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Abstract 
Professional drivers of off-road vehicles are often exposed to high levels of vibrations. The continuous 

exposure to those vibrations can lead to discomfort and physical injuries. Clutch engagement is one of the 

sources of vibrations. Accelerometers are in general appropriate sensors to measure vibrations. However, 

due to the historical cost of these sensors, current strategies to control the clutch engagement do typically 

not take vibration data into account, they mostly rely on rotational shaft speed data. Nowadays, affordable 

accelerometers are available. Yet, little is known about the feasibility to include accelerometer data into the 

feedback loop of the clutch control strategy. The goal of this study was to assess the feasibility of quantifying 

the clutch engagement quality based on accelerometer data and based on a comfort metric resulting from 

frequency-weighted accelerometer data. It has been demonstrated that the quality of the clutch engagement 

can be monitored based on accelerometer data acquired at the transmission of the vehicle. 

1 Introduction 

Driving an off-road vehicle, operators are nearly continuously subjected to vibrations resulting from one or 

multiple sources. Vibrations result from extrinsic sources such as the interaction between the tyres and the 

road surface, and from intrinsic sources such as the motor and the clutch system e.g. [1], [2], [15]. This 

study focusses on the vibration phenomenon that occurs during the clutch engagement process, referred to 

as judder [15], in a forklift truck. Clutch judder is a friction-induced vibration between sliding-contact 

masses resulting in (torsional) vibrations and oscillations of the driveline. They excite the vehicle body 

frame causing a forward-afterward vibration of the vehicle at low frequencies. 

As any vibrations, judder is transferred from the excitation source to the driver’s seat, where it can be sensed 

by the driver. The impact on the driver’s comfort depends on the transfer path and the driver’s subjective 

perception [8]. Especially in case of off-highway vehicles, such as forklift trucks, where high torques are 

transmitted between input and output shaft under strongly varying operating conditions, these torsional 

vibrations may become cumbersome in light of the driver’s comfort as well as lifetime of the clutch 

components [10], [18]. 

Accelerometers are the dedicated measurement instruments to obtain information about vibrations. In 

automotive for example, the control of (semi-) active suspensions relies on the accelerometer data to 

minimize the amount of vibrations and hence, to maximize the driver’s comfort [17]. Typically, control of 

clutch engagement in forklift trucks does not rely on accelerometer data. The reason for this is historical: 

accelerometers were too expensive, and as such, excluded from implementation on the transmission. 

Nowadays, low-cost accelerometers are available. This opens perspectives towards incorporation of 
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accelerometers in the control loop of clutch engagement to impose a smooth clutch engagement and hence 

to maintain driver’s comfort in the future. Before we can close the control loop, as schematically presented 

in figure 1, we need to gain insight in the feasibility of using accelerometers to quantify the quality of clutch 

engagement which depends on the controller parameters. Earlier, [12] described the need of smooth clutch  

 

 

Figure 1: A schematic representation of the control loop, including virtual comfort sensor, to enhance the 

comfort of drivers. 

 

engagement in relation to comfort in a tractor. They avoid to use accelerometers under the assumption that 

the signal is contaminated, hence not only capturing vibrations related to clutch engagement, but also 

resulting from other vibration sources. Apart from this, a major concern towards their approach lies in the 

presented reference slip profile.  In this profile,  discontinuities are present indicating that the jerk, being the 

second derivative of the slip, reaches infinity. As the jerk is strongly related to discomfort, a comfortable 

shift is achieved by minimizing the maximum jerk in the slip profile [18]. As a consequence of the choice 

of their slip profile, it is unlikely that the shifts in the tractor of  [12]  are perceived as ‘comfortable’. 

In our study, we start from the idea of a virtual comfort sensor which later on can be included in a control 

loop as schematically presented in figure 1. Accelerometers are mounted on the seat of the driver, and on 

the transmission. The accelerometers on the seat allow us to extract a comfort metric conform the metrics 

described in ISO standard 2631-1 [8]. The aims of our study are to gain insight in the feasibility of using (i)  

accelerometer data, and (ii) a comfort metric [8] to quantify the quality of clutch engagement in a forklift 

truck. 

Our paper is organized as follows: Section 2 provides background information on wet clutches and comfort 

metrics. The experimental set-up, the data acquisition and data processing are described in Section 3.  

Section 4 presents the results, whereas Section 5 provides the discussion of the results. Finally, Section 6 

summarizes our conclusion and lists future steps. 

