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Abstract

:

The impact of vibrations on health in occupational environments has been extensively studied. Although the effects of vehicle vibrations on driving comfort has been investigated, the literature on the impact of vehicle vibrations on health is scarce. Accordingly, this study aimed to investigate the influence of e-scooter vibrations on driver health by considering both whole-body vibrations (WBVs) and hand–arm vibrations (HAVs). From the perspective of health, vibration zones were defined based on the UNE-2631 and UNE-5349 standards, as well as the European Vibration Directive. Real measurements obtained from an e-scooter acceleration database were used. The results of the study on WBVs show that, on average, 87.54% and 95.47% of non-desirable vibrations are caused by driving an e-scooter on pavers and asphalt, respectively. This shows that ‘potentially non-healthy’ and ‘non-healthy’ vibrations are 25.69% and 61.85%, respectively, when driving on pavers and 85.52% and 12.96%, respectively, when driving on asphalt. Therefore, the WBV levels reached by driving an e-scooter on any pavement could potentially harm health. However, the influence of HAV on the incidence of Raynaud’s syndrome is low. The study results on WBV suggest that future e-scooter designs must be based on a more damped road–driver interface.
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1. Introduction


The impact of vibrations on health in occupational environments has been extensively studied. The progress of vibration-induced health conditions is gradual, typically starting with pain. As vibration exposure continues, pain can develop into an injury or illness. Pain is the first health condition to be resolved to prevent injuries. Savage et al. [1] reviewed whole-body vibrations (WBVs) and their effects on occupational physical performance. Krajnak [2] studied the influence of WBVs and hand–arm vibrations (HAVs) resulting from occupational exposure on health. In 2002, the European Union adopted a vibration directive [3] to define the minimum health and safety requirements for workers exposed to vibrations. Based on existing standards, this directive introduced exposure action and limit values for HAVs [4] and WBVs [5]. The UNE-5349 standard’s definition of HAV has been used in several studies [6,7,8,9]. Deboli et al. [6] analysed the vibrational impact of three handheld olive beaters and obtained values similar to those of industrial tools. Nilsson et al. [7] conducted a systematic review of HAVs with regard to Raynaud’s syndrome. The UNE-2631 standard’s definition of WBVs has been used to analyse the impact of vibration on riding comfort and health. Riding comfort has been analysed in vehicles such as cars [10], trucks [11], motorcycles [12], bicycles [13], and, in recent years, e-scooters as well [14,15,16]. However, published reports on the impact of vehicle vibrations on health are extremely scarce.



Human–machine interactions (HMIs) are becoming increasingly prevalent in daily life. Although the pain and injuries resulting from vibrations have been related to occupational health, the increase in HMIs also increases the exposure to vibrations.



In this regard, an HMI that has continued to increase remarkably in recent years is e-scooter usage. Currently, it is a common means of transport in the quotidian life of millions of people worldwide. As shown in Figure 1, e-scooters have two main entry vibration points for riders: feet and hands.



These aspects have already been considered in occupational health. However, the reason for not applying these standards and limits to other HMIs has not been discussed.



In 2019, Cano-Moreno et al. [17] proposed and subsequently applied a methodology for studying the influence of WBVs on the riding comfort and health of e-scooter drivers. Results showed that for an AB road (very good–good), velocities of 16 and 23 km/h were the limits for comfort and health, respectively. The measured vibrations in e-scooters as reported by different authors [14,15,16] confirmed that e-scooters introduced high levels of vibrations to riders. Most studies analyse vibrations from the point of view of riding comfort. However, studies on the influence of these vibrations on health, considering their transmission through feet and hands, are lacking.



Therefore, a new line of research, in which the aim is to assess the impact of e-scooter vibrations on driver health, is developing. This work analyses the effect of accelerating WBVs and HAVs based on an existing database (https://zenodo.org/record/6977206#.ZJCz4nZByUl, accessed on 10 October 2022) containing real measurements from a widely used e-scooter model.



