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Abstract

:

In the event of a road accident, a quick intervention is crucial. The mobile emergency services take care of patients whose condition requires an emergency repatriation to a hospital, by land in an ambulance or by air in a helicopter. The main criteria for choosing the means of transport are the time required for repatriation and the patient’s more or less critical state of health. Do the vehicle dynamic effects endured by the transported patient have an influence on their health condition? Vehicle dynamics data were recorded with a road data recorder for a period of 3 months, under real conditions of patient repatriation to a hospital; 39 trips were recorded by ambulance and 29 trips by helicopter. Significant differences in speed (average 42 versus 202 km/h) and distance travelled (average 23 versus 85 km) were observed. The sustained effects are similar in helicopters and ambulances. The ambulance causes more abrupt variations in longitudinal and transversal directions, whereas the helicopter has more variations in vertical direction. The vibration level in helicopters is higher than in ambulances. These results can be considered as a first reference baseline for establishing a characterization of transported patients’ exposure to vehicle dynamics.
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1. Introduction


In a road accident, response speed of the rescue services is essential. The quicker the victim is assessed, the quicker the injuries are treated, and the better are the chances of survival [1]. In general, during the management of a trauma patient, increased mortality is induced when the pre-hospital phase exceeds 1 h [2]; this is known as the “golden hour” [3]. The first phase of the rescue is related to alert, which can be reduced by 40% in urban areas and 50% in rural areas with the new eCall systems [4]. The benefits of such a system are mainly based on a faster transmission of essential initial information about the accident, such as the type of accident and the precise location, which allows for a faster arrival of the rescue team at the scene. A Finnish prospective study estimated that such a system deployed in Finland could reduce road fatalities by 4–8% and deaths of motor vehicle occupants by 5–10% [5]. After the arrival of the emergency services and their assessment of the injuries and possible stabilization of the victim at the scene, the second phase of the intervention consists in transporting the patient or injured person to a hospital as quickly as possible. This phase is also decisive. It is of the utmost importance to choose a means of transport that is fast and adapted to the transportation of people in a deteriorated state of health.



In France, the Mobile Emergency and Resuscitation Service (SMUR) takes care of patients whose condition requires an emergency repatriation to a hospital, by land in an ambulance or by air in a helicopter. The main criteria for choosing the means of transport are the repatriation time, when it can be greatly reduced by helicopter compared to an ambulance, and the patient’s more or less critical state of health. Helicopter transport is recommended for all pathologies where the time factor has a real impact on medical and therapeutic management [6]. According to some studies, the air transport of an adult patient with a major trauma significantly increases his chances of survival compared to land transport [7,8,9,10]. Other studies indicate that being transported by an air medical service does not have a positive impact on survival [11,12,13,14]. Some studies even show that air transport can be counterproductive for the patient’s health status and that although there are indications for the use of helicopters, there are just as many medical contraindications and even more unjustified indications [15]. The methodological weakness of the available literature, and the considerable heterogeneity of effects and study methodologies, mean that no precise estimation of the benefit of helicopter transport is available [16,17].



The consequences of the type of transport have been studied from a global point of view and are the result of multiple factors related to the transport time and the condition of the patient, and the various treatments provided on the spot or during transport. However, do the vehicle dynamics on the transported patient have an influence on their health status? A study by Zhu et al. [18] showed that rats subjected to even small accelerations of the order of + or −2 m/s2 experienced an instantaneous increase in blood pressure of 1 point on average. This cardiovascular response caused by dynamic linear acceleration in conscious rats is similar to what can be observed in humans. Earlier work had shown that linear acceleration could cause rapid changes in heart rate and blood pressure in humans [19,20,21].



If the dynamic loads of the vehicle have an influence on the health status of the transported patient, it is important to acknowledge the differences in vehicle dynamics between an ambulance and a helicopter. The dynamic exposure with these emergency means of transport, both land and air, have been little studied to date. In the work of Bouchut et al. [22], the vibrations generated by an ambulance and a helicopter transport were compared for newborns transported by a French specialized emergency medical service. This study found that land ambulance transfers are characterized by a succession of numerous dynamic peaks, whereas helicopter transfers generate whole-body vibrations and a higher noise, usually with a gradual and predictable onset.