2 Background 

2.1 Wet clutches and controller parameters  

A wet clutch transmits power from input to output shaft when it is engaged. The ratio between input and 

output torque is defined by the size of the gears and is referred to as the transfer ratio. The gearbox of the 

forklift truck contains five wet clutches with different transfer ratios. Friction plates are installed on the 

shafts, coupling of the shafts is realized by pressing the plates together. Whenever the shafts are aligned, 

torque is transmitted. 
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Figure 2: Schematic representation of a clutch, which transfers power from the input shaft to the output 

shaft when the friction plates are pressed together by internal oil pressure. 

 

 

 

Figure 3: For a fill phase indicated by the vertical dashed lines, a good tuning (opt) of kiss (P) and fill (t) 

parameters is shown in solid line, and a suboptimal (sub) tuning of these parameters is shown by the dotted 

line. When tuning is suboptimal, (i) the speed of oil inflow is much higher than in the case of optimal tuning: 

the piston moves fast towards the friction plates; (ii) the pressure drop is high, the deceleration of the piston 

is fast. As a result, the impact of the piston on the friction plates is higher compared to optimally tuned 

parameters, and the level of vibrations induced by engagement of the clutch rises. 

 

Figure 2 illustrates the physical appearance of a clutch. The input shaft of the clutch is connected to a drum, 

which is a hollow cylinder with grooves on the inside. Through these grooves, a first set of friction plates 

can slide. This set is referred to as the clutch friction plates. The second set of friction plates, can slide over 

a grooved bus that is connected to the output shaft. To engage the clutch, a signal is sent to the valve in the 

hydraulic line of the clutch. When the valve opens, oil flows to the clutch chamber which fills up and the 

pressure starts to raise. At a certain point in time, the pressure is sufficiently high to compress the return 

spring and the piston starts to move towards the friction plates. This is the so called filling phase of the 

clutch engagement and is controlled by two process parameters, a fill parameter and a kiss parameter. The 

fill parameter determines the speed of the oil inflow, the kiss parameter determines the pressure drop. When 

the piston has advanced far enough to start pressing the friction plates together, oil flows out the chamber 

and the pressure drops so that the impact between piston and friction plates would be minimized. At this 

moment, the slip phase begins and torque starts to be transferred from input to output shaft. At the transition 

from filling phase to slip phase, the dynamics change considerably, causing strong vibrations [18]. These 

torsional vibrations are transferred to the wheels resulting in a forward/backward vibration of the vehicle’s 

body frame. 

The fill and kiss parameter of the filling phase control the piston, hence the possible impact between piston 

and friction plates causing the vibrations and affecting the driver’s comfort. A non-smooth clutch 

Optimal 
Suboptimal 
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engagement is the result of e.g. a fast oil inflow making the piston move fast forward and a high pressure 

drop avoiding a proper deceleration of the piston as illustrated in figure 3. As a result, the contact between 

piston and friction plates is harsh and clearly experienced by the driver. 

2.2 ISO 2631-1 for comfort quantification 

Discomfort is an important issue in automotive industry, and is regulated by e.g. the international standards 

ISO 2631-1 and -4 [8] on ‘Mechanical vibration and shock: Evaluation of human exposure to whole-body 

vibration’. The standard basically models the generalized subjective comfort perception of humans to 

vibrations. It is applicable to motions transmitted to the human body via supporting surfaces, hence the seat 

surface and back of a driver’s seat are relevant location of measurement. Because the driver’s comfort is 

frequency dependent, the standard prescribes frequency weightings which should be applied depending on 

the location of the measurements and on the considered direction. For comfort, the frequency weighting 

curves are shown in figure 4: frequencies are attenuated below 0.5 Hz and above 80 Hz. 

To combine vibrations in multiple directions, specific multiplication factors are provided to scale the 

frequency weighted vibrations again depending on location and direction. The vibrations are combined to a 

single comfort metric which reflects the perceived comfort level by the driver. The comfort metric can be 

interpreted in light of the discomfort scale provided in the standard ranging from not uncomfortable for a 

value below 0.315 m/s2 to extremely uncomfortable for a value larger than 2 m/s2. An in-depth description 

of the standard is presented in e.g. [13]. There are numerous studies on this topic aiming at capturing comfort 

perception of the driver under different circumstances and for different vehicles, see e.g. [11], [14]. 