E-Scooter Trip Duration


To define vibration thresholds, defining vibration exposure time is necessary. In this regard, data reported in literature are used. Hao Li et al. [18] studied dockless e-scooter trips in Washington, D.C. They calculated that the e-scooter usage for two different sharing companies, in the range of 10.4–13.3 min per trip, reaching a maximum trip distance of approximately 1 km. Cornelius and Klaus [19] analysed the traffic behaviour in Germany and found an average trip distance of 10.6 km, varying from 6.4 to 19.5 km. Caspi et al. [20] found a median trip distance and duration of 0.971 km and 6.6 min, respectively, for a study focused near the University of Texas in Austin (Austin, TX, USA). Based on e-scooter trips in Chicago, Mathew et al. [21] calculated a mean duration and distance per trip of 13.86 min and 1.8 km, respectively, and an average speed of 8.78 km/h. Foissaud et al. [22] studied spatial–temporal usage in four European cities (Paris, Malaga, Bordeaux, and Hamburg) and found that the ranges of trip time and distance were 10–14 min and 2–4 km, respectively. Recently, Li et al. [23] presented a study of 30 European cities in relation to shared e-scooter usage. They found that the trip distance values were 0.91 km (Zug) and 1.79 km (Paris), and the median trip duration values were 5.67 min (Zug) and 13.77 min (Paris). Table 1 summarises these studies and their mean values of trip time and distance calculated from the available minimum and maximum values. For the study in Germany [19], the mean time was not available; however, considering that it has the longest mean distance of e-scooter usage per trip, we suppose the mean time to be higher than that reported in the rest of the studies and estimated this value by considering a longitudinal speed of 15 km/h.





2. Materials and Methods


The acceleration database of e-scooters used and the experiment conducted in this study are presented in this section. The criteria and thresholds associated with the regulations for evaluating the effects of vibrations on human health are defined. The standards used were as follows.



	
The WBVs transmitted through the feet are defined according to UNE-2631 [5].



	
The HAVs imparted through the hands are defined according to UNE-5349 [4].






For both studies, the root mean square (RMS) value of the frequency-weighted acceleration (    a   w   )   was first calculated by filtering the original accelerations [5]:


    a   w   =       1   T     ∫  0   T      a   w   2     t   d t         1   2      



(1)




where




	
    a   w   ( t )   is the weighted acceleration in the time domain (  m /   s   2    ), and



	
  T   is the exposure duration (s).








For WBVs, the use of two filters for the longitudinal direction (or movement direction (    W   d    )) and vertical direction (    W   k    ) was necessary. Their transference functions are defined in UNE-2631 [5]. In the case of HAV, the filter indicated in UNE-5349 [4] was applied to the total acceleration received by the hand (    W   h    ). The similarities of the three filters are listed in Table 3 of UNE-8041 [24]. Figure 2 shows a Bode diagram for each filter.



For WBVs, the total vibration values were calculated using Equation (2) based on UNE-2631. In this equation, the weighted accelerations in each direction ((longitudinal (awx), lateral (awy), and vertical (awz)) were also weighted to obtain the total value,     a   v    :


    a   v   =     1.96 ·   a   w x   2   + 1.96 ·   a   w y   2   +   a   w z   2         1   2      



(2)







Meanwhile, the total HAV acceleration,     a   h v    , was calculated as a vector module of weighted acceleration,     a   h w    , in the three directions,   x ,   y , a n d   z   (Equation (3)). These directions correspond to the longitudinal (  x  ), lateral (  y  ), and vertical (  z  ) directions:


    a   h v   =       a   h w x   2   +   a   h w y   2   +   a   h w z   2         1   2      



(3)







The steps for obtaining vibrations values were as follows:




	
Raw time-domain acceleration data were collected from real measurements.



	
Equation (1) was used to obtain frequency-weighted acceleration values for each direction for both WBV and HAV.



	
Equations (2) and (3) were used to weight the acceleration values in three directions for WBV and HAV, respectively.








2.1. Design of Experiment (DoE)


The present study is based on the measured accelerations and longitudinal speeds of an e-scooter. Measurements were obtained by conducting experiments in a real environment. The e-scooter (CityCross model, Infiniton Electronics brand) [25] used is shown in Figure 3.



