
 

Abstract The sensitivity of occupant kinematic and kinetic crash responses to anthropometric and seat 
adjustment variation was investigated by performing frontal- and side-impact simulations with a family of 
morphed Human Body Models (HBMs). The HBM family included variations of shape and size, accounting for 
stature, Body Mass Index (BMI) and sex. A global sensitivity analysis method was developed and applied. 
Increased BMI was associated with increased spinal and extremity loading in the HBM for all evaluated impacts. 
Increasing the stature resulted in a consistent increase in lower extremity loading. The fore-aft seat position 
influenced the head and torso speed relative to the vehicle interior. Furthermore, in high-severity frontal impacts, 
adjusting the seat position rearwards altered the load path, increasing the HBM pelvic and lumbar spine loading 
in favour of reducing the lower extremity forces, and vice versa when the seat was positioned forward. The results 
from this study highlight potential occupant protection challenges and trade-offs, and can be used to enhance 
protection, considering occupant anthropometric diversity and seat adjustment variation. 
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I. INTRODUCTION 

Car occupants come in a wide range of sizes and shapes, but occupant safety is typically evaluated using a 
limited set of standardised anthropometries. Numerous studies have found evidence that anthropometric 
variations can influence the occupant’s response during a crash. A matched-pair analysis of field data revealed 
that obese passengers have 32% higher fatality risk and 40% higher MAIS3+ injury risk [1]. Increased probabilities 
of extremity and spinal injuries were observed in an analysis of police-reported crashes in the US NASS-CDS 
database between 2000 and 2015 for higher Body Mass Index (BMI) occupants compared to normal BMI 
occupants in frontal impacts [2]. Besides the increased injury risks associated with higher BMI occupants, 
interaction effects between BMI, sex and vehicle type were found [3]. Forman et al. [4] found that BMI followed 
a nonmonotonic relationship, with occupants of lower or higher BMI being more likely to experience AIS3+ 
thoracic injuries compared to occupants with normal BMI (22–24 kg/m2). Similarly, a U-shape relation was found 
between BMI and abdominal injuries in frontal crashes, and different injury patterns were observed between 
male and female drivers [5]. In a statistical analysis of frontal impacts (NASS-CDS, 1998–2015) [6], female 
occupants were at greater risk of AIS2+ for most analysed injuries compared to males, with especially large odds 
ratios (3.05) for the lower extremities. Besides BMI and sex, stature can also influence injury risk, with increased 
stature being linked to increased odds ratios of MAIS3+ injury risk in far-side impacts [7]. Furthermore, in a 
comparison of the effects of BMI, sex and age on severe injuries, age was highlighted as having the largest relative 
contribution to injury risk, especially for the head and thorax [8]. 

Several simulation studies have been performed to investigate the effect of diverse anthropometries, utilising 
modelling techniques, such as morphing, and occupant surrogates, such as Human Body Models (HBMs). 
Parametric Finite Element (FE) HBMs have been developed and utilised in side-impacts to perform sensitivity 
analysis and to identify parameters influencing occupant response [9]. Preliminary results from the study 
indicated that body shape affected the impact response more than skeletal and soft tissue material properties. 
In a more recent simulation study [10], involving 100 HBMs of different age, sex and stature, BMI, stature and 
shape were reported to affect occupant kinematics, interaction with restraints, and injury risk. BMI was 
associated with increased lower extremity injury risk, while the neck was not meaningfully affected in the studied 
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parameter space. In frontal impact simulations [11], increased injury risk for taller and higher BMI occupants was 
seen in the head and lower extremity region, respectively. Additionally, older occupants had higher thorax and 
femur injury risk due to lower injury tolerance.  

In another simulation study [12], two HBMs were morphed into a wide range of anthropometries and subjected 
to pendulum thorax impact simulations. The occupant responses, such as chest deflection and peak force, were 
substantially altered among HBMs with altered anthropometries. Complex nonlinear interaction effects among 
occupant characteristics were observed, further highlighting the need for considering population diversity during 
safety evaluations. Similar to the results from field data analysis indicating U-shape responses for occupants of 
diverse anthropometry [4-5], simulations [13] showed that deviating from average male anthropometry 
increased the injury risk in frontal impacts. Occupant size was reported [14] as the dominating factor for the injury 
response, with obese occupants showing an increased likelihood of lower extremity injuries. Besides lower 
extremity injury risk, obese subjects showed larger hip excursions, which resulted in less forward pitch and could 
increase submarining risk [15]. 

In addition to occupant variability, vehicle parameters or adjustments (such as seat adjustment) can also 
influence the occupant’s response. Even though the seat can be adjusted to multiple positions to accommodate 
occupants of different sizes or increase their comfort level, one study suggests that more than half of all 
passengers do not alter the seat position when entering a vehicle [16]. As observed in a naturalistic driving study 
with 75 vehicles [16], the seat was positioned rearward of the mid-travel 92% of the time. Additionally, the mean 
backrest angle recorded was 25.4° relative to the vertical and remained below 30° in 85% of the frames analysed 
[16]. Increasing the fore-aft distance can result in increased distance between the Instrument Panel (IP) and 
driver’s knees, which can reduce the lower extremities injury risk [17]. However, it could also alter the occupant 
loading, affecting the rest of the occupant response.  

Generally, reclined backrests have been associated with increased submarining risk, as well as increased lumbar 
compression loading. In a numerical study of frontal impacts with HBMs of three sizes [18], in which backrest 
angle and knee bolster position were varied, it was found that increasing the knee-to-bolster distance or the 
backrest angle resulted in increased submarining risk. Additionally, small occupants had a higher submarining 
risk. Another simulation study [19], focusing on highly reclined seats, reported that knee bolster could limit the 
pelvis excursion and increase the torso forward pitch, reducing the submarining risk.  

With anthropometric variations and seat adjustment, the belt fit is also affected. The shoulder-belt path was 
reported to be further forward and inboard for occupants with higher BMI, with larger effects observed for 
females [20]. In addition to that, the lap-belt was positioned further forward and higher relative to the pelvis [21]. 
Occupant posture, which has been shown to influence kinematic and kinetic response [22], is also affected by 
anthropometric parameters, such as stature and BMI [23]. 

Considering the large influence of occupant anthropometric variability on occupant response, it would be 
beneficial to develop population-based evaluation methods. Methods [24-25] have been developed that utilise 
numerical simulation to train meta-models, with the purpose of performing population-based safety evaluations 
and aiding in vehicle safety development. Although those meta-models can be made to answer specific questions 
(such as proposing restraint system modification for certain target groups [26]), it would be beneficial to 
understand the kinematic and kinetic trends present when occupant size and shape are altered. The objective of 
this study was to investigate, quantify and rank the effect of front-seat passengers’ anthropomorphic variation 
on kinematic and kinetic whole-body responses by simulating a family of HBMs morphed to represent male and 
female occupants with a wide range of stature and BMI across a wide range of seat adjustments. Frontal and side 
impacts of varying severity, beyond the scope of standardised testing, were simulated. A systematic analysis of 
the responses was carried out in the form of sensitivity analysis. 

II. METHODS 

Four crash pulses were used in a simulation study, with an HBM morphed to represent 22 diverse male and 
female occupant anthropometries (Fig. 1) in varied seat adjustments. The seat adjustments include changing the 
fore-aft position across the full range of the travel and using two backrest angles. A full-factorial design was used, 
leading to 944 in-crash simulations, after excluding the 112 incompatible HBM-seat adjustment combinations 
(Appendix A, Table A.V). A sensitivity analysis was performed in two steps to quantify the influence of the 
investigated parameters over occupant’s kinematic and kinetic responses.  
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Fig. 1. Overview of the occupant sizes and seat adjustments investigated in this study. On the left, the 11 female and 
male occupant HBM sizes and, on the right, the seat’s fore-aft position and backrest angle are depicted. 
  

Occupant Anthropometry 
Data from the National Health and Nutrition Examination Survey (NHANES) for the years 2013–2016 [27], 
weighted to represent the US population, were analysed to identify the BMI and stature distribution of the 
population (Appendix A). The medians of the female and male populations (Appendix A, Table A.II) were used as 
the baseline target anthropometries, while the iso-probability lines [28] covering 90% of the male and female 
populations were used as the sampling space (Appendix A, Fig. A.2). The occupant’s age was kept constant at 40 
years old, representing the average age of the injured occupants (Appendix A, Fig. A.1), irrespective of injury level, 
from the database of the National Automotive Sampling System General Estimates System (NASS GES) between 
2011 and 2015 [29]. Using the stature difference between the female and male median stature, an equidistant 
grid was generated (Fig. A.2), with statures ranging from 1476 mm to 1899 mm, also enabling comparisons of 
male-female occupants of identical stature and BMI. The median BMI was 28 kg/m2 and it was varied over 18–38 
kg/m2 while still within the 90% iso-probability lines (Fig. A.2), covering from underweight (<18.5 kg/m2) up to 
Obesity Class II (35–40 kg/m2) occupants, as defined by the World Health Organization (WHO) [30]. 

Seat Adjustment 
The seat was always adjusted at mid-height and low-tilt, while the fore-aft position and the backrest angle were 
varied. The backrest angle was set to 25° for an upright and 30° for a semi-reclined position (Fig. 1), which matches 
the mean and 85th percentile backrest angles of the analysed frames in a naturalistic study [16]. Even though the 
seat fore-aft position is frequently adjusted rearward of the mid-point [16], there could be a need for positioning 
the seat more forward (e.g. rear-seat occupants or transportation of objects). Therefore, the full range of travel 
(260 mm) was investigated in steps of 20%, resulting in six positions (Fig. 1), with 0% being defined as the most-
forward position and 100% as the most-rearward position.  