3 Experimental Set-up 

3.1 Experimental set-up and data acquisition 

Experiments were performed with a Hyster forklift truck at the test infrastructure of Dana Belgium NV in 

Brugge, Belgium. The forklift truck was equipped with an automatic transmission comprising five clutches: 

forward, reverse and high, first and second. 

Three tri-axial MEMS accelerometers (type ADXL326) were placed: one at the driver’s seat surface, one at 

the back of the seat, and one on the transmission as shown in figure 5. The sensors measured linear 

acceleration in X- (forward/backward), Y- (lateral) and Z- (vertical) direction. For each clutch, a digital 

progress signal was logged indicating the state of the clutch. When this signal is high it indicates the instance 

the clutch reached the friction plates. A push button was pressed whenever an experiment was started and 

stopped. Data were logged at 3 kHz using a DEWESoft DAQ Sirius and DEWE-43 system. The clutch 

progress signals were also logged with the DEWE-43 system at 50 Hz on the forklift truck, corresponding 

to the sampling frequency of the transmission controller. 

In the preprocessing step, we removed the DC offset of the vibration signals, which is intrinsic to MEMS-

based accelerometers. 
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Figure 4: Frequency weighting filter curves for comfort vibrations measurement at seat and back of the 

driver’s chair. The black is the Wd filter applied for the seat in X (scale factor: 1) and Y (scale factor: 1) and 

for the back in Y (scale factor: 0.5) and Z (scale factor: 0.4). The dotted silver line is the Wc filter applied 

for the back in X (scale factor: 0.8). The striped grey line is the Wk filter applied for the seat in Z (scale 

factor: 1). 

 

 

Figure 5: Experimental setup showing the mounting of the MEMS accelerometers and the DAQ system on 

the test vehicle. The dots in figure (a) indicate the position of the accelerometers at the driver’s seat, the star 

represents the accelerometer at the transmission, XYZ-directions are indicated. Figure (b) shows the 

accelerometer on the transmission, figure (c) shows the mounting of the accelerometers on the seat. 

3.2 Experimental protocol 

We performed power reversal (PR) experiments during which the vehicle with slick tires, drove back and 

forward on a straight and flat track while the vehicle speed was rather low and the forklift was unloaded. 

We have focused our experiment on the shifts from gear 1 to gear 2 to evaluate the smoothness of the clutch 

engagement. In this case clutch 1 opens, while clutch 2 engages. Clutch forward remains engaged. 

Wd 

Wc 
Wk 
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We perturbed these kiss and fill parameter stepwise from 0%, 33%, 67% to 100% in a 1/1 ratio, hence when 

kiss was perturbed with 33%, fill was also perturbed with 33%. The most optimal and suboptimal controller 

settings were empirically defined. The best case values (i.e. 0%) for clutch 2 were 0.86 s and 2.7 bar for the 

kiss and fill parameter respectively. The worst case values (i.e. 100%) for clutch 2 were 0.4 s and 1.6 bar 

for the kiss and fill parameter respectively. The effect of the fill and kiss parameter perturbation on the 

pressure profile is illustrated in figure 3. For each perturbation level, three experiments were conducted. An 

experiment contained 10 repetitions of the vehicle maneuver. Hence, in total, we performed 120 tests for 

the PR experiments. The order of the experiments was randomized as shown in table 1 in order to avoid bias 

by habituation of the driver. 

 

Test no 1 2 4 5 6 7 8 9 10 11 12 

Perturbation 

level (%) 

67 0 100 33 67 0 100 33 100 33 67 

Table 1: Randomized experimental protocol. 

3.3 Data processing 

Vibration data were captured during the power reversal tests. As we are interested in vibrations resulting 

from clutch engagement, we isolated the time intervals where the vibrations of interest occur in the signal, 

and hence the vehicle is excited by the clutch engagement. The rising edge of the progress signal indicated 

the start 𝑡𝑠𝑡𝑎𝑟𝑡 of the clutch engagement. Typically, the influence of clutch engagement lasts 1.5 s. Hence, 

the end 𝑡𝑒𝑛𝑑 of the clutch engagement is set at 𝑡𝑠𝑡𝑎𝑟𝑡 + 1.5 𝑠. Upshifts are grouped per parameter 

perturbation level. Outliers defined as follows (1), were removed: 

 𝑄3 + 𝑊 𝐼𝑄𝑅 < 𝑂𝑢𝑡𝑙𝑖𝑒𝑟 < 𝑄1 − 𝑊 𝐼𝑄𝑅 (1) 

Where Q1 and Q3 are the 25% and 75% percentile respectively, IQR is the interquartile range defined as 

the difference between Q3 and Q1 and W is the whisker, here set to 1. 