The e-scooter has 8.5 in inflatable wheels and a 15–20 km range [14]. It can support a maximum weight of 120 kg. The e-scooter was acquired in June of 2021, and the experimental data were collected between November and December of this year. The e-scooter was not used for other purposes except for a little trip to adjust and test the recording equipment beforehand. The data used in this study were collected from a public database indicated hereinbefore. The DoE included three main variables:




	
Two drivers;



	
Two types of pavements, square pavers of 12 cm and asphalt with slight defects (Figure 3);



	
Two speed modes: ECO and MAX.








Each combination was run three times; thus, the database contained 24 datasets for accelerations in the three axes and longitudinal speeds.




2.2. Vibration Thresholds for Health


To evaluate the impact of vibration on health, determining the vibration exposure time was necessary. For this research, each e-scooter user was assumed to have at least two trips per ‘active’ day (‘come and go’). Thus, based on Table 1 (mean time per trip: approximately 16 min), a travel time of 30 min (0.5 h) per e-scooter user was assumed. This assumption is consistent with the number of trips per user (between 1.6 and 3.3) reported by Foissaud et al. [22]. With the vibration exposure time, vibration thresholds were able to be established based on this assumption.



The UNE-2631 standard [5] does not define limits that are similar to the European Directive’s ‘action and limit’. However, it specifies vibration values that must not be exceeded to have no detrimental effect on health; the values are normally associated with a vibration exposure time of 8 h. To compare the vibration limits of different exposure times, two equations proposed in the UNE-2631 standard can be used:


    a   w 1   ·   T   1     1   4     =   a   w 2   ·   T   2     1   4      



(4)






    a   w 1   ·   T   1     1   2     =   a   w 2   ·   T   2     1   2      



(5)




where     a   w 1     and     a   w 2     are the weighted RMS acceleration values for the first and second exposures, respectively, and     T   1     and     T   2     are the durations of the first and second exposures, respectively.



Thus, once the acceleration limit,   A   k    , is known, the corresponding exposure time,   k ( h )  , and the vibration limits associated with the e-scooter acceleration,     a   u s e d    , can be obtained based on the time of daily use of the scooters (  U s e   d   t i m e     ( h )  ). The following equations yield the vibration exposure limits equivalent to the e-scooter exposure time:


    a   u s e d   = A ( k ) ·     k ( h )   U s e   d   t i m e   ( h )     4    



(6)






    a   u s e d   = A ( k ) ·     k ( h )   U s e   d   t i m e   ( h )       



(7)







These equations are described in UNE-2631 [5], as shown in Figure 4.



From Figure 4, the approximate values corresponding to 8 h of exposure are 0.45 and 0.8 m/s2 (green lines) for Equation (4) and 0.5 and 0.9 m/s2 (red lines) for Equation (5). However, the standards indicate that caution must be observed in the zone between 4 and 8 h because most of the occupational observation values in this range of exposure coincide. Thus, if the lowest values (those corresponding to 8 h of exposure) were selected and applied to 4 h of exposure,   A ( 4 )  , the resulting limit values would be more conservative. Given that the European directive is less conservative, the limits of UNE-2631 on WBV were used in this study. However, the limits of the European directive were applied to HAV. Given that the UNE-5349 standard for HAV uses Equation (2) for the   A ( 8 )   equivalence, this equation was also used to calculate the HAV limit. Table 2 summarises the limits used in this study based on the UNE-2631 standard and the European Directive.



Thus, the resulting thresholds were as follows.



	
Acceleration and WBV in the range 0.9–3.6 m/s2 were considered as ‘potentially non-healthy’ WBVs (pn-h zone); when the acceleration exceeded 3.6 m/s2, the WBVs were considered to be in the ‘non-healthy’ (n-h) zone.



	
Acceleration and HAV in the range 10–20 m/s2 were considered as HAVs in the ‘caution’ zone; when the acceleration exceeded 20 m/s2, the HAVs were considered to be in the ‘harmful’ zone.






The foregoing limits were used to define three zones in each study: A, B, and C. Zone A covered the first established limit (0.9 and 10 m/s2 for WBV and HAV, respectively). Zone B included the two selected limits. Zone C referred to vibration values exceeding the highest established limit.