Numerical Models – Vehicle Interior and Occupant Surrogate 
The car occupant was modelled using the SAFER HBM v9.0.1 as the baseline model, which was morphed into 
target occupant anthropometries (Appendix A, Table A.IV). The baseline HBM [31] represents a 50th percentile 
male with a stature of 175 cm and weight of 77 kg, and its biofidelity has been evaluated in frontal, near- and far-
side impacts [32-36]. The baseline HBM was morphed using an HBM morphing method [34][37] utilising statistical 
models of the body surface, pelvis, femur, tibia and ribcage towards target anthropometries parametrised for 
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sex, age, stature and BMI. The morphing method has been evaluated with SAFER HBM v9 in side impacts and has 
shown improved kinematics prediction compared with the baseline model [34][38].  

After the geometric morphing, to match the mass of the target occupant, the HBM’s trunk and extremities soft 
tissue densities were uniformly scaled to achieve the target occupant mass, and the initial length of all discrete 
muscle elements was reset. Furthermore, the HBM internal contacts were surveyed, and all found intersections 
were removed by manual movements of soft tissue nodes. The model quality was inspected, and mesh 
improvements were performed locally when needed while respecting the skeleton part boundaries. After the 
element quality improvements, the elements violating the defined quality criteria were between 124% and 156% 
(Appendix A, Table A.IV) compared to the baseline model, with smaller occupants (in stature or BMI) posing more 
challenges regarding element quality.  

A previously validated [22] deformable interior with approximately 2.35 million Finite Elements (FE), contained 
in a rigid body-in-white, was used to model the vehicle interior of a mid-sized SUV. The HBM was positioned in 
the front passenger seat and was restrained using models of a three-point pyrotechnically-pretensioned load-
limited seatbelt, a frontal passenger airbag (PAB) deploying from the dashboard and, for the side impacts, a seat-
mounted torso airbag and an inflatable curtain (IC) (Fig. 3). The restraint system’s activation timing was kept 
constant for all occupant sizes and seat adjustments.  

All simulations were performed with the explicit FE solver LS-DYNA MPP s R9.3.0 (ANSYS/LST, Livermore, CA, 
USA) on the same cluster (using 140 CPUs) to avoid variation due to model decomposition [39]. A right-handed 
coordinate system (Fig. 3) was used, defined with X rearward, Z upward, and Y toward the vehicle’s right side. 

Occupant Positioning and Belt Routing 
The occupant posture can influence the occupant kinematics [22]. An automated occupant positioning method 
was used to minimise the operator’s influence through the positioning pre-processing operations (Appendix B). 
The method calculated the target position of selected anatomical landmarks, utilising sequential rigid body 
translations and rotations, relative to the vehicle geometrical constraints (Appendix B, Table B.I , Fig B.1). Using 
the marionette method [40], positioning simulations were performed to position HBMs and squash seats (Fig B.2 
– Fig B.4). The stresses, produced during the positioning stage, were not retained for the HBM but were 
reinitialised for the seat’s foam (using the INITIAL_FOAM_REFERENCE option of LS-DYNA). 

The contact force between the IP and the HBM’s knees was monitored to determine whether an occupant 
sitting in the seat adjustment is realistic, with 0.5 kN as the threshold. Occupants with stature above 1617 mm 
and 1758 mm could not be positioned in the 0% and 20% fore-aft seats, respectively.  

The validity of the seat-squashing was controlled by ensuring that the contact force between the occupant and 
the vehicle interior was approximately equal to the occupant’s mass. For all positioning simulations, the contact 
force between the occupant and the vehicle was within 115–205% (Appendix A, Table A.IV) of the occupant’s 
weight at the end of the positioning (pre)simulations.   

The belt was routed to the shortest path over the positioned HBMs, minimising the slack, using the belt routing 
algorithm of the Primer v17 (Oasys Ltd, Solihull, United Kingdom) software.  

Crash Configurations 
Four crash configurations were included in this study. Three of the configurations were used in a prior study [22] 
and described in [41] as representative of potential future intersection crashes. They include two Side impacts – 
a Near-Side impact to the front right corner and a Far-Side impact to the front left corner – and an (Intersection) 
Frontal impact with approximately 50% overlap from the left. In addition, a car-to-car frontal crash, with 
approximately 50% overlap and an initial velocity of 50 kph for both vehicles, was used to represent a high-
severity frontal impact, hereafter called Oncoming Frontal.  

The crash pulses were generated from car-to-car impact simulations, as described in [22]. The three crash 
pulses from the intersection crash configurations can be categorised as relatively low-severity impacts, and the 
Oncoming Frontal as a high-severity impact. The in-crash vehicle motions of the crash simulations are illustrated 
in Fig. 2. 

The HBM in-crash simulations were performed by applying the motion from the car-to-car impacts to the 
compartment model using prescribed rigid-body six-degrees-of-freedom translational and rotational velocities. 
The Near-Side and the Frontal impacts were simulated for 200 ms, while the Far-Side was simulated for 300 ms.  
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Fig. 2. Vehicle motion of the car-car impact. During the 
crash simulations, the HBM is located in the front 
passenger (right) seat of the host vehicle (green). 

Fig. 3. The vehicle interior model with the baseline HBM 
and deployed airbags (frontal in red, inflatable curtain in 
blue, and torso in cyan) is illustrated. 

Analysis Methods 
The initial belt fit was quantified by measuring the distance of the lap belt relative to the HBM’s Anterior Superior 
Iliac Spine (ASIS), and of the shoulder belt relative to the HBM’s sternum (at the sixth rib height) and the acromial 
end of the clavicle. Furthermore, the presence of submarining, defined as the lap belt sliding over either of the 
two ASIS, was manually inspected in the frontal impacts. 

The occupant responses were compared by analysing occupant kinematics and kinetics. Kinematics included 
three-dimensional excursions and (X-, Y-, Z-, and resultant) velocities of selected anatomical landmarks relative 
to the vehicle. Additionally, the pelvic angle [42], torso angle, and the head Frankfurt plane orientation were 
tracked. The torso angle was defined on the XZ (pitch) and YZ plane using the sacrum and T8 vertebra, while the 
rotation around the Z-axis was calculated using the left and right acromion. The kinetic responses were analysed 
by considering loads (X-, Y-, Z-, and resultant forces and moments) at cross-sections of the HBM. The inclusive list 
of analysed responses can be seen in Appendix C. The analysis was performed in two steps. First, cross-correlation 
was performed to quantify and rank the parameters’ influence per body region. Then, as a second step, Global 
Sensitivity Analysis (GSA) was performed to identify kinematic and kinetic patterns in all affected body regions.  

 
Global Sensitivity Analysis 

A GSA method was developed and applied to investigate the effect of the studied parameters on occupant 
responses. The elementary effects (EE) method, first introduced by Morris [43], was used as the foundation of 
the method. The Morris EE method is a one-at-a-time (OAT) analysis, typically used to investigate local variation 
around a base point when the number of input factors is large [44]. By calculating local variations at different 
points of the input space, the EE method can be regarded as a GSA [45]. The developed method (Appendix D) 
includes an alternate sampling strategy, a group-analysis approach, and an updated sensitivity output metric 
calculation. The occupant responses were grouped following the OAT approach, and the sensitivity metric was 
calculated by utilising median and interquartile ranges (25th to 75th percentile). Additionally, the Wilcoxon (two-
sided) signed rank test, as implemented in MATLAB R2017b (MathWorks, Massachusetts, USA), was performed 
on the compared groups, with p ≤ 0.05 as the cut-off, to evaluate the consistency of the identified trends. The 
updated method can be considered as an extension of the EE method, with the added capabilities of analysing 
interaction effects as well as reporting the confidence intervals of the effects. 
 

Cross-Correlation Analysis 
To systematically quantify the extent of change in occupant responses, cross-correlation was calculated using 
CORA [46]. The shape and amplitude of the responses were weighted by 0.5, and responses with low magnitude 

Near-Side 

Far-Side 
Oncoming 

Frontal 

Intersection 
Frontal 

IRC-22-75 IRCOBI conference 2022

553



[22] were excluded from the analysis. Identical responses got a perfect CORA score (1), while largely altered 
responses got CORA scores close to 0. In order to determine a body region’s response cross-correlation, the Root 
Mean Square (RMS) addition [47] was used to combine the cross-correlation value of all responses belonging to 
the body region. GSA was applied to the body regions’ cross-correlation results to study and rank the effects of 
the investigated parameters on occupant responses. CORA reduction (CORAreduction = 1-CORA) was used to perform 
the GSA calculations. The sensitivity analysis considered the most influential level for every parameter, as seen in 
the example (Appendix E, Fig. E.1). Performing GSA on the CORA considers the whole sequence of the responses. 

III. RESULTS 

Patterns in the initial occupant’s distance to the vehicle interior, posture and belt fit were analysed after the 
HBM positioning simulations. In general, it was found that fore-aft position and stature affected the distance 
between the knees and the dashboard (Appendix B, Table B.II ). Increasing the BMI positioned the H-Point higher 
and more forward relative to the seat and altered the belt fit. The lap-belt was higher and more forward relative 
to the ASIS (Fig. B.5), and the shoulder-belt was more inboard (medially on the clavicle) (Fig. B.6). The backrest 
angle altered the pelvic and torso pitch angle, as well as the distance between the head and the dashboard. 
Furthermore, a 7.5° more reclined pelvis was observed for female occupants. More detailed information about 
the distance to interior, posture and belt fit can be found in Appendix B (Table B.II – Table B.IV).  

