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In future fully automated vehicles, sleeping or resting will be desirable during a drive. While a horizontal position currently appears infeasible, a relaxed seating position with a reclined seatback and an inclined seat pan which enables a safe, comfortable position for sleeping or resting is possible. However, the inclined seat pan increases the forces and moments acting on the lumbar spine of the occupant and thereby the risk of lumbar vertebra fractures in a frontal crash. An energy management system integrated into the longitudinal seat adjustment (a seat track load limiter: STLL) that can reduce this risk should be investigated. When evaluating the injury reduction potential of a new restraint system such as a STLL it is important to include variations in both occupant size and crash severity. Otherwise, there is a risk of sub-optimizing, that is, the restraint system is only working for a limited number of situations. The restraint systems addressing these variations are normally referred to as adaptive restraint systems. The first objective of the study is to develop an activation strategy (adaptive release time of the STLL) for different crash severities and occupant sizes, making full use of the available stroke distance without bottoming out the STLL. The second objective is to evaluate the potential of the adaptive STLL to reduce the risk of lumbar vertebra fractures by comparing it to 1) a fixed seat and 2) a passive version of the STLL. Simulated frontal impacts were performed with two male SAFER human body models (HBMs) as occupant surrogates: mid-sized (80 kg and 1.8 m) and large (130 kg and 1.9 m). Three crash pulse severity levels were evaluated: low (40 km/h), medium (50 km/h), and high (56 km/h) impact speeds. The fracture risk was evaluated for the five lumbar vertebrae (L1–L5) in three different seat conditions: 1) a seat fixed to the sled, 2) a passive STLL that moves when a given force is exceeded, and 3) an adaptive STLL which moves at a time that depends on the occupant mass and crash pulse severity. The risk for lumbar vertebra fracture increased with crash pulse severity, while HBM size had no effect on risk. For all conditions, the passive STLL reduced injury risks compared to the fixed seat, and the adaptive STLL reduced risk even further.
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1 INTRODUCTION
With the introduction of automated vehicles, the driver task will no longer be required, making it possible for the driver to engage in other tasks. Resting and sleeping are highly rated in surveys as desirable activities during a car ride (Koppel et al., 2019), particularly for longer trips (Östling and Larsson, 2019). When sleeping, a supine (horizontal, seatback fully reclined) position is preferred (Stanglmeier et al., 2020; Caballero-Bruno et al., 2021). However, the limited cabin space in most passenger cars prevents fully supine positions. Furthermore, current seatbelts are designed to load the strong parts of the occupant’s body, traveling across the pelvis, over the shoulder, and across the chest, allowing a controlled forward motion during the crash (Adomeit and Heger, 1975; Adomeit, 1977). Any occupant position that is not upright, e.g., reclined or supine, compromises loading and control of the pelvis and chest, with submarining (the pelvis sliding under the lap belt, causing the lap belt to intrude into the soft abdomen) as a likely consequence (Dissanaike et al., 2008; McMurry et al., 2018; Boyle et al., 2019).
A relaxed position, with a reclined seatback and an inclined seat pan, is comfortable for sleeping (Stanglmeier et al., 2020). A relaxed position increases seatback inclination compared to what is commonly referred to as reclined position and is more challenging for occupant protection (Östling et al., 2021). However, during a frontal crash, the inclined seat pan provides most of the restraining force and control of the forward movement of the lower body, thereby reducing the risk of submarining and the dependence on the lap and shoulder seatbelt (Wiechel and Bolte 2006). This added restraining force is especially important, as the relaxed position requires a seat away from the instrument panel and thereby makes it infeasible to restrain the lower body in the traditional way with a knee bolster or knee airbag as proposed in earlier studies (Ji et al., 2017; Rawska et al., 2019; Tang et al., 2020; Rawska et al., 2021). However, a reclined position induces compression forces to the lumbar vertebrae because they are in line with the impact direction (Boyle et al., 2019). This increases the fracture risk, particularly for the first lumbar vertebra, L1 (Richardson et al., 2020). In addition to the L1 fractures, Richardson et al. (2020) also reported rib, sternum, and pelvis wing fractures from 50 km/h frontal sled tests with post mortem human subjects (PMHS) in reclined seating position.