Based on the graphs for each of the 24 records, the points within each zone were added to the two drivers and three repetitions (i.e., six measurements). Then, they were divided by the total number of points of the six measurements to obtain an average percentage of the points that fell in each zone for each speed mode. If   n   p   k i j     was the number of points in zone   k   for each driver   i   and replica   j  , the following was formulated:


  n   p   k i j   = n u m b e r   o f   p o i n t s ∈ ( L i   m     01   k     , L i   m     02   k     ]  



(8)







Thus, the percentage of the number of points in each zone could be calculated using


  % Z o n   e   k   =     ∑  i = 1   i = 2      ∑  j = 1   j = 3    n   p   k i j           ∑  i = 1   i = 2      ∑  j = 1   j = 3      ∑  ∀ k    n   p   k i j            



(9)




where,




	
  i   is the number of drivers (  i = 1 ,   2  );



	
  j   is the number of replicas (    j = 1 ,   2 ,   3  );



	
  k   denotes the zones (  k = A ,   B ,   C  );



	
  L i   m     01   k       is the initial boundary of zone   k  ; and



	
  L i   m     02   k       is the final boundary of zone k.








The vibration level causing 10% of the subjects to exhibit ‘white finger’ or Raynaud’s syndrome after 10 years was considered as another vibration limit.


      D   y     y e a r   = 31.8 ·       A   8       m     s   2           − 1.06    



(10)




where




	
A(8) is the daily exposure equivalent to 8 h of receiving hand vibrations via a contact surface, and



	
    D   y     is the mean duration of total (lifetime) exposure (years).








For example, considering a timeframe of 10 years, the following was obtained:


  A   8   =       31.8     D   y         1.06   =       31.8   10         1   1.06     ≈ 2.98   m /   s   2    



(11)







For a vibration exposure time of 30 min, from Equation (4), the level of exposure to vibrations that could cause white fingers in 10% of the population studied after 10 years of exposure was approximately 12 m/s2. In this study, the mean vibration value of HAV was calculated for each type of pavement and speed mode, including three replicates of each of the two drivers. Accordingly, the average vibration value,   H A   V   m e a n    , was calculated based on the sum of all the obtained values. The graphs for the six cases of each type of pavement and speed mode divided by the sum of the number of points (  n   p   i j    ) for all drivers (  i  ) and the three replicates of   j   are given in Appendix A. Mathematically,   H A   V   m e a n     is defined as follows:


  H A   V   m e a n   =     ∑  i = 1   i = 2      ∑  j = 1   j = 3    H A   V   i j           ∑  i = 1   i = 2      ∑  j = 1   j = 3    n   p   i j          



(12)









3. Results and Discussions


This section presents the main post-processed results using tables and representative values from raw data described in the DoE; the data were processed using MATLAB 2018b. The main graphical results for each of the 24 records for the WBV and HAV filters are presented in Appendix A. The obtained vibration levels are plotted in the space and frequency domains. As an example of the graphical results, Figure 5 shows two main plots. Figure 5a shows the six longitudinal speed profiles for each driver and trip (three replicates per driver). Figure 5b collects the acceleration (    a   u s e d    ) considered for WBV evaluations from the perspective of health and the limits for the pn-h and n-h zones.



3.1. Whole-Body Vibrations (WBVs)


The results related to WBVs were calculated using Equation (9) and are listed in Table 3. The mean value for each type of pavement in each zone and the mean value in each zone considering all both speed factors were also computed.



The overall results show clear WBV levels that are potentially harmful or harmful to health. The mean results show that more than 50% of the HAV levels in Zone B and 37% in Zone C are detrimental. This supposes that e-scooter vibration levels are not adequate from a health point of view. The results show clear differences in the vibrations generated by different pavements. They indicate that driving an e-scooter on pavers is more detrimental to health than driving the e-scooter on asphalt. The mean value of harmful vibration levels increases up to five times on pavers compared to that on asphalt pavements. An analysis of the frequency domain indicates that the main frequencies for the measured accelerations are less than 40 Hz (Figure A9, Figure A10 and Figure A11 in Appendix A). This characterises the vibration frequency spectra and the minimum sample frequency required (i.e., 80 Hz) considering the Nyquist criterion.