All 944 simulations reached normal termination regardless of occupant shape and size or seat adjustment. The 
ratio of hourglass energy to total energy, for the whole model, at the final timestep had a median value of 3.7% 
for the Oncoming Frontal simulations. BMI was the only parameter influencing the hourglass energy ratio, with a 
median increase of 2% for obese (38 kg/m2) occupants and a median reduction of 1.1% for underweight (18 
kg/m2) occupants. A similar trend was seen in the rest of the simulated impacts. However, it was less apparent 
due to the generally lower hourglass energy ratios. 

Ranking of Parameters’ Influence – Cross-correlation  
The cross-correlation, which was performed to quantify and rank the parameters’ influence per body region, 
resulted in the CORA matrix. The CORA values in every cell represented the maximum median change observed 
when a parameter was changed. Low numbers (visualised in red) indicate altered responses, while numbers closer 
to one (visualised in green) indicate unchanged responses. An example of the CORA score calculation can be seen 
in Appendix E (Fig. E.1). Table I and Table II contains the results for the Intersection Frontal, and Oncoming Frontal 
impacts, respectively. The results of the Near-Side and Far-Side impacts can be found in Table F.I and Table F.II. 

 
Intersection Frontal  

In the Intersection Frontal impact (Table I), the pelvis kinematics were mainly influenced by the fore-aft position 
(0.78) and BMI (0.64). The spine kinematics were also affected by BMI and the fore-aft position, with the largest 
effects being seen in the lumbar (0.68, 0.73) and thoracic (0.72, 0.71) regions. The lower extremities kinematics 
were influenced by the fore-aft position (0.63), BMI (0.65) and stature (0.6). The upper extremities kinematics 
and kinetics were influenced by all parameters, with the largest deviation being seen when the fore-aft position 
(0.54, 0.53), the BMI (0.53, 0.47) and stature (0.62, 0.56) were altered. 

 
TABLE I 

 INTERSECTION FRONTAL CORA RESULTS – ALTERED RESPONSES ARE VISUALISED IN RED 
 Kinematics  Kinetics 
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Backrest 0.91 0.96 0.91 0.89 0.89 0.88 0.90 0.71  0.83 0.90 0.83 0.84 0.73 
Fore-Aft 0.78 0.73 0.71 0.80 0.81 0.80 0.63 0.54  0.67 0.74 0.67 0.42 0.53 
BMI 0.64 0.68 0.72 0.70 0.77 0.75 0.65 0.53  0.59 0.75 0.64 0.48 0.47 
Stature 0.86 0.92 0.90 0.92 0.88 0.91 0.60 0.62  0.72 0.88 0.80 0.40 0.56 
Sex 0.91 0.97 0.96 0.96 0.91 0.90 0.84 0.79  0.69 0.84 0.80 0.71 0.76 
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Oncoming Frontal  
In the Oncoming Frontal impact (Table II), mainly the fore-aft position, BMI and stature influenced the pelvis 

(0.73, 0.65, 0.8), lumbar spine (0.74, 0.67, 0.72) and thoracic spine (0.69, 0.63, 0.76) kinematics. The cervical spine 
and head kinematic responses were affected by the fore-aft position (0.69, 0.68) and BMI (0.65, 0.73). 
Additionally, the fore-aft position (0.56), BMI (0.61) and stature (0.62) were associated with altered kinematics 
of the lower extremities. The upper extremities motion was particularly affected by the fore-aft position (0.56), 
BMI (0.53) and stature (0.66). The pelvis loading was largely influenced by BMI (0.49), fore-aft position (0.6), as 
well as stature (0.66) and sex (0.68). The lumbar and cervical spine kinetics were influenced by the fore-aft 
position and BMI, with CORA scores of 0.65 and 0.54, respectively. The lower and upper extremities loading was 
largely affected by the fore-aft position, BMI and stature, with scores between 0.38 and 0.4 and between 0.39 
and 0.42, respectively. The sex parameter also influenced the lower and upper extremity kinetics, with scores of 
0.67 and 0.62.   
 

TABLE II 
 ONCOMING FRONTAL CORA RESULTS – ALTERED RESPONSES ARE VISUALISED IN RED 

 Kinematics  Kinetics 
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Backrest 0.91 0.93 0.88 0.93 0.92 0.91 0.88 0.74  0.79 0.88 0.78 0.81 0.64 
Fore-Aft 0.73 0.74 0.69 0.69 0.81 0.68 0.56 0.56  0.60 0.65 0.54 0.38 0.42 
BMI 0.65 0.67 0.63 0.65 0.77 0.73 0.61 0.53  0.49 0.65 0.54 0.39 0.39 
Stature 0.80 0.72 0.76 0.84 0.84 0.85 0.62 0.66  0.66 0.79 0.61 0.40 0.43 
Sex 0.88 0.89 0.91 0.94 0.91 0.91 0.81 0.74  0.68 0.80 0.72 0.67 0.62 

 

Patterns of Peak Kinematic and Kinetic Responses 
GSA was performed as a second step of the analysis process to identify patterns in the peak values of both kinetic 
and kinematic responses in all affected body regions. The analysis of kinematic responses consisted of 
comparisons of the occupant’s peak rotation, excursion and velocities relative to the vehicle. Kinetic responses 
were analysed by comparing the magnitude of moments and forces in cross-sections of the HBM. The main 
kinematic and kinetic patterns for the Intersection Frontal, and Oncoming Frontal impacts are presented below, 
while the main patterns for the Near-Side and Far-Side impacts can be found in Appendix F.  The results of the 
GSA can be found in more detail in Table G.I to Table G.IV in Appendix G, for all crash configurations. 
 

Intersection Frontal  
In the Intersection Frontal impact simulation, reclining the backrest angle to 30° increased the peak torso 
resultant speed by 11%. The seat’s fore-aft position influenced the pelvis kinematics, with 9% more pelvis 
excursion and 8° higher pelvis rotation. Interaction effects were seen between peak pelvic Y-angle and stature 
and BMI. The pelvis of occupants with a BMI of 18 kg/m2 rotated 14° more when seated in the most rearward 
position, compared to occupants with nominal BMI in the nominal fore-aft position. Similarly, the pelvis of 
occupants with stature 1476 mm and 1617 rotated 12° more. The opposite effect was observed when the seat 
was in the most forward position with reduced pelvis Y rotations of 2°. In parallel to the increased excursions, 
increased ASIS force was observed (0.2 kN, +20%) in the most rearward position. Additionally, occupants in the 
most rearward position reached 0.4 m/s (+16%) higher torso and head (0.5 m/s, +9%) speed relative to the vehicle 
interior. No consistent association between femur forces and fore-aft position was found, due to the existence of 
interaction effects between BMI, stature and fore-aft position; occupants with high BMI demonstrated increased 
(up to 1.2 kN) femur forces in the most forward position (which explains the reduced pelvis loading), while the 
femur force was reduced for occupants with BMI below 28 kg/m2. Similarly, the femur force of tall (1899 mm) 
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occupants was reduced (-1.1 kN) in the most rearward position, while it was increased up to 0.5 kN for occupants 
with stature below 1758 mm. Despite that, the tibia forces were consistently increased up to 77% in the most 
forward position and reduced up to 45% in the most rearward position.  

BMI was associated with increased pelvis X-excursions; however, no consistent association between BMI and 
peak pelvic angle was seen in the simulations. Obese occupants reached a higher (0.2 m/s) peak torso relative 
speed, while underweight occupants showed 0.1 m/s reduced peak torso relative speed. A U-shape response was 
seen between BMI and torso Z-rotation for male occupants, with 8° higher rotations for obese and underweight 
occupants. Obese female occupants showed a similar trend, but underweight females rotated 2° less than 
nominal BMI female occupants.  

Stature was linked to altered pelvis kinematics. Up to 4.5° of increased pelvic Y-rotation was found by increasing 
the occupant’s stature in steps of 141 mm. However, that trend was not valid for short females with a stature of 
1476 mm, compared to nominal height (1617 mm) females, whose pelvis rotated 2° more. Overall, increased 
lower extremity loads were seen for taller occupants, with up to 0.33 kN higher force and 8 Nm higher moment, 
per 141 mm of increased stature. 

In general, the pelvis kinematic response of female occupants was altered, with 7.5° higher pelvic rotation being 
observed. However, it should be noted that the initial pelvis orientation was also 7.5° more reclined. 

 
Oncoming Frontal  

Reclining the backrest to 30° increased the peak pelvis Y rotation by 4.5°, which was approximately the same as 
the change of the initial pelvic angle. The lumbar force was increased in the L1 level by 0.4 kN (16%) and the lower 
neck force by 0.24 kN (16%) when the backrest was reclined. 

As with the Intersection Frontal impact simulation, the fore-aft position was highly influential for the pelvis 
kinematics and kinetics. The maximum longitudinal excursion of the pelvis was increased by 30 mm (Fig. 4), and 
the pelvis rotated 7° more when the occupant was in the most rearward position. That was more pronounced for 
underweight occupants, who rotated 19° more, and for short females (1476 mm), who rotated 15° more 
compared to occupants in the nominal fore-aft position. The pelvic, lumbar and cervical spine loading were 
increased in the most rearward position. The peak lumbar force at the L1-vertebra was increased by 1.46 kN 
(+77%) when the seat was in the most rearward position. The opposite effect was seen when adjusting the seat 
in the most forward position, which reduced the pelvis rotation by 8° and excursion by 25 mm (Fig. 4), as well as 
the pelvic and spinal loading. On the other hand, adjusting the seat to the most forward position resulted in 
increased loading of the lower extremities. The left lower tibia magnitude of force was increased by 1 kN. 
Occupants with high BMI (38 kg/m2) were associated with up to 1.5 kN increased left femur force and 1.1 kN 
increased right femur force when in the full-forward position.  