To address the increased forces and moments acting on the lumbar vertebrae in the relaxed position (reclined seatback and inclined seat pan), Sengottu-Velavan and Huf (2018) incorporated an energy management system in the longitudinal seat adjustment in a concept seat (the system, a seat track load limiter, is hereafter referred to as a passive “STLL”). That passive STLL (the seat moves when a given force is exceeded) substantially reduced the lumbar spine compression force and flexion moment for different anthropomorphic test devices (ATDs). Östling et al. (2021) further improved the concept by making the STLL actively controlled (the seat was initially fixed to the vehicle and then released by activation of a pyrotechnical unit at a fixed pre-defined time). The active STLL further reduced the lumbar spine force in tests with a Test Device for Human Occupant Restraint 50th percentile male (THOR-50M). However, Östling et al. (2021) highlighted the need for an activation strategy that considers occupant’s mass and crash severity, to avoid reaching the limit of the forward displacement of the seat track (“bottoming out”). The energy absorbing elements in the seat have also been shown to reduce the risk for whiplash injury in rear impacts (Luo and Zhou, 2010; Zhang and Zhou, 2016).
The effect of variation in the occupant’s mass can be investigated with ATDs to some extent. They are available in three adult sizes, representing the heights and masses of a 5th percentile female, a 50th percentile male, and a 95th percentile male (Mertz et al., 1989). However, the sizes are based on US population measurements of height and mass from the 1970s (Schneider et al., 1983). More recent data have shown that the 50th and 95th male ATDs’ masses corresponded to the 33rd and 81st percentiles, respectively, of the current US population (Reed and Rupp, 2013).
The intention of this investigation is to design robust restraint systems for a diverse population by covering 95% of the population in terms of occupant mass. Morphable FE HBMs can be designed to simulate the whole range of occupant anthropometry by parametric morphing (Hwang et al., 2016). The first objective of the study is to develop an activation strategy (adaptive release time of the STLL) for different crash severities and occupant sizes (enabled by parametric morphed HBMs), making full use of the available seat stroke distance without bottoming out the STLL. The second objective is to evaluate the potential of the adaptive STLL to reduce the risk of lumbar vertebra fractures by comparing it to 1) a fixed seat and 2) a passive version of the STLL.
2 MATERIALS AND METHODS
Finite element (LS-Dyna, R9.3.1 R140922, LSTC) frontal sled simulations were executed using three different crash pulse severities and two different anthropometries of the SAFER HBM v9 with a reclined seatback and inclined seat pan. The influence on lumbar vertebrae fracture risk was investigated for three seat track configurations: the seat fixed to the sled, a passive STLL, and an adaptive STLL. Unlike the passive STLL, which moves when a given force is exceeded, the adaptive STLL’s release mechanism timing is dependent on an activation strategy that adapts to the occupant mass and the predicted crash severity.
2.1 Occupant Surrogates
The US National Health and Nutrition Examination Survey (NHANES) data from 2011–2014 (Fryar et al., 2016) was used to define a large 65-year-old occupant (95th percentile) who would challenge the STLL by reaching the limit of the forward displacement (bottoming out). Starting with the validated SAFER HBM v9 mid-sized male (80 kg and 1.8 m), parametric HBM morphing with statistical human shape target geometries from Hwang et al. (2016) generated an HBM matching the sex, age, stature, and mass of the large male anthropometry (130 kg and 1.9 m); see Figure 1.
[image: Figure 1]FIGURE 1 | SAFER HBM v9 positioned on the generic seat with seatbelt routed. Left: front views of a mid-sized male and a large male. Right: side views of a mid-sized male and a large male.
The SAFER HBM v9 was originally developed from the Total Human Model for Safety (THUMS) v3 (Iwamoto et al., 2002), for the purpose of improving the understanding of impact response and injury mechanisms for car occupants. The SAFER HBM v9 has an updated rib cage (Iraeus and Pipkorn, 2019) and lumbar spine (Östh et al., 2020). Moreover, the SAFER HBM v9 has been validated to predict the kinematics and rib fracture risk of an upright seated occupant (Pipkorn et al., 2019) and the kinematics of a reclined seated occupant (Mroz et al., 2020). The parametric morphed versions of the SAFER HBM v9 include females and males of various anthropometries (including a large male), which were validated by means of PMHS tests in both frontal and lateral impact conditions (Larsson et al., 2021).