Figure 6 shows the contribution of each acceleration component to the acceleration considered for the WBV for each of the 24 cases defined in the DoE. Based on Equation (2), vertical accelerations cause 88.10% of vibrations impacting health. In contrast, the longitudinal and lateral accelerations only cause 6.65% and 5.25% of vibrations affecting health, respectively.




3.2. Hand–Arm Vibrations (HAVs)


The results related to HAVs were calculated using Equation (12) and are listed in Table 4. Similarly, the mean values for each type of pavement in each zone and the mean value in each zone considering both speed modes were calculated.



The results in Table 4 clearly indicate the tendencies of HAV levels. The levels fall within Zone A (outside the caution or action zones), following the threshold recommendations of the European Directive and adapting them to the e-scooter mean exposure time considered (30 min). These results suggest that e-scooter vibrations are not harmful to health from the HAV perspective.



This study has the following limitations: (1) The vibration accelerations in the e-scooter frame are assumed to be the same as those in the handlebar (assuming negligible damping at the handlebar). (2) The frequency of the selected database was 200 Hz; however, UNE-5349 recommends a higher sample frequency. The first limitation is resolved by assuming that even at locations with low vibration levels, the handlebars can damp accelerations by approximately 20% [26]. The second limitation is related to the study of Reynolds et al. [27], who investigated the influence of vibrations at low and high frequencies. They concluded that vibrations exceeding 100 Hz were isolated by hands and fingers. This result is consistent with the values shown in Figure A9 and Figure A10 considering the accelerations investigated in the frequency domain; that is, the amplitude remarkably decreases starting from 40 Hz. Considering both limitations, the result establishes the first reasonable analysis of the influence of e-scooter on HAVs.



Figure 7 aids in understanding how each acceleration component contributes to the acceleration considered in the HAV (i.e.,     a   h v    ) given by Equation (3). Here, vertical acceleration is the main component (85.72%). However, accelerations in the longitudinal and lateral directions (8.38% and 5.9%, respectively) are more relevant.



Raynaud Syndrome


Chronic exposure of hands to vibration can cause Raynaud’s syndrome [28], also called HAV syndrome. It affects the blood vessels, nerves, muscles, and joints of the hands, wrists, and arms. Its well-known effect is vibration-induced white finger, a term introduced in the United Kingdom by the Industrial Injury Advisory Council in 1970 [29]. Injury can occur at frequencies in the range 5–2000 Hz; however, the fingers are at a greater risk when the vibration frequency is 50–250 Hz [30]. As mentioned earlier, some authors [27] have concluded that hands and fingers isolate vibrations at frequencies exceeding 100 Hz.



Table 5 summarises the number of years that must pass before Raynaud’s syndrome can be observed in 10% of the studied population considering an exposure time of 30 min/d and mean HAV levels.



The foregoing results indicate that for the selected hand vibration exposure time of 30 min, the use of e-scooters is not a relevant cause of Raynaud’s syndrome as at least 25.9 years of e-scooter riding at maximum speed through a paver pavement must pass before the syndrome can occur. These values also have the same limitations in terms of sampling frequency and handlebar considerations. If handlebar damping is considered, the imparted vibration can further decrease. Evidently, this type of vibration has an insignificant effect on the health of hands and arms.






4. Conclusions


The impact of e-scooter vibrations on driver health was investigated based on real measurements of the acceleration and longitudinal speed of an e-scooter model. The study focused on the impacts of WBV and HAV based on the European Vibration Directive criteria.



Based on the UNE-2631 and UNE-5349 standards, as well as the European Vibration Directive, vibration zones were defined from a health perspective. The thresholds of these zones are based on statistics and research in which the daily vibration exposure time of a driver of a common e-scooter is 30 min.



With regard to WBV, the study results show mean percentages of 87.54% and 95.47% of non-desirable vibrations for e-scooter riders driving on pavers and asphalt, respectively. This shows that ‘potentially non-healthy’ and ‘non-healthy’ vibrations are 25.69% and 61.85%, respectively, when driving on pavers and 85.52% and 12.96%, respectively, when driving on asphalt. This leads to the conclusion that the WBV levels reached when riding an e-scooter on any type of pavement are potentially harmful to health and invariably harmful when driven on pavers.