BMI was the most influential parameter for the pelvis X-excursions, with underweight occupants moving 72 
mm less and obese occupants moving 23 mm more than nominal BMI occupants (Fig. 4). It should be noted that 
interaction effects between BMI and fore-aft position were present. The influence of BMI was reduced when the 
seat was adjusted between the most forward (0%) and mid fore-aft (40%) positions (Fig. 4). Because of the 
interaction between the occupant’s knees and the IP, the increased pelvis X-excursions for obese occupants were 
limited (Fig. 5).  

A U-shape relation was observed between BMI and peak pelvic Y angle, with 5.6° and 7.8° higher rotations 
noticed for obese and underweight occupants, respectively (Fig. 6). Male occupants were affected by low BMI 
(+10°), while females were not affected (Fig. 6). Interaction effects were also seen between fore-aft position and 
BMI. Underweight occupants were not consistent with the general findings when positioned in the full forward 
position, with up to 12° less pelvis rotation compared to occupants of nominal BMI (Fig. 6). A reverse U-shape 
relation was observed between BMI and kinetics of the pelvic and lumbar spine region, with underweight and 
overweight occupants being generally exposed to larger pelvis loads compared to occupants of nominal BMI. 
Obese occupants reached a higher (0.45 m/s, 7%) peak torso relative speed, while underweight occupants 
reached 0.75 m/s (-11%) lower speed. A minor influence (±0.15 m/s) of BMI on head speed was seen. However, 
the head rotations were considerably altered by BMI. Underweight occupants showed increased (+25°) head 
rotations around the Z-axis, and overweight occupants showed decreased (-31°) rotations compared to occupants 
with nominal BMI. In contrast to that, a U-shape response was seen between lower neck loading and BMI, with 
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occupants of non-nominal BMI being subjected to higher (0.2 kN, 14%) forces. Additionally, obese occupants were 
subjected to higher loading in the lower extremities.  

 

 
Fig. 4. Influence of BMI and fore-aft position on the maximum pelvis X-excursion in the Oncoming impact simulations. In 
general, obese or rearwards positioned occupants experienced increased pelvis longitudinal excursions. In contrast, 
underweight or forward positioned occupants moved less than occupants with nominal BMI or in the nominal fore-aft 
position. Additionally, interaction effects between BMI and fore-aft position were also seen. The pelvis of obese 
occupants moved approx. 7mm more compared to occupants of nominal BMI when they were in the 0%,20%, and 40% 
fore-aft positions. However, their pelvis moved up to 45mm more when positioned in the most rearwards position. 
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Fig. 5. BMI influence on maximum pelvis excursion, in three fore-aft adjustments; initial (top) and maximum excursion 
(bottom) timesteps. Obese (cyan) occupants were in general associated with increased longitudinal pelvis excursions in 
the Oncoming Frontal impact. The influence of BMI is magnified by moving the seat rearward and increased when 
moving the seat forward, due to the contact between the knees and the IP.  
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Submarining was observed in approximately 10% of the Oncoming Frontal simulations, predominantly 
associated with reclined short female HBMs. It occurred just prior to the pelvis rebound and had minor effect on 
the HBM kinematics. Stature substantially affected the pelvis rotation, with taller occupants reaching up to 9° 
higher peak rotation per 141 mm of stature increase. Females were generally more sensitive to stature than male 
occupants. The lower extremities loading was increased when the stature was increased, while, simultaneously, 
a reduction in the pelvic loading was observed, indicating a change in the occupant load path in the model.  
 Increased pelvic loads were measured for female occupants compared to males, and the peak torso speed was 
reduced by 0.3 m/s (-4%) compared to males of the same stature and BMI. The lumbar force at the L5 level was 
increased by 0.3 kN (25%), while the lower neck force was reduced by 0.25 kN (-18%) and the lower neck moment 
by 35 Nm (-33%). 

IV. DISCUSSION 

The influence of occupant anthropometry and seat adjustment on occupant kinematics and kinetics in impacts 
was investigated in a numerical simulation study. As seen in previous studies [3-5], variations in occupant 
anthropometry led to altered occupant responses, with complex interaction effects between the anthropometric 
parameters. Compared to past studies, the sensitivity analysis in this study utilised one-at-a-time parameter 
perturbations at a multitude of input space points, which enabled ascribing the observed responses to a single 
parameter change, allowed interactions effects to be studied and provided multiple observations across the 
parameter space. In addition, multiple crash configurations were included in the current study, ranging from low-
severity intersection to high-severity oncoming impacts, providing a more complete understanding in relation to 
the diverse impacts that could occur in real-world traffic.  

Among the main findings of this study was the identification of BMI as the most influential parameter for pelvis 
kinematics and kinetic responses across all evaluated crash configurations. The forces and moments measured in 
the lower and upper extremity regions of the HBM were generally higher as the stature and the BMI of the 
occupant increased. BMI was also associated with altered head kinematics and cervical spine loading. The load 
increase found across most body regions when BMI was increased could potentially contribute to the increased 

 
Fig. 6. The influence of BMI on peak pelvis Y-angle during the Oncoming impact simulations is illustrated. Increasing or 
reducing the BMI from the nominal (28 kg/m2) resulted in increased pelvic rotation, which resulted in a U-shaped 
response. Interaction effects were observed between sex and fore-aft position and BMI. Those interaction effects 
increased the Interquartile Range (IQR), seen with green area, and resulted in inconsistent trends for the 23 vs. 28 kg/m2 
comparison (red markers). Underweight male occupants reached a higher peak pelvic angle, while the opposite trend 
was seen for underweight female occupants. Additionally, the fore-aft position was influential in the pelvic rotation of 
underweight occupants. Positioning underweight occupants more forward reduced their peak pelvic rotation, while the 
opposite effect was seen in more rearward positions. 
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injury rate for occupants with high BMI seen in field studies [1-5]. 
 In Frontal impacts, the present study described altered kinetics of the cervical spine, with up to 106% increased 

cervical spine moment for obese occupants, which stands in contrast to Hu et al. [10], who could not identify 
parameters influencing the cervical spine response. Furthermore, BMI, stature and fore-aft position of the seat 
were very influential for the lower and upper extremities’ kinematic and kinetic responses. In the Oncoming 
Frontal simulations, increased lower extremities loading was seen with a median increase of femur force of 0.8 
kN for obese occupants (38 vs. 28 kg/m2). Similarly, Shi et al. [48] reported an increase of 1.5 kN of femur force 
for obese occupants (40 vs. 25 kg/m2). In the current study, besides increased loading for the femur, higher forces 
were consistently measured in the tibia when the BMI or stature were increased or when the seat was positioned 
more forward. Additionally, increased pelvis excursions were identified for obese occupants, as also seen in [15]. 
The influence of BMI on maximum pelvis excursions was exaggerated when the seat was moved rearwards and 
reduced when the seat was moved forward; implying that the knee restraint could be more important for obese 
occupants. Moreover, in contrast to [15], no consistent change in torso pitch angle was observed for obese 
occupants. This difference could be an effect of the different vehicle environments used; here, a front passenger 
environment was used compared to the rear-seat environment used by Kent et al. [15]. Furthermore, increased 
maximum pelvis rotation was observed not only for obese but also for underweight occupants (Fig. 6). 

Past studies have identified increased lumbar spine loading for reclined postures [19][49]. In the present study 
it was found that in the high-severity Oncoming Frontal impact simulations, positioning the seat in the most-
rearward position could lead to a larger increase in lumbar spine loading than semi-reclining the backrest. 
Therefore, investigating further the possible effects of knee restraints, in regards not only to lower extremities 
but also to pelvic and spinal loading, could be beneficial. Positioning the seat more forward resulted generally in 
higher lower extremities loads, which could result in increased lower extremities injury risk, as also seen for 
drivers [17]. Those results indicate that there might be a trade-off not only between lumbar forces and 
submarining risk when reclining [49] but also between lower extremities and lumbar spine loading when adjusting 
the fore-aft position.  

Adjusting the seat position rearwards led to increased head relative speed in the Frontal impacts, while the 
opposite trend was seen in the Side impacts (see Appendix F). While the first observation was not surprising due 
to the altered distance of the occupant with the vehicle interior, the second was unexpected. The mechanism 
behind the increased velocities observed in the Side impacts is likely the rotational motion of the vehicle induced 
by impacts in the vehicle’s front corners, which are expected to be more frequent in future intersection crashes 
[41][50]. Moving the occupants forward is also moving them away from the rotation centre of the vehicle, 
increasing their relative speed. Sitting more forward than the mid-travel is expected to be infrequent [16]. Despite 
that, sitting more forward is possible and might be necessary in some cases (for example, in the presence of tall 
rear-seat occupants) and is, therefore, an interesting finding.  

Differences in the pelvis, as well as spine, kinematic and kinetic responses, were also seen between male and 
female occupants of identical stature and body mass. Those differences originated from the altered soft-tissue 
distribution, which resulted in different initial belt fit and posture during the positioning phase. The applied 
positioning method predicted females to have more (7.5°) reclined pelvis compared to males of the same stature 
and BMI. This was partly due to the altered adipose tissue distribution and its interaction with the seat, as well as 
due to the less pronounced ASIS, which altered the pelvic angle measurement [42] comparability. This change 
was comparable with [23], which predicted an 8.9° more reclined pelvis for a female compared to a male, with a 
stature of 1617 mm and BMI of 28 kg/m2. The data for [23] were insufficient for comparing males and females 
beyond that stature and BMI. A similar trend, although smaller in magnitude, was seen in [42], in which seated 
females had an average pelvic angle 2.5° more reclined compared to seated males. Additionally, it should be 
noted that the standard deviation of the pelvic angle for occupants in automotive seat was in the range of 10° 
[42] and the positioned models were within one standard deviation. In the Frontal impact simulations, the 
analysis for female occupants identified similar patterns between male to female and upright to semi-reclined 
occupants. That was probably because when semi-reclining by 5°, the initial pelvic angle was similarly affected as 
comparing females and males. Therefore, further studies investigating sex-related differences in the initial pelvic 
angle would be beneficial. Regarding the increased injury ratios found for female compared to male occupants in 
field studies [6], it should also be considered that the median stature of female and male occupants is different. 
In this study, comparing the response of occupants with a stature of 1476 mm (only female models) with 
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occupants of stature 1617mm was more influential than comparing females and males of the same stature. Some 
of the differences in the field could therefore be linked to the different stature distribution.  