In the time domain, we evaluated two different ways of signal processing. In the first case, we segmented 

and low pass filtered (2nd order Butterworth filter with cutoff frequency at 100 Hz) the accelerations for the 

upshift from 1st to 2nd gear in each direction. The low-pass filter was applied since the clutch-induced 

vibrations are expected in the lower frequency bands e.g. [15]. We used the root mean square (RMS) to 

obtain scalarized quantifications of the vibration levels. In the second case, we segmented the accelerations 

for the upshift from 1st to 2nd gear and calculate the comfort metric according to [8]. All vibration responses 

were also combined over the directions per sensor (2): 

 

𝑎𝑠 =  √𝑘𝑥
2 𝑎𝑤𝑥

2 + 𝑘𝑦
2 𝑎𝑤𝑦

2 + 𝑘𝑧
2 𝑎𝑤𝑧

2  

 

(2) 

With k the scale factors, aw the frequency-weighted RMS accelerations, as the vibration total per 

accelerometer with s = 1 …S with S=3 here. The frequency weightings and scale factors are discussed in 

subsection 2.2. For the transmission sensor, we applied the same frequency weightings as for the seat surface 

sensor. Hence, we introduced a virtual seat surface which should enable us to compare the difference in 

comfort perception. The change in vibration levels are calculated for the different parameter perturbation 

levels. The optimal parameter settings are used as a reference. 

In the frequency domain, the amplitude spectrum of the segmented signal is calculated using a fast Fourier 

transform, which converts the time-domain discrete signal in the frequency domain discrete spectrum. The 

spectra are compared between the perturbation levels and between the sensor locations. 
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4 Results 

4.1 Low-pass filtered data 

Figure 6 summarizes the results for the PR experiments for low-pass filtered accelerometer data. The 

combined amount of vibrations (shown in figure 6a) are more than twice as large for the transmission sensor 

compared to the back and the seat support sensor: e.g. for 100% perturbation, the levels are 3.3 m/s2 for the 

transmission sensor versus 1.3 m/s2  and 1.2 m/s2 for the back and the seat sensor respectively. 

As shown in figures 6b, 6d and 6f, the differences between the sensor on the transmission and the sensors 

on seat and back are between 0.44 and 0.49 m/s2 in the X-direction, and between 1.83 and 2.12 m/s2 in the 

Y-direction. Standard deviations on the vibrations levels resulting from back and the seat support sensors 

are between 0.18 m/s2 and 0.23 m/s2 in the X-directions, and between 0.07 m/s2 and 0.13 m/s2 in the Y- and 

Z-directions. Standard deviations on the vibrations levels resulting from transmission sensor are between 

0.03 m/s2 and 0.07 m/s2 except for the Y-direction at 0% perturbation which is 0.11 m/s2. 

The difference in the amount of vibrations with respect to the optimal situation (0% perturbation) is shown 

in figures 6c, 6e and 6g. The effect of perturbing the controller parameters is manifested in the X-direction 

(forward/backward direction) for the back rest and the seat support sensor: the difference increases gradually 

between 0% and 100% perturbation to 0.15 m/s2. The maximum differences in Y and Z are -0.04 m/s2 and 

0.02 m/s2 respectively, although there is no specific correlation with the level of perturbation of the controller 

parameters. The effect of perturbing the controller parameters is clearly manifested in the X- and Y-direction 

(forward/backward and lateral) for the sensor on the transmission (see figure 6g). The differences increase 

gradually between 0% and 100% perturbation to 0.14 m/s2 in X-direction and 0.25 m/s2 in Y-direction. 

Maximum difference in Z-direction is -0.04 m/s2. Again, for the Z-direction no specific trend is observed in 

relation to the level of perturbation of the controller parameters. 