The aim of the study is to measure the levels of loads induced by the transport of injured or sick people in ambulances and helicopters, to evaluate their differences, and thus to provide objective elements to help to choose a preferred means of transport. For a land vehicle, the parameters of the vehicle dynamics are characteristic of the vehicle itself, the driving profile of the driver and the type of roads used [23,24]. For a helicopter, the dynamic behavior is related to complex physical mechanisms in terms of pitch attitude and stability, and is variable depending on the trajectory, the weather conditions and to a lesser extent on the pilot. Hence, it appears important to measure the dynamic behaviors of the vehicles in real-life conditions during the repatriation of patients or injured people to a hospital. The influence of vehicle dynamics effects on the human body depends on the intensity, speed of onset and direction of accelerations, which can be classified into three general categories: sustained (lasting more than 2 s), transient (between 0.3 s and 2 s) and vibratory (less than 0.3 s). The main useful measurements are accelerations, which can be made in all three directions, longitudinal, transversal and vertical, but can be supplemented by measuring roll, pitch and yaw rates, particularly for transient loading.




2. Materials and Methods


2.1. Experimentation


Vehicle dynamics data were recorded in the area around Marseille at the APHM (Assistance Publique des Hôpitaux de Marseille) for a period of 3 months, under real conditions of patient repatriation to a hospital; 39 trips were recorded with a Citroën Jumper ambulance driven by several ambulance paramedics and 29 trips with an AC 135 T1 helicopter (Airbus helicopters, Marignane, France) and a single pilot.



The data collected during this experiment were recorded on a voluntary basis by the driver and the pilot, as the recording was deactivated by default. Only the actual driving or flying phases for a patient repatriation to the hospital were kept. Location and time-stamp data were not recorded for confidentiality reasons: only day/night information was known. For each trip, the severity of the patient’s condition was unknown.




2.2. Recording System


For data collection, an “EMMA2” recorder (Onboard Recorders of Accident Mechanisms version 2, Figure 1) was used for both experiments. Designed and developed at the Accident Mechanisms Laboratory [25,26], this device served as an inertial unit, and recorded longitudinal (along the X axis, Figure 2), transversal (along the Y axis) and vertical (along the Z axis) accelerations, as well as the angular velocities of rotation around the same axes, namely respectively: roll speed, pitch speed and yaw speed. These data were acquired at a frequency of 100 Hz. The vehicle speed was also recorded by the device at a frequency of 1 Hz via a GPS. The recording unit was fixed as close as possible to the vehicles’ center of gravity on a flat, horizontal surface. A sensor reset procedure was carried out at the beginning of the experiment with the vehicle at rest.




2.3. Data Processing


The vertical accelerations from the recording system are automatically corrected for gravity, and at rest are centered on 0 and not on −9.81 m/s2. The first pre-processing of the data consisted in correcting the acceleration offsets for some ambulance trips. Acceleration filtering was also necessary to attenuate the measurement noise and vibrations in order to study the real loads related to the vehicle movements. These vibrations are oscillations with a frequency of more than 30 Hz and are caused by the motorization of the vehicle itself, by the turbines, and the rotation of the helicopter blades. In the case of the ambulance, these vibrations are due to the contact between the tire and the road surface. A specific study allowed the comparison of these vibration levels and helped to determine the appropriate filtering for each vehicle. The calculations are based on the measured raw accelerations. Two indicators were calculated for all the trips of each vehicle:




	
A simple indicator of the vibration level suitable for this type of acceleration recording is the average of the absolute value of the difference between the raw and filtered acceleration. This calculation allows keeping only the part of the signal that is unrelated to the dynamic behavior of the vehicle. Formula (1) corresponds to the longitudinal acceleration; it is to be used for the other accelerations, and for the acceleration norm.



	
An indicator based on root mean square (RMS) accelerations of signals, which are often used to monitor the overall vibration level of a mechanical system and are interesting because they do not increase with isolated peaks in the signal [27]. They are calculated per time interval and measure the oscillatory content of the acceleration data [28]. The RMS of the raw accelerations were calculated over consecutive 1s periods (100 points at 100 Hz) and then globally averaged over all trips for each vehicle. Formula (2) corresponds to the longitudinal acceleration and was applied to the other accelerations. An overall root mean square value is calculated according to Formula (3).










   M x  =    |    Acc  X  −   Acc  X  f  |   ¯   



(1)






    RMS  x  =      (  1 / 100  )    ∑  1  100     Acc  X    2     ¯   



(2)






  normRMS =     RMS  x    2  +   RMS  y    2  +   RMS  z    2     



(3)







Apart from the global kinetic variables of the trips such as distance travelled, average speed and travel time, the characteristic quantities of the vehicle dynamics were compared: GPS speed, the three filtered accelerations (AccX, AccY, AccZ) and their norm (NormAcc), the three rotation rates (ωX, ωY, ωZ) and their norm Normω. The norms are calculated each time according to Formulas (4) and (5).