In this study, the sex-related body shape differences, such as adipose tissue distribution and altered centre of 
gravity, were investigated. To perform a comparison between males and females regarding injury risk, more 
parameters should be included, such as material and structural property variations of individual bones [51-53] or 
soft-tissue. Those aspects could influence the injury tolerance between females and males. Besides anatomical 
variation between males and females, large variation across individuals exists. For this study, HBMs were 
generated to represent the average anthropometric target of a given BMI, stature, age and sex. HBMs 
representing average anthropometries have been as good as subject-specific HBMs in predicting kinematics [34]. 
However, individual injury tolerance could be important to consider when performing injury predictions. Scaling 
techniques that try to account for occupant variability exist [54] and are frequently used to normalise responses 
and generate corridors from biological experiments. Those techniques could be used to consider the effects of 
covariate factors, such as occupant’s stature, that could influence injury tolerance. However, those techniques 
were not used in the present study as they typically generate too-wide corridors, failing to explain injury variability 
based on anthropometric properties [54]. As also discussed in [10], when “simple” methods (such as mass-scaling) 
were applied to parametric HBM results, they could not appropriately account for variations due to occupant 
shape and were therefore considered inadequate for capturing the altered injury tolerance. Additionally, it was 
found that the general injury trends were consistent regardless of using or not using scaling techniques [10]. 
Tissue-level injury prediction could be beneficial for capturing those effects. However, in their current state, 
further development is needed [34][37] to validate the injury prediction capabilities of morphed HBMs. 
Additionally, due to the potential presence of altered injury tolerance, the lack of kinetic trends could still be 
associated with higher or lower injury risk for certain anthropometries. For example, if no change in lumbar 
compression forces is seen between short and nominal stature occupants, that could be an indication that shorter 
occupants are at a higher risk, as shorter occupants most likely have smaller vertebras, potentially tolerating a 
smaller force. 

The use of FE models allowed for a controlled environment, enabling the OAT approach adopted in this study. 
This approach was straightforward for analysing elementary and interaction effects. However, it was 
computationally expensive, therefore the number of investigated parameters had to be limited. That was among 
the motivations for not investigating the effect of age, alongside the fact that age would not only alter the body 
shape but could also alter the posture [23] and the injury tolerance substantially. Additionally, past studies [8] 
have identified age as an important parameter to be considered, as elderly occupants were found to be at 
increased risk. A computational study [12] investigated the effect of age-related shape differences and led to 
unexpected results, such as stiffer thorax with higher peak force and lower chest deflection. To fully understand 
the effects of age, the material properties in these models need to be also considered. HBMs are ideal tools for 
investigating the effects of those parameters. However, at the time this study was performed, the used HBM did 
not have those capabilities.  

The range of the chosen input parameter space is crucial when performing GSA [55]. Therefore, in this study, 
statistical analysis was performed to determine the BMI and stature combinations that included approximately 
90% of the US population. Nonetheless, modelling limitations needed to be taken into account, therefore no 
occupants with BMI below 18 kg/m2 or above 38 kg/m2 were simulated, as achieving acceptable model element 
quality for those occupants would have been challenging. Additionally, the backrest angle was reclined only up 
to 30°. Reclining it further could potentially increase its influence on the occupant response.  

The two analysis steps are complementary to each other. The cross-correlation carried out considered the 
entire sequence of kinematic and kinetic responses, while the second step provided numbers that were easy to 
comprehend and relate to potential occupant injury risk. In the second part of the analysis in this study, the 
magnitude of loads (forces and moment) was used to give some insights into the kinetic trends while reducing 
the amount of the reported responses. In some cases, however, different loading mechanisms can be masked 
when analysing the magnitude of loads. In the Oncoming Frontal impacts, for example, tall occupants (1899 mm) 
were subjected to reduced femur force when the seat was moved rearwards, in contrast to shorter occupants 
(below 1756 mm) who were subjected to reduced femur force when the seat was moved forward. Despite the 
“similar” recorded effect, there were two different mechanisms behind those trends leading to different loading 
of the femurs. Taller occupants offloaded the compressive forces in rearward positions, while shorter occupants 
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got less tensile force in the forward positions. Therefore, identifying the loading mechanisms for the highlighted 
influential parameters is subject to future studies. 

No variation of sitting posture was included for the combination of occupant size and seat position. However, 
occupants can be out of the nominal position, which can influence their kinematic and kinetic response [22]. The 
influence of non-nominal postures could be exaggerated in the presence of diverse anthropometry or altered 
seat adjustment. Similarly, in the real-world, variations could also exist in the occupant belt fit. In this study, the 
belt was routed following the shortest path and the belt fit patterns observed related to BMI were comparable 
with the trends reported in the laboratory study [21], but the sex effects were not in agreement (the lap-belt was 
24 mm more forward in [21], and 4 mm less forward for men in the present study). Additionally, the belt fit could 
be influenced considerably by parameters beyond BMI, stature and sex [21], such as choice of clothes or 
occupant’s individual body shape, posture and comfort perception.  

This study highlights occupant protection challenges, using HBM simulations, and can be used to further 
enhance occupant protection, considering occupant anthropometric diversity and seat adjustment variation. 
Future work to address the limitations presented earlier, such as the lack of tissue-level injury prediction 
functionality and understanding of individual anthropometric variability and injury tolerance, can further enhance 
the population coverage of morphed HBMs, leading to more inclusive occupant safety assessment.  

V. CONCLUSIONS  

The developed GSA method quantified the primary and interaction effects and, by utilising statistical testing, 
could highlight the consistency of the observed trends in the simulations of a diverse family of occupants seated 
in a multitude of seat adjustments. Across all evaluated crash configurations simulated, increased pelvis excursion 
and loading were observed for occupants with increased BMI. In addition, BMI also influenced the head 
kinematics and cervical spine loading. The forces and moments measured in the lower and upper extremity 
regions were generally higher as the stature and the BMI of the occupant increased. Adjusting the fore-aft 
position of the seat was very influential for the extremities’ kinematics and kinetics. In Frontal impact simulations, 
reclining the occupant was associated with increased lumbar spine loading. However, adjusting the seat’s fore-
aft position had a larger influence on the lumbar loading. Furthermore, a trade-off between pelvis/lumbar spine 
loading and lower extremities was seen when adjusting the fore-aft position of the seat. The increased lower 
extremities forces measured in the most forward position were accompanied by reduced pelvic and lumbar spine 
loading, while positioning the HBM more rearward reduced the lower extremity forces but increased the lumbar 
spine loading. Additionally, a trend of larger pelvis rotations in the Oncoming Frontal impact was seen for 
occupants with non-nominal BMI. In the Side impacts, moving the seat in the most forward position increased 
the torso and head speed relative to the vehicle. Protection of extremities and lumbar spine could benefit by 
including occupants with increased stature, non-nominal BMI, as well as rearward positioned seats in the safety 
evaluations.  
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Appendix A  
OCCUPANT ANTHROPOMETRY ANALYSIS 

 
Statistical analysis in the NASS GES database was performed to identify the most frequent age of occupants 

involved in crashes regardless of injury level. The filtering criteria used for the analysis can be seen in A.I. 
 

TABLE A.I 
NASS FILTERING CRITERIA 

Variable Value Interpretation 

PER_TYP 
2, 
3 

Passenger of a Motor Vehicle in Transport, 
Occupant of a Motor Vehicle Not in Transport 

BODY_TYP < 30 
Automobiles, automobile derivatives, utility vehicles, van-based  

light trucks (≤10,000 lbs GVWR) 
SEAT_POS 13 Front Seat – Right Side 

PERSON.AGE >= 20 AND <= 120 Occupants aged between 20 and 120 yo 
SEX 1, 2 Male, Female 

 
The results of the analysis indicate that the mean age of occupants involved in crashes between the years 2011 

and 2015 was 41 years old (yo) (A.1), with the average age of male and female occupants being 38 yo and 43 yo, 
respectively. Hence, 40 yo was selected as the target age for the morphed HBMs. 

 

 
Fig. A.1. The mean age of injured front-seat passengers from the NASS GES database are visualised. Throughout 2011–
2015, the mean age is approximately 43 yo and 38 yo for female and male occupants, respectively. The mean age, 
irrespective of sex, was approximately 41 yo. 
 
To identify the BMI and stature distribution of the population, the National Health and Nutrition Examination 

Survey (NHANES) database for the years 2013–2016, weighted to represent the US population, was analysed. The 
univariate medians of the female and male populations were used as the baseline target anthropometries (Table 
A.II). 

To define the borders of the sampling space, lines that join points of the sampling space (Stature, BMI) with the 
same probability density value (iso-probability lines) covering 90% of the male and female populations were 
generated (Fig. A.2). The probability density function was estimated using the “Kernel smoothing function 
estimate for bivariate data” (ksdensity) in MATLAB R2017b (MathWorks, Massachusetts, USA). The surface 
integral of the probability density function within the iso-probability line describes the percentage of the 
population contained in the area. 