 

4.2 Comfort filtered data according to ISO 2631-1 

Figure 7 summarizes the results for the PR experiments for accelerometer data filtered according to ISO 

standard 2361-1 [8] for the estimation of the perceived comfort. The combined amount of vibrations (shown 

in figure 7a) are the comfort metrics according to ISO standard 2631-1 [8] (i.e. frequency weighted and 

weighted for combining each direction). In terms of the comfort classification prescribed by the ISO 

standard, the vibrations at the seat are classified as ‘uncomfortable’, at the back as ‘a little uncomfortable’, 

and at the transmission (when evaluated as a ‘virtual’ seat surface) as ‘fairly uncomfortable’. 

The average amount of frequency weighted vibrations in each direction is shown in figures 7b, 7d and 7f. 

For the transmission, vibrations related to comfort are between 0.33 m/s2 and 0.44 m/s2 (all directions) 

whereas standard deviations are between 0.11 m/s2 and 0.19 m/s2. For the seat support sensor, vibrations 

related to comfort are always lower than 0.12 m/s2 with standard deviations lower than 0.04 m/s2. For the 

back sensor, there is a gradual increase in the level of frequency weighted vibrations for all directions 

between 0.27 m/s2 and 0.51 m/s2 with a maximum standard deviation of 0.2 m/s2. 
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Figure 6: Vibrations levels as resulted from low pass filtered acceleration data (cutoff 100Hz) for three 

sensors: ‘back’ is placed on the backrest of the driver’s chair, ‘seat’ is placed on the seat support of the 

driver’s chair and ‘transmission’ is placed on the transmission of the forklift truck. (a) are the combined 

averaged vibration levels; (b), (d), (f) are the averaged vibration levels in each direction for back, seat and 

transmission respectively, standard deviations are provided by the error bars; (c), (e), (g) are the absolute 

differences between vibration levels under optimal controller conditions (0%) and the different levels of 

perturbation for back, seat and transmission respectively. 

 

 

 

Figure 7: Vibrations levels as resulted from comfort metrics as described by ISO standard 2631-1 for three 

sensors: ‘back’ is placed on the backrest of the driver’s chair, ‘seat’ is placed on the seat of the driver’s chair 

and ‘transmission’ placed on the transmission of the forklift truck. (a) are the combined averaged frequency 

weighted (fw) vibration levels representing the comfort metric; (b), (d), (f) are the averaged fw vibration 

levels in each direction for back, seat and transmission respectively, standard deviations are provided by the 

error bars; (c), (e), (g) are the absolute differences between fw vibration levels under optimal controller 

conditions (0%) and the different levels of perturbation for back, seat and transmission respectively. 
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The differences in the amount of frequency weighted vibrations with respect to the optimal situation (0% 

perturbation) are shown in figures 7c, 7e and 7g. The difference increases gradually with increasing levels 

of perturbation for back sensor for all directions: up to 0.17 m/s2 in the X-direction, up to 0.15 m/s2 in the 

Y- and Z-direction. There is no consistent correlation to the level of perturbation observed for the seat and 

the transmission sensors after applying the ISO frequency weightings. 

4.3 Amplitude spectra  

The amplitude spectra of the accelerations measured at the seat, the seat back and the transmission are shown 

in figure 8. For the low-pass filtered vibrations in the X-direction, all sensors show the presence of a large 

amount of vibrations in the frequencies lower than 15 Hz in comparison to the Y- and Z-direction. Besides 

that, the vibrations measured at the transmission are dominated by vibrations between 60 and 80 Hz. Those 

higher frequency vibrations are also present in the spectrum of the seat support sensor (mainly in X-

direction), but the amplitude is much lower compared to what is observed for the transmission. 

The increased vibration amplitudes between 60 and 80 Hz are severely attenuated in the amplitude spectra 

of the frequency weighted accelerations that are used for the comfort analysis according to ISO 2631-1. 

There is some content left in the lower frequencies: in the X-, Y-, Z-direction peaks occur lower than 5 Hz, 

3 Hz and between 3 and 15 Hz respectively. 

 

 
Figure 8: The amplitude spectra of low-pass filtered acceleration data and the frequency weighted 

acceleration data according to ISO standard 2631-1 are shown in all directions for back (a, b, c), seat (d, e, 

f), and transmission (g, e, h). In each subfigure, the lower spectra result from low-pass filtered acceleration 

data, the upper spectra result from the frequency weighted acceleration data. In every subfigure, the black 

spectra result from an experiment where controller parameters were suboptimal (100% parameter 

perturbation), the gray spectra result from an experiment where controller parameters were optimal (0% 

parameter perturbation). 