2.2 Risk of Lumbar Vertebrae Fracture
The risk of lumbar vertebra fractures was evaluated with the recently proposed injury risk function for combined compression flexion loading of the lumbar vertebra (Tushak et al., 2022) in the SAFER HBM v9. The injury risk function is based on censored force and moment failure data from three-vertebrae lumbar segments tested in combined compression flexion. 40 spine segments were tested. The injury risk function is based on a linear combination of stresses from the axial compression (force divided by cross-section area: CSA) and flexion moment (moment divided by CSA3/2) expressed as the predictor variable, L (Eq. 1). The function also includes a weighting factor to account for the relative contributions of force and moment to failure (Eq. 1). The age (in years) is included as a covariate (Eq. 2).
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In the HBM simulations, lumbar vertebra forces and moments were extracted in the L1–L5 vertebrae using cross-section force-moment measurements. The cross-sections were defined for each vertebra, including the cortical and trabecular bones of the vertebral body as well as the transverse and spinous processes (Mroz et al., 2020; Mroz et al., 2022). The cross-section areas were calculated for L1–L5 for both the mid-sized male and the large male; Table 1. The forces and moments from all five vertebrae as well as each vertebra cross-section area are used in Eqs 1, 2 to assess the risk of injury for each vertebra for 45- and 65-year-old occupants as it has been reported that the risk of lumbar vertebra fracture is age-dependent (Jakobsson et al., 2006; Bilston et al., 2011; Rao et al., 2014).
TABLE 1 | Cross-section area in mm2 for L1–L5 for the two HBMs.
[image: Table 1]The risk of two or more fractured ribs (AIS2+) was calculated and evaluated, in order to ascertain whether there were any negative effects from the STLL on other body areas. The rib fracture risk was calculated using a strain-based probabilistic method based on peak strains in the cortical bone of each rib (Forman et al., 2012) and the Weibull smoothed injury risk function for 45- and 65-year-old occupants (Iraeus, 2015).
2.3 Restraint System and STLL
The investigation was carried out for belted HBMs seated in a relaxed position (seatback reclined to 60° and seat pan inclined to 35°) in a generic semi-rigid seat with a rigid seatback, and lower leg support, as described by Östling et al. (2021). The HBMs were restrained by a seat-integrated three-point seatbelt system comprising two 2 kN lap belt pretensioners (buckle and end-bracket) to avoid submarining (Östling et al., 2017; Richardson et al., 2020). In addition, the seatbelt system included a shoulder belt retractor with a 2 kN pretensioner and 4 kN load limiter and a crash locking tongue, preventing webbing slippage from the shoulder belt to the lap belt (or vice versa). The activation times of the pretensioners were as in the work by Östling et al. (2021), with the buckle pretensioner activated at 2 ms and the shoulder belt and end bracket pretensioners activated at 9 ms. The STLL force levels were also provided by Östling et al. (2021), who tuned the force levels of the active (30 ms release time) and passive STLLs in order to achieve 0.2–0.25 m seat stroke distance in a 50 km/h crash pulse, using the THOR-50M in a generic seat weighing 130 kg. 0.25 m was chosen as the maximum stroke distance as this is approximately the adjustment range of drivers’ seats in passenger cars (Bohlin et al., 1978).
2.4 HBM Positioning
Using an in-house positioning tool, the SAFER HBM v9 was positioned to match the test position of the THOR-50M described by Östling et al. (2021). First, the SAFER HBM’s H-point was positioned at the corresponding H-point of the THOR-50M (20 mm rearward and 20 mm downward compared to the THOR H-point). Second, the SAFER HBM v9 pelvis was rotated around the H-point to match the angle of the THOR-50M. Finally, the thorax, neck, head, arms, and legs were rotated to match the position of the THOR-50M; see Figure 2. The large male HBM’s H-point was positioned according to the H-point of the mid-sized male HBM. Then the pelvis was rotated around the H-point to match the pelvis shape, with a focus on the notch angle, the angle created by a line that connects the anterior superior iliac spine (ASIS) and the anterior inferior iliac spine (AIIS) measured to the horizontal axis (Moreau et al., 2021). Care was taken with the ASIS and AIIS area because it is an important support area for the lap belt and provides a good overall overlay of the pelvis. The thorax, neck, head, arms, and legs were adjusted to line up with the mid-size male; see Figure 2. The final positions of the HBMs, seated in the relaxed position on a generic seat with the belts routed, are shown in Figure 1.