  NormAcc =     Acc  X    2  +   Acc  Y    2  +   Acc  Z    2     



(4)






   Norm ω  =    ω X    2  +  ω Y    2  +  ω Z    2     



(5)







As for the comparison of the sustained and transient dynamic loading levels experienced by the vehicles, spectra of each parameter were calculated, representing for all trips the time spent in each loading level, with intervals of 5 km/h for speed, 1 m/s2 for accelerations (filtered), and 10°/s for rotation rates. Acceleration peaks greater than 3 m/s2 with a duration greater than 0.3 s were counted for all three directions.





3. Results


3.1. Kinetic Characteristics of the Trips


The 39 ambulance trips correspond to a total driving time of 14 h and a total distance of 900 km. The 29 helicopter trips totaled 12 h of driving time and 2500 km. The average duration of ambulance and helicopter trips was similar (21 min/25 min) but with a greater disparity for the ambulance: journey times between 4 min and 2 h 10 min for the ambulance and between 10 min and 1 h for the helicopter. The difference in standard deviation of the travel times reflects this difference (Table 1). The distances travelled by helicopter are on average 3 to 4 times higher than by ambulance, with an average speed 5 times higher, close to 200 km/h in helicopters against 42 km/h in ambulances.




3.2. Vibrations and Acceleration Filtering


For all 39 ambulance trips and 29 helicopter trips, the calculation of the vibrations with the three accelerations was undertaken using the difference between the raw signal and the 10-point rolling average filtered signal on the one hand and the root mean square of the signal on the other hand. The vibration levels are thus estimated by taking the global average of each of these two variables, and are illustrated in Figure 3 by considering the longitudinal acceleration for one trip of each vehicle. As for the ambulance, variations in the vibration level can be observed during a journey, depending on the roads taken and the speeds used, while for the helicopter the vibration level is quite constant in the stabilized phase and significantly higher than in the take-off and landing phases. The difference in vibration levels between the two vehicles can be clearly seen in the longitudinal acceleration of the two trips: there is significantly more vibration in the helicopter.



Table 2 of the results for the two types of calculations, for the three accelerations and the standards confirm that the vibration level is higher in the helicopter than in the ambulance. It is about three times higher using the first calculation in all directions, and between 1.7 and 2.7 times higher using the second calculation, except for transversal acceleration, where the vibration level is closer between the two vehicles.



For the study of the overall vehicle loads, a 10-point rolling average filter was applied to the ambulance accelerations and a 30-point rolling average filter to the helicopter accelerations, to account for the differences observed and evaluated earlier. The corresponding filters for the three accelerations are shown in Figure 4 for two 100 s periods of an ambulance trip and a helicopter trip.




3.3. Examples of Trips


The signals of two trips of about 20 min, one by ambulance, the other by helicopter, are shown in Figure 5 and Figure 6. The ambulance journey is quite typical, with probably some time on the highway, where the speed is around 120–130 km/h, preceded and followed by periods at lower speed, below 70 km/h, with frequent stops, potentially in urban or suburban areas. During these non-highway periods, longitudinal and transversal accelerations are highly variable, with braking, acceleration and directional changes distinctive of an urban trip. Yaw rate is also highly variable during these periods as it characterizes changes in direction and cornering.



The helicopter trip is also typical, although among the fastest, with a take-off, an almost stabilized speed period around 260 km/h and a final landing. The take-off and landing phases are particularly noticeable in the longitudinal acceleration, which after take-off remains stabilized at around −1 m/s2 due to the pitch attitude. The pitch attitude is the angle between the longitudinal axis of the helicopter and the horizontal plan. The helicopter attitude control is the action undertaken by the pilot to maintain a steady attitude. The other parameters are quite stable except during the take-off and landing phases. In the ambulance, there is more vibration in vertical acceleration than in the other types of accelerations, even after filtering.




3.4. Speed


The speed distributions for all trips are compared in Figure 7. Most of the time spent in motion is spent at very different speeds. In ambulance, there are two main speed levels, around 30 km/h and around 110 km/h, which correspond to trips in urban areas and on high-speed roads or highways. The most frequent cruising speeds in helicopters are situated in a 210–245 km/h range. It should also be noted that 11.5% of the time is spent between 0 and 5 km/h in an ambulance, compared to only 5% of the time in a helicopter. This time spent at low or no speed corresponds to frequent stops of the ambulance due to traffic, red lights and other stopping requirements, despite the possible use of the siren. The helicopter is not subject to the same constraints and its speed remains much more stable during a journey, apart from the take-off and landing phases.