Back Seat Transmission 

Back Seat Transmission 

Back Seat Transmission 
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5 Discussion 

5.1 Low-pass filtered data 

In the amplitude spectra of all sensors, we observed dominant frequencies in the lower frequency bands (< 

15 Hz), mainly in the X-direction during clutch engagement of the 2nd gear. This is consistent with 

literature: Reitz et al. [15] state that forward/backwards vibrations mainly occur between 5-20 Hz. Khaksar 

et al. [9] found dominant frequencies below 10 Hz at the seat support in all directions for experiments with 

a tractor, albeit for a combined influence of excitations during the entire experiment. Ahlin et al. [1] state 

that low frequencies, < 7 Hz, are typically not well damped by the chair, and hence whenever those low 

frequency are measured due to clutch engagement at the transmission, they are undamped transferred to the 

driver’s seat. Indeed, in our result we observe that the lower frequencies are barely damped between the 

transmission and the driver’s seat. At the higher frequencies, we also observed an increased amplitude 

spectrum between 60 and 80 Hz for the transmission sensor in all directions. These higher frequency 

components are also shown in the spectrum (X-direction) of the seat support sensor, albeit to a lesser extent, 

and is barely visible in the spectrum of the back sensor. This suggests that its origin lies within the 

transmission, and that the vibrations are damped when passed to the seat surface, closest to the transmission, 

and even more damped when further passed to the back-rest [1]. Hence, the driver will therefore only be 

limited subjected to the vibrations within this 60-80 Hz frequency range. The results of Khaksar et al. [9] 

also show some increased frequency content mainly in X- and Y-direction between 40 and 50 Hz measured 

by accelerometers at the driver’s seat. Yet, the authors do not discuss this as they focused on the dominant 

low frequencies. Altogether, our data indicate that the gear shifting mainly results in vibrations in the lower 

frequency bands (< 15 Hz), and between 60-80 Hz. 

In the time-domain analysis shown in Figure 6a, we observed the highest combined vibration levels at the 

transmission sensor. Again this is expected as we measure at the source of excitation of the judder whereas 

these vibrations are damped when transferred to the driver’s seat. For the sensors at the driver’s seat, shown 

in Figure 6b, the vibrations in the X-direction (forward/backward) are dominant, whereas at the transmission 

the dominating direction is the Y-direction (lateral). 

For the seat support and back rest sensor, we found that the vibrations levels in the X-direction rise as a 

function of the controller parameter perturbations (see Figure 6c). The rising trend is clearly present when 

the controller parameters are set to optimal versus the suboptimal parameters. In contrast, we observed no 

trend related to parameter perturbation in Y and Z direction. Yet, we measured vibration components both 

in Y and Z-direction, but these vibrations are most likely resulting from other sources of excitation as among 

others the road surface (mainly Z-direction) e.g. [1], [5], [16] or the engine [4], [16]. Hence, we can state 

that the main change in vibrations due to clutch engagement measured at the driver’s seat is observed in the 

forward/backward X-direction. This observation matches with what has been reported in literature regarding 

judder related effects [7], [15]. 

For the transmission sensor, in contrast to the observations at the driver’s seat, we found that the vibration 

levels rise as a function of the controller parameter perturbations in both the forward/backward (X) and 

lateral (Y) directions. The largest vibration levels are measured in the Y-direction. The sensor at the 

transmission is directly subjected to the torsional vibrations which result from the impact between the piston 

and the friction plates. These torsional vibrations are exciting the sensors in the X- and Y-direction. These 

vibrations are passed to the vehicles body, resulting in forward/backward vibrations which are captured by 

the sensors at the driver’s seat. We can state that the main change in vibrations due to clutch engagement 

measured with an accelerometer at the transmission is observed in the forward/backward direction (X) and 

lateral direction (Y).  

Considering the standard deviations at each sensor location, these are up to seven times larger for data 

resulting from the accelerometers at the driver’s seat and seat back than compared to the accelerations 

measured at the transmission. The smaller the standard deviation, the higher the repeatability of the 

experiments. During our experiments, the accelerometer at the transmission appears to capture consistently 

the clutch behavior over repetitions for specific sets of controller parameters. The variability between 
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repetitions can at least partly be ascribed to the interaction with the road as this is not strictly repeatable 

[16]. The large standard deviations as observed for the accelerometers at the driver’s seat indicate an inferior 

repeatability. Again this can be explained by the interaction between the vehicle as well as the movements 

of the drive itself. Altogether, we observed that the best results were obtained by the sensor at the 

transmission itself instead of the sensors at the driver’s seat to monitor the quality of the clutch engagement. 