The study of vibration impact on the hands considered HAV and the incidence of Raynaud’s syndrome. In both cases, the threshold and vibration levels obtained suggest that e-scooter vibrations do not cause significant health problems in the hands and arms.



The results indicate that the mechanical design (mainly wheels and damping systems) of e-scooters must be improved to mitigate the impact of WBVs on health. From a health perspective, damping is mainly required in the vertical direction because the contribution of acceleration in this direction for WBV and HAV is approximately 90%. Improvements could also be guided by formulating appropriate policies and requirements for e-scooter models.



As a limitation, the accelerations for the hands must be measured only when handlebar damping is considered. This reinforces the conclusion that e-scooter vibrations have an extremely low impact on hand health. We will examine this aspect and increase the sample size in future studies. Other planned future work is related with studying the influence of real roughness on e-scooter vibrations, in line with other studies [31]. In addition, we are going to study the sensibility of different mechanical and dynamical properties on e-scooter vibrations and measuring vibrations in new e-scooter models.
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Appendix A


Appendix A.1. Whole-Body Vibrations on Time Domain
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Figure A1. Speed profile (I) and WBV vibrations for 2 s RMS, pavement A, and mode ECO. 






Figure A1. Speed profile (I) and WBV vibrations for 2 s RMS, pavement A, and mode ECO.
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Figure A2. Speed profile (I) and WBV vibrations for 2 s RMS, pavement A, and mode MAX. 






Figure A2. Speed profile (I) and WBV vibrations for 2 s RMS, pavement A, and mode MAX.
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Figure A3. Speed profile (I) and WBV vibrations for 2 s RMS, pavement B, and mode ECO. 






Figure A3. Speed profile (I) and WBV vibrations for 2 s RMS, pavement B, and mode ECO.
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Figure A4. Speed profile (I) and WBV vibrations for 2 s RMS, pavement B, and mode MAX. 






Figure A4. Speed profile (I) and WBV vibrations for 2 s RMS, pavement B, and mode MAX.
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Appendix A.2. Hand–Arm Vibrations
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Figure A5. Speed profile (I) and HAV vibrations for 2 s RMS, pavement A, and mode ECO. 






Figure A5. Speed profile (I) and HAV vibrations for 2 s RMS, pavement A, and mode ECO.
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Figure A6. Speed profile (I) and HAV vibrations for 2 s RMS, pavement A, and mode MAX. 






Figure A6. Speed profile (I) and HAV vibrations for 2 s RMS, pavement A, and mode MAX.
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Figure A7. Speed profile (I) and HAV vibrations for 2 s RMS, pavement B, and mode ECO. 






Figure A7. Speed profile (I) and HAV vibrations for 2 s RMS, pavement B, and mode ECO.
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Figure A8. Speed profile (I) and HAV vibrations for 2 s RMS, pavement B, and mode MAX. 






Figure A8. Speed profile (I) and HAV vibrations for 2 s RMS, pavement B, and mode MAX.
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Appendix A.3. E-Scooter Accelerations on Frequency Domain




[image: Machines 11 00761 g0a9 550] 





Figure A9. Vertical accelerations in the frequency domain [16]. 






Figure A9. Vertical accelerations in the frequency domain [16].
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Figure A10. Longitudinal accelerations in the frequency domain [16]. 






Figure A10. Longitudinal accelerations in the frequency domain [16].
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Figure A11. Lateral accelerations in the frequency domain. 






Figure A11. Lateral accelerations in the frequency domain.
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Figure 1. E-scooter vibration scheme. 






Figure 1. E-scooter vibration scheme.
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Figure 2. Frequency filters for WBV (    W   d     and     W   k    ) and HAV (    W   h    ). 
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Figure 3. Selected e-scooter model and pavements used. 
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Figure 4. Health limits curves defined in UNE-2631 [5]. 






Figure 4. Health limits curves defined in UNE-2631 [5].