3.5. Sustained Acceleration


These differences in speed levels translate into different acceleration levels. In a land vehicle, longitudinal acceleration translates into positive values for vehicle acceleration and negative values for deceleration or braking. The transversal acceleration corresponds to the loads of cornering or changing direction at intersections, with positive values for left-hand turns and negative values for right-hand turns. The vertical acceleration reflects the vertical load caused by road layouts or defects, such as speed bumps or potholes, and is influenced by the longitudinal profile of the road. In a helicopter, due to the vehicle’s pitch attitude, acceleration and braking are characterized by longitudinal acceleration, but also partly by vertical acceleration. In the case of turning, the acceleration is partly transversal and vertical, as the helicopter leans to the side. Therefore, it is interesting to compare the three accelerations of the two types of vehicle but also the norm of the accelerations in order to gain an overall idea of the differences in loading. Figure 8 shows the comparison of the time spent in each acceleration level.



These graphs highlight the different position of the two vehicles in space and, in particular, the forward leaning, or pitch attitude, of the helicopter which results in a shift in the longitudinal acceleration spectrum centered around −1 m/s2 for the helicopter, whereas that of the ambulance is centered around 0. In terms of transversal acceleration, there is very little acceleration beyond +/−1 m/s2 (0.3% of the time) in the helicopter whereas in the ambulance it is about 6% of the time beyond 1 m/s2 (left turns) and 6.5% of the time beyond −1 m/s2 (right turns). In terms of vertical acceleration, by contrast, the ambulance is only slightly above +/−1 m/s2, 1% of its time, while the helicopter spends 11% of its time above +/−1 m/s2. There are globally more vertical stresses in helicopters, but part of them can be a transfer of the longitudinal acceleration.



The figures for the accelerations norm distribution, which allows comparison of the overall load levels, are shown in Table 3. Both types of vehicle generate overall acceleration loads above 2 m/s2 only 2.5% to 2.9% of the time. The only important difference between the two vehicles is below 2 m/s2: the helicopter generates more solicitations between 1 and 2 m/s2, 56% of the time, while in the ambulance this acceleration level is reached only 22% of the time. This difference in moderate and not in high acceleration is mainly due to the helicopter’s pitch attitude, which generates a sustained acceleration around −1 m/s2. The higher level of vibration in the helicopter, especially on vertical acceleration, can also partly explain this difference, as the filtering is identical for the three accelerations of the same vehicle, and it did not necessarily remove all the noise in the three directions.



The ambulance and helicopter are, therefore, rarely subjected to medium or high loads. In order to better evaluate and compare the transient phases with loads related to sudden changes in vehicle orientation, the levels of rotation rates were studied, as well as the acceleration peaks higher than 3 m/s2 lasting more than 0.3 s.




3.6. Transient Loads


3.6.1. Rotation Rate


The rotation rates are characteristic of the transient phases of pitching (acceleration or hard braking), rolling and yawing (turns). As shown in Figure 9, none of the vehicles experiences a roll speed above 10°/s. However, in the ambulance a level of pitch and yaw rates between +/−10 and +/−20°/s is reached 4.5% of the time, which is almost never the case in the helicopter (0.5% of the time). Table 3 shows that overall, the helicopter only reaches a rotation rate level above 10°/s 0.8% of the time, while the ambulance experiences rotation rates of this level about 4.7% of its travel time, i.e., almost six times more often.




3.6.2. Acceleration Peaks


The maximum values of acceleration, braking, transversal and vertical acceleration peaks, positive or negative, were counted when they exceeded 3 m/s2 over a duration of more than 0.3 s, by counting together the peaks closer to 2 s. This limit value of 3 m/s2 was chosen because, overall, no situation of high acceleration, beyond 6 m/s2 was observed even rarely, whereas it occurs in natural driving (see discussion). Figure 10 presents the results. Longitudinal and transverse acceleration peaks are detected in ambulances in 9 out of 39 trips, with only one braking situation, 8 strong acceleration situations and 33 strong transversal acceleration situations. In helicopters, peaks are observed only in vertical acceleration. There were 50 peaks identified on 14 out of 29 trips. In an ambulance, the maximum value reached is 5.5 m/s2, with an average of 3.4 m/s2 in longitudinal and 4.3 m/s2 in transversal acceleration, and in a helicopter, the maximum value is 6.3 m/s2, with an average value of 4.9 m/s2 in positive vertical acceleration and −4.4 m/s2 in negative vertical acceleration.