[image: Figure 2]FIGURE 2 | Left: overlay of SAFER HBM v9 mid-sized male (red) and THOR-50M (green). Right: overlay of SAFER HBM v9 mid-sized male (red) and morphed large male (blue).
2.5 Crash Pulses
Three full frontal crash pulses, varying in severity, were used in the analysis, see Figure 3. An HBM simulation of a 50 km/h crash pulse (mid-severity), also used by Östling et al. (2021), was compared to the results from the sled test result with THOR-50M. The high-severity crash pulse at 56 km/h (Dobberstein et al., 2021; Höschele et al., 2021) challenged the seat track load limiter, potentially provoking bottoming out in combination with the HBM of a large male. A low-severity crash pulse at 40 km/h (Dobberstein et al., 2021; Höschele et al., 2021) represented a crash velocity at which the majority of occupants get injured (Forman and McMurry, 2018). Injury risk reduction at the low-severity crash pulse has a large effect on the overall number of injuries.
[image: Figure 3]FIGURE 3 | Left: acceleration vs. time. Right: velocity vs. time. For both figures, the black curves represent the low-severity crash pulse (40 km/h), the blue curves represent the mid-severity crash pulse (50 km/h), and the green curves represent the high-severity crash pulse (56 km/h).
2.6 Simulations
In the first stage, the simulation model was validated by means of mechanical sled tests performed in the set-up used by Östling et al. (2021); see Supplementary Appendix SA. The mass of the generic seat used in the tests was 130 kg. The mass of a production seat with a seat-integrated seatbelt was replicated by reducing the seated mass to 70 kg (Östling et al., 2021). The force-displacement characterization used by Östling et al. (2021) (both the passive and the adaptive STLL force levels) was adjusted to reach the same stroke distance for the new seat mass. The adaptive STLL force-displacement characteristics started at 19.6 kN at 0.012 m and increased progressively to 31.6 kN at a forward displacement of 0.25 m, while the passive STLL started at 20.6 kN at 0.012 m and reached 35.1 kN at 0.25 m; see Figure 4.
[image: Figure 4]FIGURE 4 | Left: STLL force characteristics vs. displacement for adaptive (black) and passive without soft stop (light blue). Right: STLL force characteristics vs. displacement for passive with a soft stop limit the seat stroke to 0.25 m (dark blue).
In a second stage, the simulations of the adaptive STLL were performed starting with a 30 ms release time (used by Östling et al., 2021), for all HBM and crash pulse severity combinations. Depending on how the resulting seat stroke distance related to the maximum allowed distance (0.25 m), the release time was either decreased (as for the mid-sized male in the low-severity crash pulse), kept constant (for the mid-sized male in the mid-severity crash pulse), or increased (all other combinations). The decrease and increase in release time were performed in 10 ms steps until the maximum seat stroke distance was reached. However, as crash severity estimation, needed in order to calculate the adaptive release time, assumed to be done in-crash, similar to current crash severity estimation used to activate dual-stage airbags (Takata Corporation, 2017), release time less than 20 ms was not allowed. If the resulting seat stroke distance was less than 0.22 m, a 5 ms increase in release time was simulated to complement the final 10 ms step. These simulations were performed to demonstrate the need for an adaptive release and to provide suitable release times to be used for risk calculations. The results are presented in Section 3.2. The risks for lumbar vertebra fracture and rib fracture were only calculated for the seat track distances that best met the 0.25 m seat stroke requirement.
In a third stage, the simulations of the passive STLL were performed for all HBMs and crash pulse severity combinations using the force defined by Östling et al. (2021). As with the simulations with a 30 ms release time for the adaptive STLL, many of the simulations exceeded the 0.25 m seat stroke distance. A “soft stop” was therefore implemented at the passive STLL to limit the seat stroke to 0.25 m: starting at 0.2 m, the STLL force ramps up to 55 kN at 0.22 m, 86 kN at 0.23 m, and 300 kN at 0.25 m; see Figure 4. Additional simulations were then performed with the soft stop. These simulations were performed to demonstrate the need for a soft stop in addition to the force-displacement characteristics proposed by Östling et al., 2021. The results are presented in Section 3.3. Similar to the adaptive STLL, the risks for lumbar vertebra fracture and rib fracture were only calculated for seat track distances less than 0.25 m.
The three simulation steps: validation, adaptive STLL, and passive STLL are visualized in a flow chart in Supplementary Appendix SB.
