acceleration stimuli for each of the ten roads studied. 

 

 
Figure 5. Rate of hit detection for all ten road surfaces studied. 

 

As shown in Figure 5, the percentage of correct detection for the original steering acceleration stimuli 

for Broken, Broken Lane, Cobblestone, Country Lane, Concrete, Low Bump, Harsh, Noise and Tarmac 

were higher than 50 percent in each case, with the sole exception of Broken Concrete where the hit rate 

was 37.6 percent. Qualitatively, the results from the Broken Concrete showed a very different behaviour 

from that of the other nine test stimuli, suggesting important differences in the underlying energy 

content. 

Next, when the participants were exposed to the frequency band of 20 to 26.32 Hz which was 

eliminated from the original time histories. It was found that the percentage of detection had decreased 

by 12 to 25 percent for Broken, Broken Lane, Country Lane, Concrete and Harsh surface. In contrast, 

there was a slight increase of 5 to 19 percent for Broken Concrete, Cobblestone, Low Bump, Noise and 

Tarmac surfaces. 

From Figure 5, it can be claimed that the detection ability increased sharply at the frequency band of 

26.32 to 34.64 Hz for all the ten road surfaces, except for Low Bump, Noise and Tarmac, which played 

an important role in the human’s cognitive detection of all the road surfaces studied. 

 



4 Discussion 

This study has set out to measure how changes in the vibrational energy within the frequency band of 

20 to 60 Hz may affect human cognitive detection of road surface types based on steering wheel 

vibration. The results of this study reveal that the detection percentage achieved was less than 100 

percent for all ten road surfaces studied. This may be due to the lack of the presence of several key 

stimuli such as acoustical stimuli. Another possible cause of low level of detection include the signal 

reproduction of up to 18% due to the signal distortion, defined as an error phenomenon that causes the 

appearance of extraneous signals at the output of test equipment [25]. 

However, the results suggest that the elimination of frequency band 26.32 to 34.64 Hz made it almost 

possible for correct detections to be made of the road surfaces and this was observed to be imperative in 

increasing the sensitivity of human cognitive ability towards detecting conditions of road surfaces. These 

relationships may be partly explained by the fact that the elimination of the frequency band appeared to 

have produced the highest peaks of vibrational energy resulting from the resonance in the vehicle 

dynamics systems such as tires and steering wheel [4]. Moreover, these results are also consistent with 

those reported by [26], [27] and [5], who suggested that a frequency band of 23 to 58 Hz is the largest 

range of frequency that contributes to vehicle dynamics, whereby the band of 20 to 35 Hz is defined by 

steering wheel resonance [28]. 

 

5 Conclusion 

This study involved sixteen participants who were exposed to vertical steering wheel vibration stimuli 

in a laboratory test bench to identify ten different road surfaces. The objective was to establish the most 

pertinent frequency band, within 20 to 60 Hz which, if eliminated from the vibrational energy, might 

affect the level of human detection of road surface types.  

The findings suggested that the elimination of vibrational energy in the frequency band of 26.32 to 

34.64 Hz can be highly detrimental to human cognitive detection of road surface types. The findings 

also demonstrated that the frequency band of 26.32 to 34.64 compromised with the steering wheel 

feedback the most and the elimination of these frequency band can lead to the correct detection of road 

surfaces. 
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