The difference between the median male and median female stature (141 mm) was used to define the grid 
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spacing for the stature, and 5 kg/m2 was used as the grid spacing for BMI. An equidistant grid (Fig. A.2) was 
generated to define the target occupant anthropometries.  
 

TABLE A.II 
UNIVARIATE ANALYSIS OF STATURE AND BMI FOR THE WEIGHTED US POPULATION 

 Female Population (n=5571) Male Population (n=5221) 

Stature 
1476 mm p2.8 1617 mm p3.5 
1617 mm p50 1758 mm p50 
1758 mm p97.9 1899 mm p97.7 

BMI 

18 kg/m2 p1.2 18 kg/m2 p0.9 
23 kg/m2 p20.7 23 kg/m2 p13.8 
28 kg/m2 p49 28 kg/m2 p50.3 
33 kg/m2 p72 33 kg/m2 p79 
38 kg/m2 p86.7 38 kg/m2 p92.5 

 

 
The anthropometric properties of the baseline and morphed HBMs can be seen in Table A.IV. Moreover, the 

element quality of the morphed HBMs was assessed by counting the number of elements that violated selected 
element quality criteria (EQC) [57], seen in Table A.III. The number of elements violating the EQC was normalised 
with respect to the number of elements violating the EQC of the baseline HBM, to derive the model quality 
presented in Table A.IV. Hence, a model quality of 148% means that the number of elements violating the EQC is 
increased by 48% compared to the baseline HBM. This also means that higher numbers indicate worse mesh 
quality, and have been colour coded (in red) in Table A.IV to highlight this. 

Additionally, at the end of the occupant positioning stage, the contact force was divided by the occupant’s 
weight to assess whether equilibrium was reached; the minimum and maximum “equilibrium calculation” values 
achieved for all seat adjustments can be seen in Table A.IV.  

 

 
Fig. A.2. The bivariate distribution of the US population is illustrated using iso-probability contours lines for the female 
(in red) and male (in green) subpopulations. The contour lines define the borders that contain 10% (solid line), 50% 
(dotted line) and 90% of the subpopulations. The selected occupant sizes (BMI and stature) are visualised with magenta 
and circles and blue stars for the female and male populations. Additionally, the dimensions of the Hybrid-III 
Anthropomorphic Test Devices and the 50th percentile female in accordance with Schneider et al. [56] are included in 
yellow diamonds for easy comparison with the selected anthropometries. 
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TABLE A.IV 

MEASUREMENTS, ELEMENT QUALITY, AND EQUILIBRIUM WITH SEAT FOR THE MORPHED HBMS 

# Sex 
Stature 
(mm) 

Weight 
(kg) 

BMI 

 
Model 
Quality 

Head Properties Equilibrium 
Age Mass Inertia (kg * mm2) Min. Max. 

 (kg) Ixx Iyy Izz   

SAFER 
HBM 
v9.0.1 

M 1750 77 25 N/A 100% 4.682 23173 20876 16634 N/A 

1 F 1476 50.11 23 40 148% 4.092 18925 16938 13246 155% 205% 
2 F 1476 61.00 28 40 149% 4.166 19686 17643 13756 147% 188% 
3 F 1476 71.89 33 40 143% 4.272 20589 18486 14321 143% 180% 
4 F 1617 47.06 18 40 156% 4.238 20579 18388 14152 149% 160% 
5 F 1617 60.14 23 40 150% 4.335 21390 19120 14697 139% 158% 
6 F 1617 73.21 28 40 141% 4.432 22242 19904 15258 135% 144% 
7 F 1617 86.28 33 40 140% 4.542 23253 20840 15880 134% 157% 
8 F 1617 99.36 38 40 141% 4.675 24322 21774 16545 144% 165% 
9 F 1758 71.08 23 40 144% 4.613 24167 21573 16301 141% 172% 

10 F 1758 86.54 28 40 137% 4.714 25117 22444 16915 135% 169% 
11 F 1758 101.99 33 40 132% 4.827 26249 23485 17600 135% 199% 
12 M 1617 60.14 23 40 153% 4.471 22779 20354 15781 133% 143% 
13 M 1617 73.21 28 40 133% 4.577 23676 21156 16436 124% 139% 
14 M 1617 86.28 33 40 129% 4.698 24720 22108 17156 117% 131% 
15 M 1758 55.63 18 40 155% 4.646 24798 22104 16800 144% 158% 
16 M 1758 71.08 23 40 141% 4.747 25617 22861 17445 128% 140% 
17 M 1758 86.54 28 40 141% 4.895 26750 23780 18283 127% 138% 
18 M 1758 101.99 33 40 124% 4.98 27779 24805 18946 124% 144% 
19 M 1758 117.44 38 40 125% 5.106 29025 25939 19774 115% 169% 
20 M 1899 82.94 23 40 136% 5.039 28797 25669 19276 122% 141% 
21 M 1899 100.97 28 40 124% 5.152 29902 26656 20049 124% 156% 
22 M 1899 119.00 33 40 127% 5.3 31209 27825 20917 126% 184% 

 
TABLE A.V 

PARAMETERS INVESTIGATED AND BASELINE VALUES 
Parameter Range Baseline value 
Backrest 25°, 30° 25° 
Fore-aft (%) 0% (only for statures ≤1617), 

20% (only for statures ≤1758), 
40%, 60%, 80%, 100% for all statures 

40% 

BMI (kg/m2) 23, 28, 33 for all stature levels 
18 and 38 for females and males with “baseline” stature 

28 

Stature (mm) 1476, 1617 and 1758 for females, 
1617, 1758, 1899 for males 

1617 for Females, 1758 for Males 

Sex Female, Male Male 
  

TABLE A.III 
ELEMENT QUALITY CRITERIA LIMITS 
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Appendix B  
HBM POSITIONING METHOD 

 
An automated occupant positioning method, comprising two steps, was used to position the HBM. First, the HBM 
target position was determined using a set of rules, with respect to the geometrical constraints of the vehicle. 
Then, a positioning (pre)simulation was performed to establish the positioned HBM and squashed seat. 

The HBM target position was calculated by performing a set of sequential rigid body translations and rotations 
to optimise a set of predefined criteria (Table B.I), using an in-house tool, developed in MATLAB R2017b 
(MathWorks, Massachusetts, USA). Target positions for certain anatomical landmarks were extracted from the 
calculated HBM target position and were used to set up the positioning (pre)simulations. Examples of the HBM 
target position calculation are illustrated in Fig. B.1, for occupants of different sizes in different seat adjustments.    

 
TABLE B.I 

OCCUPANT POSITIONING STEP 1: RULES AND ACTIONS TO DEFINE THE HBM TARGET POSITION 
Body Region Action 
H-Point I. Move the HBM H-point to the H-Point Manikin location (SAE J866, [58]).  
Torso II. Rotate the occupant around the H-Point until it the torso in contact with the backrest. 

Lower 
extremities 

III. Rotate the thigh, calf, and feet around the Y-axis until: 
 the thighs are in contact with the seat base, 
 and the feet are as low and forward as possible while in contact with the carpet. 

Upper 
extremities 

IV. Rotate the shoulders around Y until the arms contacts the backrest. 
V. Rotate the elbows around Y until the hands contacts the thighs. 
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Fig. B.1. Calculation of the HBM target position; examples with HBMs of different sizes positioned in different seat adjustments. 
On the left, the HBM and the relevant vehicle geometrical constraints (carper and seat) can be seen. A set of rigid body 
rotations and translations – Actions I–V, (Table B.I) – are performed to define the desired occupant position. On the right, the 
resulting 1-D elements are illustrated in red.  
 
In the positioning (pre)simulations, the marionette method [40] was used to move the HBM to the calculated 

target position, using one-dimensional elements to pull the anatomical landmarks into their calculated target 
positions. The positioning (pre)simulation had a duration of 700 ms and consisted of two stages.  

First (Fig. B.2), a force 70–350 N was applied using the one-dimensional elements for 450 ms. Simultaneously 
with the pulling of the occupant landmarks into position, the vehicle geometrical constraints were also moved 
into position. The relevant vehicle surfaces that come into contact with the HBM (in this case, the seat, the floor 
and the IP) started 150 mm away (in the X- and Z- directions) from the HBM and were moved into their original 
position. In the second stage, after 450 ms (Fig. B.3), the force of the elements was set to 0 N, and the HBM was 
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allowed to reach equilibrium with the vehicle interior. Gravity was applied throughout the entire simulation to 
generate the appropriate contact forces and deform the seat cushion. 

 

 

 

 

 

 

 

 
Fig. B.2. HBM positioning, stage 1: the selected HBM landmarks are pulled into the target position by the 1-D elements 
(red), while simultaneously the vehicle geometrical constraints (seat and carpet) are moved into position. 
 

 

 

 

 

 

 
Fig. B.3. HBM positioning, stage 2: the 1-D elements (red) stop applying force, and the HBM is allowed to reach 
equilibrium with the vehicle environment. 
 
The contact force between the IP and the HBM’s knees was monitored to determine whether an occupant 

sitting in the seat adjustment is realistic, with 0.5 kN being the threshold. HBMs with stature above 1617 mm and 
1758 mm could not be positioned in the 0% and 20% fore-aft seats, respectively. The stresses produced during 
the positioning stage (Fig. B.4) were not retained for the HBM but were reinitialised for the foam of the seat (using 
the INITIAL_FOAM_REFERENCE option of LS-DYNA). 

 

     
Fig.B.4. HBM positioning, seat squashing. The contact between the occupant and the seat deforms the seat foam. In the 
300–450 ms time interval, the occupant is pulled into position. Between 450 ms and 700 ms, the external force is 
stopped and the HBM is allowed to reach equilibrium with the seat under gravity loading. 