4. Discussion


The ambulance/helicopter differential is less than might have been expected, particularly in terms of transient loads. However, it should be noted that overall, ambulance driving seems to be smoother than average car driving. According to two studies of natural driving [23,29], car drivers experience longitudinal accelerations (positive and negative) greater than 3 m/s2 between 0.4 and 0.5% of their time, and lateral accelerations greater than 3 m/s2 about 2% of the time. As for the ambulance, the corresponding percentages are 0.03% longitudinal and 0.2% lateral, i.e., more than 10 times less. It seems that paramedics drive more quietly, probably because they adapt their driving to the transport of sick or injured people in a deteriorated state of health. They have to make a compromise between the urgency of the transfer and the need not to shake the passenger too much.



As the levels of sustained and transient dynamic loads and vibration vary with the type of transport and with the flight or driving conditions, it would be interesting to assess the differences between the various models of ambulances and helicopters that make up the current fleet. This would make it possible to study which vehicle models are the least harmful and most comfortable for the patient. The dynamic loads are also highly dependent on the driver and, to a lesser extent, on the helicopter pilot. An experiment with a larger panel of drivers and pilots would be useful to estimate the driving dispersion induced by this type of transport and to make recommendations on the most favorable driving style for safe transport. The study could also be extended to other routes in other regions, with different types of road networks such as a mountainous road network, which is naturally different from urban and interurban networks in terms of vehicle dynamics. The comparison between ambulance and helicopter could thus be generalized, giving a more complete overview of the current technologies used daily by emergency services, and leading to avenues for improvement in the future.



This study confirmed that the vibration level resulting from helicopter transport is significantly higher than the vibration level of ambulance transport, but the relationship between vibration dose and health effects on the patient remains to be assessed. Existing studies on vibration exposure in a helicopter, such as those by Tamer [30] and Kasin et al. [31], consider that the pilots are exposed to hours of flying, thus much longer than transported patients, but they are still healthy unlike the latter. A more precise study of whole-body vibration exposure should be carried out according to the method defined in ISO 2631-1. Exposure times, maximum RMS values, and other specific variables calculated from accelerations in all three directions should be considered and the results compared to the standard values to determine the level of discomfort. The effects on a patient’s degraded health status would still be very difficult to assess. In addition, the possible presence of a vacuum mattress, which reduces the effects of vibrations on the body, should also be considered.




5. Conclusions


Carried out in collaboration with the French mobile emergency services, this study highlights the differences between the dynamic exposure of a patient during transport by ambulance and during transport by helicopter.



First of all, it should be noted that the speeds used during interventions are obviously much higher in helicopters and the distances covered are greater on average. For journey times that are close on average, speed variations are much greater in ambulances.



In terms of global sustained loads, the only notable difference is observed at the level of moderate accelerations: the helicopter generates sustained accelerations between 1 and 2 m/s2, i.e., 56% of the time, while in ambulance this level of acceleration is reached only 22% of the time. The main reason for this is the maintenance of a pitch attitude for the helicopter in stabilized flight, which generates a set longitudinal acceleration around −1 m/s2.



As for transient driving or piloting situations, a difference in rotation rates is observed. The ambulance reaches a rotation rate level higher than 10°/s almost six times more often, corresponding to 4.7% of the time, while the helicopter reaches this level only 0.8% of the time. The analysis of the acceleration peaks nuances this result. Only the ambulance induces high longitudinal and transversal accelerations occasionally, but vertical acceleration peaks of the same level or even higher are observed in helicopter, and these more frequently.



The vibration level is clearly higher in helicopters than in ambulances (between 1.7 and 3 times higher according to the calculation) except in transversal direction where the vibration level is closer between the two vehicles.



The loadings are, therefore, of the same overall level in helicopter and in ambulance, especially in terms of sustained acceleration. The ambulance causes more abrupt variations in longitudinal and transverse directions and the helicopter more in vertical directions, with a higher vibration level. This could have different consequences on the condition of the patients being transported depending on the type of injury or disease and their position in the vehicle. These results can be considered as a first reference basis to establish a characterization of the vehicle dynamics encountered by the transported patients.