3 RESULTS
3.1 HBM Kinematic Response
The crash kinematics followed the same overall pattern at the three crash severities for both HBMs. The seatbelt pretensioners held the HBM against the seat pan and seatback. The pelvis started to translate forward where it compressed the seat pan springs and started to load the lap belt but the angled seat pan prevented the pelvis from translating forward notably. Submarining did not occur in any of the simulations. The longest pelvis displacement occurred for the high-severity crash pulse with the fixed seat: 163 and 234 mm in the x-direction for the mid-size male and large male, respectively. The torso was effectively restrained by the shoulder belt which prevented any larger forward displacement. The longest torso displacements, measured at the first thoracic vertebra (T1), were observed with the fixed seat and the high-severity crash pulse: 331 mm and 325 in the x-direction for the mid-size male and large male, respectively. The initial relaxed position of the upper body prevented upward forward rotation of the torso; however, the head rotated forward (under flexion moment) until it touched the chest. The legs and feet moved forward more than the pelvis when the knee joints straightened. The crash kinematics are exemplified in Figure 5, showing the mid-sized male in the fixed seat in 20 m increments after the high-severity crash pulse (at 0 m).
[image: Figure 5]FIGURE 5 | Kinematic responses for mid-sized males in high-severity crash pulse in 20 ms increments, starting at 0 ms and ending at 100 ms.
3.2 Release Times of the Adaptive STLL
Seat stroke distance and peak force in the adaptive STLL for all simulations are presented in Table 2. The simulations with 30 m release times resulted in excessive seat stroke distances: 0.37, 0.30, 0.35, and 0.48 m (for the mid-sized male with the high-severity crash pulse and the large male with the low-, mid-, and high-severity crash pulses, respectively). On the other hand, the seat stroke distance was too short for the mid-sized male in the low-severity crash pulse (0.2 m). After adjusting the release times to fulfill the 0.25 m requirement, they were all in the interval of 20–60 m. As the crash severity increased, the release times for both HBMs increased. The release times that best met the 0.25 m seat stroke requirement are highlighted by an underlined release time value in Table 2. The injury risk was calculated for these underlined cases only.
TABLE 2 | Release time and corresponding seat stroke distance and peak force in the STLL for the adaptive STLL simulations.
[image: Table 2]3.3 Passive STLL With and Without Soft Stop
For all simulations with the passive STLL, the seat strokes and peak forces (with and without the soft stop) are presented in Table 3. The simulations without the soft stop resulted in too long seat stroke distances: 0.34 m for the mid-sized male in the high-severity crash pulse, and 0.33 m, and 0.44 m for the large male in mid and high-severity crash pulse, respectively. After implementing the soft stop starting at 0.22 m, all seat stroke distances met the 0.25 m requirement. The injury risk was only calculated for simulation with the soft stop.
TABLE 3 | Seat stroke distance and peak force in the STLL for in the passive STLL simulations with and without soft stop.
[image: Table 3]3.4 Lumbar Vertebra Fracture Risk
The maximum lumbar vertebra fracture risks for the two HBMs in the three crash pulse severity levels (calculated according to Eqs 1, 2) are presented in Figure 6. For all the scenarios, the highest risk was seen for L1. The corresponding L1 compression forces and flexion moment are in Supplementary Appendix Figures SD1, SD2. The fracture risk was similar for the two HBMs and increased with age and crash pulse severity. While the passive STLL with a soft stop and the adaptive STLL both reduced the fracture risk for all scenarios, the adaptive STLL had the lowest risk. However, for the high-severity crash pulse, the risk of lumbar fractures is never below 50%.
[image: Figure 6]FIGURE 6 | Lumbar vertebra fracture risk calculated according to Eqs 1, 2 for the three crash pulse severity levels, the two HBM sizes, and the two ages. The black columns represent the fixed seat, the dark blue the passive STLL with a soft stop, and the light blue the adaptive STLL.
The risk of two or more fractured ribs (AIS2+) was calculated using the injury risk curves for 45- and 65-year-old occupants (Iraeus, 2015) for both the mid-sized male and the large male in the three crash pulse severities; results are in Supplementary Appendix Tables SC1–SC3. The rib fracture risk increased with age and crash pulse severity; while risk was substantially reduced in simulations with both versions of the STLL, the adaptive STLL produced the lowest risk.