450 ms 

600 ms 700 ms 

150 ms 300 ms 450 ms 600 ms 700 ms 

150 ms 0 ms 300 ms 

450 ms 
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Initial Distance to Vehicle Interior, Posture, and Belt Fit 
The HBM H-Point position relative to the seat was influenced by BMI, sex and stature. Occupants with BMI 38 
kg/m2 were positioned 16 mm higher and 12 mm more forward, while occupants with BMI 18 kg/m2 were 10 mm 
lower and 3 mm more backward compared to occupants with nominal BMI. Female occupants were 20 mm higher 
and 7 mm more forward, and the H-point of shorter (1476 mm) occupants was 9 mm more forward.  

Additionally, the fore-aft position and backrest angle altered the distance between the occupant and the 
interior constraints, such as the glovebox and the dashboard (through which the frontal airbag is deployed). The 
knee-to-dashboard (and -glovebox) distance was affected by the fore-aft position (+125 mm when full rearward, 
-75 mm when full forward). The knees of underweight occupants were 21 mm further away from the dashboard, 
while obese occupants (38 kg/m2) were 29 mm closer, and the knees of female occupants were 16 mm closer to 
the dashboard compared to males of the same stature and BMI. Being 141 mm taller was associated with a 60 
mm reduction in the distance between knees and dashboard. However, short (1476 mm) females were the 
exception of that, with their knees being 38 mm closer to the dashboard compared to females of average stature 
(1617 mm). As compared to the nominal fore-aft position, the head-to-dashboard distance was 150 mm longer 
when the seat was in the most rearward position and 100 mm shorter when in the most forward position. 
Reclining the backrest increased the head distance by 53 mm. 

In Table F.I to Table F.III, the median change of analysed response is reported, along with the IQR in parenthesis. 
 

 
The pelvic angle was 3.8° more reclined when the backrest was adjusted to 30°. Females had a median increase 

in the pelvic angle of 7.5° when compared to males of the same stature and BMI. That change was even larger 
(8.6°) for females with a stature of 1756 mm. A 1.7° more reclined angle was seen for obese occupants. However, 
no considerable change in the pelvic angle of underweight occupants was observed. Similarly, stature was in 
general not associated with altered pelvic angle, except for short (1476 mm) females, which presented a 2° more 
reclined pelvis.  

TABLE B.II 
INITIAL DISTANCE TO VEHICLE INTERIOR 

Backrest 30° vs. 25° 
Head Head to dashboard [mm] *53 (51,55) 

Fore-aft Full rearward vs. Nom. Full forward vs. Nom. 
Lower 

Extremities 
Right Knee to glovebox trim distance [mm] *124 (121,126) *-75 (-79,-71) 

Left Knee to glovebox trim distance [mm] *121 (118,123) *-71 (-75,-70) 

Head Head to dashboard [mm] *152 (150,153) *-101 (-102,-100) 

BMI 18 vs. 28 38 vs. 28 

Pelvis 
Pelvis CoG to Seat H-Point (Mannequin 

measurement) X-dist. [mm] 
*3 (1,7) *-12 (-14,-9) 

Pelvis CoG to Seat H-Point (Mannequin 
measurement) Z-dist. [mm] 

*-10 (-11,-4) *16 (14,17) 

Lower 
Extremities 

Right Knee to glovebox trim distance [mm] *21 (18,24) *-30 (-31,-27) 

Left Knee to glovebox trim distance [mm] *20 (18,24) *-29 (-31,-26) 

Stature 1617 vs. 1476 1758 vs. 1617 1899 vs. 1758 

Pelvis 
Pelvis CoG to Seat H-Point (Mannequin 

measurement) X-dist. [mm] 
*9 (6,12) *-4 (-8,-1) 0 (-4,5) 

Pelvis CoG to Seat H-Point (Mannequin 
measurement) Z-dist. [mm] 

0 (-3,2) *3 (1,7) *3 (2,4) 

Lower 
Extremities 

Right Knee to glovebox trim distance [mm] *-39 (-45,-32) *-59 (-63,-57) *-61 (-63,-59) 

Left Knee to glovebox trim distance [mm] *-39 (-48,-36) *-59 (-62,-56) *-61 (-63,-59) 

Sex Female vs. Male 

Pelvis 
Pelvis CoG to Seat H-Point (Mannequin 

measurement) X-dist. [mm] 
*-7 (-10,-3) 

Pelvis CoG to Seat H-Point (Mannequin 
measurement) Z-dist. [mm] 

*20 (16,21) 

Lower 
Extremities 

Right Knee to glovebox trim distance [mm] *-19 (-24,-17) 

Left Knee to glovebox trim distance [mm] *-19 (-23,-17) 
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Reclining the backrest resulted in a median change of the torso pitch angle of the HBMs of 5.5°. BMI influenced 
the torso pitch angle with obese occupants (38 kg/m2) showing 0.9° less reclined torso and underweight 
occupants showing 1.3° more reclined torso. Small females, with a stature of 1476 mm, were associated with an 
increase of the torso pitch angle by 3.3° as the pelvis was more forward, while taller males (1899 mm) showed 
reduced torso pitch angle by 1.7°. The femurs were, on average, 1.7° less elevated for female occupants compared 
to males, as the pelvis was located higher.  

 
The initial belt fit was affected by all of the investigated parameters. The midpoint of the lap-belt was positioned 

40 mm more backwards and 15 mm lower relative to the ASIS for underweight occupants, while it was 60 mm 
more forward and 40 mm higher for obese occupants (38 kg/m2) compared to occupants of nominal BMI (Fig. 
F.1). The lap-belt was 12 mm lower, relative to the ASIS, for female compared to male occupants of the same 
stature and BMI.  

For the shoulder-belt path, measured at the sternum at the 6th rib height and the acromial end of the clavicle, 
BMI was especially influential over the shoulder-belt path (Fig. F.2). The belt was 47 mm more forward and 31 
mm more inboard for obese occupants, while it was 16 mm closer to the sternum longitudinally and 6 mm more 
outboard. Additionally, the fore-aft position of the seat altered the longitudinal distance between the clavicle and 
the shoulder-belt by up to 38 mm. Similarly, reclining the backrest increased the longitudinal distance of the belt 
by 16 mm and pushed it 4 mm inboard. For female occupants, a general trend was observed with the belt being 
19 mm more outboard (closer to the acromion) and 16 mm more forward at the sternum compared to males (Fig. 
F.3). Finally, increasing the stature by 141 mm resulted in up to 20 mm more outboard positioned belt. 

   
Fig. B.5. The initial lap-belt fit relative to the 
pelvis is seen. Three male occupants, with 
stature of 1758 mm and BMI of 18 kg/m2 
(red), 28 kg/m2 (green) and 38 kg/m2 (blue) 
are visible. The lap-belt is more forward and 
higher relative to the Anterior Superior Iliac 
Spine (ASIS) for increased BMI, and vice versa 
for reduced BMI. 

Fig. B.6. The initial shoulder-belt fit 
for three male occupants, with a 
stature of 1758 mm and BMI of 18 
kg/m2 (red), 28 kg/m2 (green) and 
38 kg/m2 (blue), is visible. The 
shoulder-belt is more medial 
relative to the clavicle for increased 
BMI, and vice versa for reduced 
BMI. 

Fig. B.7. The initial shoulder-belt 
fit is compared between a 
female (red/magenta) and male 
(cyan/blue) occupant, with a 
stature of 1617 mm and BMI of 
28 kg/m2. The belt is 19 mm 
more lateral relative to the 
clavicle for the female occupant. 

 

TABLE B.III 
INITIAL POSTURE 

Backrest 30° vs. 25° 
 

Init. Pelvis Y-rotation [°] *3.8 (3.3,4.1) 
Init. Torso Y-rotation [°] *5.5 (5.2,5.8) 

BMI 18 vs. 28 38 vs. 28 

 

Init. Pelvis Y-rotation [°] 0.2 (-0.2,0.8) *1.7 (1.6,2) 
Init. Torso Y-rotation [°] *1.3 (0.7,1.7) *-0.9 (-1.7,0.3) 

Right Femur Elevation [°] *-1.2 (-1.1,-1.4) *1.7 (2,1.5) 
Left Femur Elevation [°] *-1.3 (-1.4,-1.1) *1.5 (1.2,1.9) 

Stature 1617 vs. 1476 1758 vs. 1617 1899 vs. 1758 

 
Init. Pelvis Y-rotation [°] *-2 (-3,-0.7) -0.3 (-1.3,0.9) *0.3 (0,0.6) 
Init. Torso Y-rotation [°] *-3.3 (-3.9,-2.8) *-0.8 (-1.4,-0.1) *-1.8 (-2.3,-0.9) 

Sex Female vs. Male 

 
Init. Pelvis Y-rotation [°] *7.5 (6.2,8.5) 

Right Femur Elevation [°] *-1.7 (-1.8,-1.5) 
Left Femur Elevation [°] *-1.7 (-1.8,-1.4) 
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TABLE B.IV  
INITIAL BELT FIT 

Backrest 30° vs. 25° 

Lap Belt 

Left (Buckle) ASIS to Midpoint of Lap Belt, Longitudinal [mm] *-3 (-7,-1)  

Left (Buckle) ASIS to Midpoint of Lap Belt, Vertical [mm] *4 (2,7)  

Right (Anchor) ASIS to Midpoint of Lap Belt, Longitudinal [mm] *-4 (-6,-1)  

Right (Anchor) ASIS to Midpoint of Lap Belt, Vertical [mm] *4 (1,6)  

Shoulder 
Belt 

Distal Clavicle to Shoulder Belt, Longitudinal Distance [mm] *16 (8,21)  

Distal Clavicle to Shoulder Belt, Lateral Distance [mm] *4 (1,9)  

 Belt Webbing Length [mm] *20 (14,25) 

Fore-aft Full rearward vs. Nom. Full forward vs. Nom. 