[image: Machines 11 00761 g004]







[image: Machines 11 00761 g005 550] 





Figure 5. (a) Speed profile (I) and (b) WBVs (RMS: 2 s; pavement type: A; mode: MAX). 
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Figure 6. Acceleration components distribution in WBV. 
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Figure 7. Distribution of HAV acceleration components. 
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Table 1. E-scooter mean time and distance per trip.






Table 1. E-scooter mean time and distance per trip.





	Reference
	Location
	Mean Time (min)
	Mean Distance (km)





	Hao Li et al. [18]
	Washington D.C.
	11.7 *
	1.0



	Cornelius et Klaus [19]
	Germany
	42.4 *
	10.6



	Caspi et al. [20]
	Texas
	6.6
	1.0



	Mathew et al. [21]
	Chicago
	13.8
	1.8 *



	Foissaud et al. [22]
	Europe
	12 *
	2.5 *



	Li et al. [23]
	Europe
	9.7 *
	1.4 *







* Calculated values.
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Table 2. E-scooter vibration thresholds from health perspective.
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Criteria

(Equation)

	
Mathematical Expressions

	
    k    

	
    Lim   1  A ( k )    

	
    Lim   2  A ( k )    

	
    Lim   1  A ( 0.5 )    

	
    Lim   2  A ( 0.5 )    






	
WBV

	
UNE-2631

(Equation (6))

	
     a   u s e d   = A   k   ·     4   0.5     4   = 2 · A ( k )   

	
4

	
0.45

	
0.8

	
0.9

	
1.6




	
UNE-2631

(Equation (7))

	
     a   u s e d   = A   k   ·     4   0.5      = 4 · A ( k )   

	
4

	
0.5

	
0.9

	
2

	
3.6




	
HAV

	
European Directive

(Equation (7))

	
     a   u s e d   = A   k   ·     8   0.5      = 4 · A ( k )   

	
8

	
2.5

	
5

	
10

	
20
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Table 3. Average WBV levels per WBV zone.
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Pavement

	
Speed Mode

	
Zone A

(0–0.9 m/s2)

	
Zone B (pn-h)

(0.9–3.6 m/s2)

	
Zone C (n-h)

(3.6–∞ m/s2)






	
Type A: Pavers

	
ECO

	
13.89%

	
30.00%

	
56.11%




	
MAX

	
11.03%

	
21.38%

	
67.59%




	

	
Mean value (A)

	
12.46%

	
25.69%

	
61.85%




	
Type B: Asphalt

	
ECO

	
4.22%

	
90.30%

	
5.49%




	
MAX

	
4.84%

	
74.73%

	
20.43%




	

	
Mean value (B)

	
4.53%

	
82.52%

	
12.96%




	

	
Mean value (A and B)

	
8.50%

	
54.10%

	
37.41%
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Table 4. Average HAV levels per HAV zone.
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Pavement

	
Speed Mode

	
Zone A

(0–10 m/s2)

	
Zone B (Caution)

(10–20 m/s2)

	
Zone C (Harmful)

(20–∞ m/s2)






	
Type A: Pavers

	
ECO

	
100%

	
0%

	
0%




	
MAX

	
99.31%

	
0%

	
0%




	

	
Mean value (A)

	
99.66%

	
0%

	
0%




	
Type B: Asphalt

	
ECO

	
100%

	
0%

	
0%




	
MAX

	
100%

	
0.54%

	
0%




	

	
Mean value (B)

	
100%

	
0.27%

	
0%




	

	
Mean value (A and B)

	
99.83%

	
0.62%

	
0%
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Table 5. Average WBV levels for evaluating Raynaud’s syndrome.
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Pavement

	
Speed Mode

	
HAV

Mean Value

(m/s2)

	
A(8)

(m/s2)

	
Dy

(Years)






	
Type A: Pavers

	
ECO

	
4.2514

	
1.06

	
30.0




	
MAX

	
4.9765

	
1.24

	
25.9




	

	
Mean value (A)

	
4.61

	
1.15

	
27.8




	
Type B: Asphalt

	
ECO

	
2.3436

	
0.59

	
52.7




	
MAX

	
3.1539

	
0.79

	
39.8




	

	
Mean value (B)

	
2.75

	
0.69

	
45.3




	

	
Mean value (A and B)

	
3.68

	
0.92

	
43.93
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