In addition to the work presented in this article, a study is currently underway, based on a recent experiment with Puma and Caiman military helicopters used in conditions equivalent to the repatriation of war wounded. The results of this study will make it possible to compare the dynamic exposure of repatriated wounded in a military conflict situation with those recorded in helicopters under civilian repatriation conditions.



Once the levels of loads and vibration have been observed and evaluated, it remains to study their influence on the state of health of a patient or an injured person. A literature review by Araiza et al. [32] points out that certain contraindications may be negatively impacted by the higher altitude changes in air transport, especially hemorrhagic cerebrovascular accident (CVA), pneumocephalus, barotrauma, pneumothorax, pneumoperitoneum, and any type of recent surgery within a seven-day time frame. Carchietti et al. [33] also showed that vibrations may facilitate bleeding and worsen the prognosis of patients with pelvic fractures transported by helicopter emergency medical services. A study was recently carried out as a continuation of the present experiment with the aim of estimating whether the levels of loads commonly experienced by patients in ambulances have a negative influence on their state of health. The objective of this track experiment was to evaluate the influence of vehicle dynamics on patient physiological constants based on track tests with an ambulance and animals in a degraded state of health (by different levels of exsanguination). The tests were calibrated so that the stresses experienced by the ambulance were equivalent to those observed in real conditions and detailed in this study.
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Figure 1. EMMA2 recording device. 
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Figure 2. Coordinate system used for vehicles (ambulance and helicopter). 
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Figure 3. Examples of calculation of vibrations on longitudinal acceleration—ambulance trip (top), helicopter trip (bottom). 
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Figure 4. Acceleration filtering in ambulance and helicopter—examples over 100 s periods. 
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Figure 5. Vehicle dynamics parameters recorded during an ambulance trip—speed, filtered accelerations, rotational rates. 
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Figure 6. Vehicle dynamics parameters recorded during a helicopter trip—speed, filtered accelerations, rotational rates. 
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Figure 7. Speed distribution of ambulance and helicopter. 
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Figure 8. Comparison of acceleration levels in ambulance and helicopter. 
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Figure 9. Comparison of rotation rate levels between ambulance and helicopter. 
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Figure 10. Number (total, spaced more than 2 s apart) and maximum values of acceleration peaks for the relevant trips. 
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Table 1. Trips characteristics—ambulance (39), helicopter (29).
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Vehicle

	
Minimum

	
Maximum

	
Standard Deviation

	
Average






	
Duration

[hh:mm:ss]

	
Ambulance

	
00:03:59

	
02:08:16

	
00:27:10

	
00:21:13




	
Helicopter

	
00:09:41

	
00:59:38

	
00:11:28

	
00:24:53




	
Distance

[km]

	
Ambulance

	
0.4

	
212.0

	
46.0

	
23.2




	
Helicopter

	
21.3

	
209.3

	
42.9

	
85.3




	
Speed

[km/h]

	
Ambulance

	
0

	
162

	
28.4

	
42.4




	
Helicopter

	
0

	
533

	
23.8

	
201.7
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Table 2. Vibration levels in ambulance, helicopter, and ratio between the two vehicles.
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Ambulance

(39 Trips)

	
Helicopter

(29 Trips)

	
Helicopter/Ambulance




	
Method

	
M

	
RMS

	
M

	
RMS

	
M

	
RMS






	
X

	
0.18

	
0.60

	
0.60

	
1.14

	
3.4

	
1.9




	
Y

	
0.17

	
0.57

	
0.39

	
0.56

	
2.4

	
1.0




	
Z

	
0.27

	
0.42

	
0.80

	
1.14

	
3.0

	
2.7




	
Norm

	
0.21

	
1.00

	
0.68

	
1.73

	
3.3

	
1.7
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Table 3. Comparative acceleration and rotation rate levels in terms of percentage of time spent.
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	Norm of Accelerations
	Ambulance (39)
	Helicopter (29)





	<1 m/s2
	74%
	42%



	1–2 m/s2
	22%
	56%



	2–3 m/s2
	2.6%
	2.3%



	3–4 m/s2
	0.25%
	0.20%



	>4 m/s2
	0.05%
	0.02%



	Norm of Rotation Rates
	Ambulance (39)
	Helicopter (29)



	<10°/s
	95.4%
	99.2%



	10–20°/s
	4%
	0.7%



	20–30°/s
	0.7%
	0.1%



	>30°/s
	0.02%
	0.01%
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