 

5.2 Comfort filtered data according to ISO 2631-1 

Comparing the amplitude spectra of the low-pass filtered data with the amplitude spectra of frequency 

weighted accelerations for comfort estimation, the amplitudes of the higher frequencies are strongly 

attenuated, as shown in Figure 8. For the lateral (Y) direction of the transmission, barely any frequency 

content remains. The evaluation of the accelerations measured at the transmission gives us insight in the 

transformation of the comfort perception between the source of excitation and the actual driver’s seat. Also, 

we are not studying the comfort during the entire experiment, but specifically want to quantify the comfort 

as perceived during clutch engagement. Related to the time interval under consideration for comfort 

evaluation, the ISO standard does not define the length of the interval, but states that ‘the reactions at various 

magnitudes depend on passenger expectations with regard to trip duration and the type of activities 

passengers expect to accomplish’. Earlier studies stated that the standard is applicable to off-highway 

vehicles [6] to quantify comfort perception. The standard is intensively applied for quantification of comfort 

both in lab setups (overview in [14]) as in outdoors experiments e.g. [9], [16]. However, the standard has 

never been applied to verify whether it can be used to relate the comfort metric to the quality of the clutch 

engagement.  

In the time-domain, frequency weighted vibrations are largest at the back rest sensor instead of at the 

transmission sensor in contrast to the results obtained from the raw data. For the seat support and back rest, 

we can compare the levels of vibration to literature. E.g. Paddan et al. [11] report frequency weighted 

accelerations of 0.53-1.00 m/s2 in the most severe axis of a lift truck; Khaksar et al. [9] found a combined 

metric at the seat support between 0.4-1.6 m/s2 depending on the experimental conditions; Scarlett et al. [16] 

report frequency weighted accelerations between 0.5-0.75 m/s2 at low speed for a tractor; Deboli et al. [5] 

report combined frequency weighted accelerations between 0.15-0.42 m/s2 for a tractor driving on an asphalt 

track via a sensor at the cabin’s floor close to the seat mounting point. Although our results show comparable 

values, there is no evidence about the feasibility of extracting information on the quality of the clutch 

engagement based on the comfort metric. Moreover, we did not find a difference in perceived comfort at 

the seat surface nor at the transmission as a function of perturbation of the controller parameters which is 

an effect of the frequency weighting. We can state that applying the ISO standard for comfort filters at least 

part of the information related to gear shift quality out. Therefore, it is not feasible to relying on the ISO 

comfort metric to identify the clutch engagement quality, but that it is more feasible to rely on the low-pass 

filtered accelerations as discussed in Section 5.1. 

6 Conclusions 

The aim of our study was twofold: analyzing the feasibility of monitoring clutch engagement quality (i) 

based on accelerometers mounted both on the driver’s seat or/and the transmission and (ii) based on comfort 

metrics resulting from frequency weighted accelerometer data after applying ISO standard 2631-1 [8]. 

Our results showed that it is feasible to capture clutch engagement quality based on lowpass filtered  

accelerometer data. Relying on one accelerometer mounted on the transmission is the most promising 

approach given the high repeatability. To quantify the clutch engagement quality, both lateral and 

forward/backward accelerations should be taken into account. If one would choose to rely on accelerometers 

mounted on the driver’s seat despite the lower repeatability, only the forward/backward accelerations should 

be taken into account.  
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In contrast, our results did not show a reliable correlation between the comfort metric defined according to 

ISO standard 2631-1 [8] and the quality of clutch engagement. 

The fact that the quality of clutch engagement can be obtained with one accelerometer placed on the 

transmission, is particularly interesting for manufacturers of transmissions. The monitoring solution can, 

first of all, be used to gain insight in the quality of the clutch engagement. Secondly, it can also be used to 

optimize the working of an automatic transmission of an off-road vehicle to improve the gear shift quality 

and hence increase the comfort perception and reduce health risks of drivers. In the latter case, the 

monitoring system could be integrated in a feedback loop, as presented in the virtual sensor node in figure 

1. Therefore, future work should contain the determination of the relation between the vibration level and 

the perturbation of the controller parameters for all clutches, and merging these results with a dedicated rule-

based algorithm for clutch control as e.g. presented by Witters et al. [18]. 
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