4 DISCUSSION
Each combination of HBM size and crash severity level required an individual release time to avoid bottoming out the STLL, while using the available stroke distance. Moreover, it was shown that the STLL with an adaptive release time achieved lower lumbar vertebra fracture and rib fracture risks than the passive STLL—for every combination.
The simulations with the SAFER HBM v9 of a mid-sized male in the relaxed position supported the test results with THOR-50M (Östling et al., 2021), both indicating a reduced risk of lumbar spine vertebra fracture using the STLL. A more severe crash pulse and/or the heavier HBM demonstrated the need for an adaptive release time to guarantee a seat stroke distance of less than 0.25 m. However, the SAFER HBM showed a substantial reduction in risk for thorax injury (risk of rib fractures) with the mid-severity crash pulse (50 km/h) using the STLL. In contrast, the tests with THOR-50M indicated an increased risk of thorax injury, when measured as the maximum of the resultant value from the four infra-red telescoping rods for the assessment of chest compression (IR-TRACCs): Rmax or a slight decrease when measured as the maximum longitudinal value from the four IR-TRACS: Xmax for the STLL (Östling et al., 2021). This difference supported the statement of Östling et al. (2021): “We believed HBMs with human-like design and use of rib strain as an indicator of risk of rib fracture, are likely to be more biofidelic than chest deflection to evaluate a potential increase or decrease in risk of rib fractures in reclined and relaxed positions”.
With the HBM in the relaxed position in the fixed seat, the lumbar vertebra fracture risk is already high with the low-severity crash pulse (73% and 96% for the 45-year and 65-year-old mid-sized males, respectively). Although the adaptive STLL reduces the risk substantially, by reducing both the components of the injury risk predictor, compression force, and flexion moment (see Supplementary Appendix Figures SD1, SD2), it fails to reduce the injury risk below 25% for the 65-year-old mid-sized male at any crash severity level. Furthermore, with the high-severity crash pulse, the risk is above 50% for all HBMs. To put this percentage in perspective, a 25% risk of sustaining an AIS3+ injury is often used as a threshold value for assessing acceptable crashworthiness using ATDs (Craig et al., 2020), and a major compression burst fracture of the lumbar vertebra is defined as an AIS3 injury (AAAM, 2015). The reason for the adaptive STLL’s inability to reduce the risk of injury in the high-severity crash pulse is the relatively late release time required to keep the seat stroke distance below 0.25 m (the release times were 50 ms for the large male with the 50 km/h crash pulse and the mid-sized male with the 56 km/h crash pulse, and 60 ms for the large male with the 56 km/h crash pulse). At these times, the maximum forces in the lumbar vertebrae have just about been reached; see Supplementary Appendix Figure SD1. The STLL force levels were initially designed for the THOR-50M with a 50 km/h crash pulse (Östling et al., 2021). Designing the STLL force level for the large male with the high-severity crash pulse instead would enable an earlier release time and a concomitant lower risk of lumbar vertebra fracture. However, the consequence of a higher STLL force level is higher injury risks in the low- and mid-severity crash pulses. Clearly, any optimization targeting equal risks, i.e., the same probability of injury in various conditions, has its downsides. While most car crashes occur at a relatively low speed (20 km/h) with low injury risk, the majority of injuries occur at approximately 40 km/h (Forman and McMurry, 2018). As a result, risk reductions at 40 km/h are estimated to result in the largest absolute number of injuries prevented. With this statistic in mind, the force level used in this study is recommended. Another way to reduce the risk of sustaining injury in high-severity crash pulses without increasing it in low- and mid-severity crash pulses is to implement either longer seat stroke distances or dual force levels for the STLL. Both these ideas enable earlier release times for the high-severity crash pulse.
To enable individual release times (calculated with an activation strategy), classifications of the crash severity and occupant’s mass are needed. To predict and classify crash severity, an in-crash algorithm similar to the one used to select single- or dual-stage activation of the driver airbag might be feasible, as the earliest time for activation is similar—around 20 m after first contact (Takata Corporation, 2017). To detect and classify the occupant mass, an onboarding occupant monitoring system is needed. This investigation included two different HBM sizes; however, a future monitoring system might have the capacity to detect finer mass differences between occupants with a concomitant ability to calculate new release times.
To improve the activation strategy further, information about the seat position (i.e., available stroke distance given any initial seat position) and potential activation of frontal airbags could be included. In addition, the crash pulses with a lateral component, like a frontal oblique crash, should also be analyzed to evaluate whether the STLL is negatively affected: the lateral force might prevent the seat from moving along the track. More research and development are needed to explore the full potential of the system.
The equations to calculate lumbar vertebrae fracture risk are based on the linear combination of stresses from the axial compression (force/cross-section area) and flexion moment (moment/cross-section area3/2) with a weighting factor of 0.11. This means that the calculated risk comes mainly from the compression force, which increases with body mass and crash pulse severity. However, because the force is divided by the vertebrae cross-section area, which is larger for the large male, the risk is actually higher for the mid-size male. (This difference is not seen in the high-severity crash pulse results, due to the late release time required to avoid bottoming out the STLL for the large male). An obese mid-size male or female appears to be the most challenging anthropometry (e.g., relatively heavy body mass and relatively small vertebral cross-section).
Alternative risk functions addressing lumbar vertebra fractures have been proposed by Stemper et al. (2018) and Ortiz-Paparoni et al. (2021). The former’s was based on compression forces at the lumbar spine measured in drop tower tests, from 23 PMHS lumbar specimens. The flexion moment was found to have some (albeit small) influence on the fracture risk, so it was included in the risk function proposed by Tushak et al. (2021). Ortiz-Paparoni et al. (2021) carried out a combined analysis from tests with 75 PMHS lumbar spines. Based on the test results, they developed an injury risk function using a combined metric. The intercept value for the flexion moment was higher than the moment at fracture that Tushak et al. (2021) obtained in lumbar spine testing and therefore the risk function proposed by Tushak et al. (2021) was considered more appropriate for the study.
Parameterized morphing of HBMs enabled us to use statistical data to generate HBM versions of different anthropometries. However, the individual variation of humans is large, and we have only evaluated one (average) version each of the mid-sized and the large males. Furthermore, as noted, the vertebral cross-section area has a large effect on the risk of lumbar vertebra fracture. A 10% increase or decrease for a 1000 mm2 cross-section area with 4500 N lumbar vertebrae compression force and 100 Nm flexion moment changes the risk by approximately 30%. Moreover, parametric morphing is based on the geometrical data and does not include any variation in the material properties. SAFER HBM v9 is currently not validated for predicting lumbar vertebra fractures, although a future version validated for predicting lumbar forces, moments, and vertebra fracture risk is under development.
The adaptive STLL effectively reduces the risk of lumbar vertebra fracture but it should be considered alongside alternative solutions. One other solution is to actively re-position the occupant in an upright position before the impact by means of electric drives in the seat. Such a solution, which would require accurate pre-crash sensing and relatively fast movement of the occupant, might be feasible in the future. However, before this solution is implemented, it must be determined that the fast movements themselves do not cause any harm to the occupant—and, further, that all possible crash scenarios are within the pre-crash sensors’ operational design domain, so they can be detected and classified correctly.
In conclusion, an adaptive STLL, accommodating variations in HBM mass and frontal crash pulse severity, was shown to be beneficial, efficiently reducing the risk of lumbar and chest injuries for occupants seated in a relaxed position. However, more research is needed to reduce the injury risk in the high-severity crash pulse, enabled the activation strategy by developing an occupant monitoring system, and evaluated the strategy’s robustness in other types of crashes (e.g., oblique frontal crashes).
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1 Low Mid-sized male No
2 Low Mid-sized male Yes
3 Low Large male No
4 Low Large male Yes
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6 Mid Mid-sized male Yes
7 Mid Large male No
8 Mid Large male Yes
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Case Crash pulse HBM size Release time Seat stroke Peak force

severity (ms) distance (m) STLL (kN)
1 Low Mid-sized male 30 0.20 29.4
2 Low Mid-sized male 20 021 30.0
3 Low Large male 30 0.30 387
4 Low Large male 40 0.27 323
5 Low Large male 45 0.24 311
6 Low Large male 50 021 29.7
7 Mid Mid-sized male 30 024 313
8 Mid Large male 30 035 36.1
9 Mid Large male 40 030 337
10 Mid Large male 45 026 32,0
il Mid Large male 50 021 30.2
12 High Mid-sized male 30 037 36.9
13 High Mid-sized male 40 033 35.1
14 High Mid-sized male 50 0.24 31.2
15 High Large male 30 048 63.6
16 High Large male 50 038 371

17 High Large male 60 0.25 31.5
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