Shoulder 
Belt 

Distal Clavicle to Shoulder Belt, 
Longitudinal Distance [mm] 

*38 (32,46)  *-12 (-16,-6)  

Distal Clavicle to Shoulder Belt, 
Lateral Distance [mm] 

*-2 (-6,1)  
 

-2 (-7,1)  

 Belt Webbing Length [mm] *-62 (-71,-57)  *60 (56, 66)  

BMI 18 vs. 28 38 vs. 28 

Lap Belt 

Left (Buckle) ASIS to Midpoint of 
Lap Belt, Longitudinal [mm] 

*-40 (-44,-38)  *61 (59,63)  

Left (Buckle) ASIS to Midpoint of 
Lap Belt, Vertical [mm] 

*-16 (-32,-10)  *44 (42,46)  

Right (Anchor) ASIS to Midpoint of 
Lap Belt, Longitudinal [mm] 

*-45 (-47,-44)  *62 (59,63)  

Right (Anchor) ASIS to Midpoint of 
Lap Belt, Vertical [mm] 

*-14 (-32,-7)  *40 (38,42) 

Shoulder 
Belt 

Sternum (Mid @6th rib) to Shoulder 
Belt, Longitudinal Distance [mm] 

*-17 (-19,-10)  *48 (31,60)  

Sternum (Mid @6th rib) to Shoulder 
Belt, Lateral Distance [mm] 

6 (-16,24)  *31 (22,45)  

Distal Clavicle to Shoulder Belt, 
Longitudinal Distance [mm] 

*-22 (-24,-20)  -1 (-15,12)  

Distal Clavicle to Shoulder Belt, 
Lateral Distance [mm] 

*36 (27,48)  *18 (9,29)  

 Belt Webbing Length [mm] *-117 (-124,-114)  *264 (278,250)  

Stature 1617 vs. 1476 1758 vs. 1617 1899 vs. 1758 

Lap Belt 

Left (Buckle) ASIS to Midpoint of 
Lap Belt, Longitudinal [mm] 

*12 (8,15)  *4 (0,7)  *6 (4,11)  

Left (Buckle) ASIS to Midpoint of 
Lap Belt, Vertical [mm] 

*-5 (-7,-2)  *3 (0,4)  *3 (2,4)  

Right (Anchor) ASIS to Midpoint of 
Lap Belt, Longitudinal [mm] 

*10(8,15)  *5 (2,7)  *8 (6,10)  

Right (Anchor) ASIS to Midpoint of 
Lap Belt, Vertical [mm] 

*-4 (-6,-2)  *3 (1,4)  *3 (2,5)  

Shoulder 
Belt 

Sternum (Mid @6th rib) to Shoulder 
Belt, Longitudinal Distance [mm] 

0 (-1,2)  *4 (2,6)  *4 (3,6)  

Sternum (Mid @6th rib) to Shoulder 
Belt, Lateral Distance [mm] 

*-11 (-15,-6)  *-10 (-15,-4)  *-10 (-14,-8)  

 Belt Webbing Length [mm] *16 (8,46)  *37(28,56)  *31 (26,42)  

Sex Female vs. Male 

Lap Belt 
Left (Buckle) ASIS to Midpoint of Lap Belt, Longitudinal [mm] *2 (0,5)  

Left (Buckle) ASIS to Midpoint of Lap Belt, Vertical [mm] *-10 (-11,-8)  
Right (Anchor) ASIS to Midpoint of Lap Belt, Longitudinal [mm] *4 (2,5)  

Right (Anchor) ASIS to Midpoint of Lap Belt, Vertical [mm] *-11 (-13,-11)  

Shoulder 
Belt 

Sternum (Mid @6th rib) to Shoulder Belt, Longitudinal Distance [mm] *16 (11,38)  
Sternum (Mid @6th rib) to Shoulder Belt, Lateral Distance [mm] *-28 (-34,-19)  

Distal Clavicle to Shoulder Belt, Longitudinal Distance [mm] -5 (-10,6)  
Distal Clavicle to Shoulder Belt, Lateral Distance [mm] *-19 (-25,-15)  

 Belt Webbing Length [mm] *24 (13,53)  
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Appendix C  
ANALYSED RESPONSES  

 
Table C.I contains the anatomical landmarks and cross-sections that were included for every body region 
analysed. Additionally, the depiction of the anatomical landmarks and cross-sections of the baseline HBM is 
available in the supplementary material of [22]. 
 

TABLE C.I 
ANATOMICAL LANDMARKS EXCURSION (EXC.) (BLACK), ANGLES (BLUE), VELOCITIES (RED), AND CROSS-SECTION LOADS (GREEN) 

Pelvis Spine Torso Head 
Lower 

extremities - 
Bilateral 

Upper 
extremities - 

Bilateral 
Pubic symphysis 
exc. 

L1-L5 vertebra 
exc. 

Sternum (mid at 
1st rib height) 
exc. 

Centre of 
Gravity (CoG) 
exc. 

Femoral head 
exc. 

Acromion exc. 

Bilateral iliac 
crest exc. 

T1-12 vertebra 
exc. 

Sternum (mid at 
6th rib height) 
exc. 

Most Superior 
Point exc. 

Patella exc. Olecranon exc. 

Bilateral ASIS 
exc. 

C1-C7 vertebra 
exc. 

Sternum X- , Y- , 
Z- , res. velocity 

Nasion exc. Distal tibia exc. Distal radius 
exc. 

Sacrum 
(Superior, 
Anterior & 
Posterior) exc. 

Upper Neck load Torso X- , Y- , Z- 
angle 

Inion exc. Calcaneus exc. Thumb distal 
phalanx exc. 

Pelvic X- , Y- , Z- 
angle 

Lower Neck load  Bilateral Porion 
exc. 

First distal 
phalanx exc. 

Distal humerus 
load 

Bilateral pubic 
rami load 

L1-L5 Vertebra 
load 

 Bilateral 
Orbitale exc. 

Distal femur 
load 

Proximal 
humerus load 

Bilateral 
Sacroiliac (SI) 
joint load 

  Head X- , Y- , Z- 
angle 

Proximal tibia 
load 

Distal forearm 
load 

Bilateral ASIS 
load  

  CoG X- , Y- , Z-, 
res. velocity 

Distal tibia load  
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Appendix D  
GLOBAL SENSITIVITY METHOD  

 
• Let   𝑓𝑓( 𝑥𝑥 

1 , … , 𝑥𝑥 
𝑖𝑖 , … , 𝑥𝑥 

𝑘𝑘 ) be the evaluated function with 𝑘𝑘 input variables. 

• Assuming that the input range of the 𝑖𝑖 − 𝑡𝑡ℎ input variable is � 𝑥𝑥𝑚𝑚𝑖𝑖𝑚𝑚
𝑖𝑖 , 𝑥𝑥𝑚𝑚𝑚𝑚𝑚𝑚

𝑖𝑖 � ,discrete steps 𝛿𝛿 
𝑖𝑖  are chosen for 

every input variable, dividing the input space of the 𝑖𝑖 − 𝑡𝑡ℎ input variable to a linearly spaced interval. 𝑥𝑥 
𝑖𝑖 ∈

� 𝑥𝑥𝑚𝑚𝑖𝑖𝑚𝑚
𝑖𝑖 , 𝑥𝑥𝑚𝑚𝑖𝑖𝑚𝑚

𝑖𝑖 + 𝛿𝛿 
𝑖𝑖 , … , 𝑥𝑥𝑚𝑚𝑚𝑚𝑚𝑚

𝑖𝑖 �. 
• The combination of the linearly spaced intervals for all variables generates an equidistant grid in the k-

dimensional hypercube. 
• This approach allows for OAT (one-at-a-time) comparisons for every input variable at every point of the grid. 
• The change of the response due to changing the input variable i to 𝑎𝑎 (from the baseline level 𝑥𝑥𝑏𝑏𝑖𝑖 ) is calculated 

by: 

Δf 𝑚𝑚
𝑖𝑖 = Δf� 𝑚𝑚 

1 ,…, 𝑚𝑚𝑎𝑎𝑖𝑖 ,…, 𝑚𝑚 
𝑘𝑘 �→( 𝑚𝑚 

1 ,…, 𝑚𝑚𝑏𝑏
𝑖𝑖 ,…, 𝑚𝑚 

𝑘𝑘 )𝑚𝑚
𝑖𝑖 = 𝑓𝑓 � 𝑥𝑥 

1 , … , 𝑥𝑥𝑚𝑚𝑖𝑖 , … , 𝑥𝑥 
𝑘𝑘 � − 𝑓𝑓( 𝑥𝑥 

1 , … , 𝑥𝑥𝑏𝑏𝑖𝑖 , … , 𝑥𝑥 
𝑘𝑘 ) 

• The local sensitivity of the 𝑖𝑖 − 𝑡𝑡ℎ variable in the � 𝑥𝑥 
1 , … , 𝑥𝑥𝑚𝑚𝑖𝑖 , … , 𝑥𝑥 

𝑘𝑘 � point of the hyperspace is given by: 

𝐿𝐿𝐿𝐿𝑚𝑚𝑖𝑖 = 𝐿𝐿𝐿𝐿
� 𝑚𝑚 
1 ,…, 𝑚𝑚 

𝑖𝑖 ,…, 𝑚𝑚 
𝑘𝑘 �→( 𝑚𝑚 

1 ,…, 𝑚𝑚𝑏𝑏
𝑖𝑖 ,…, 𝑚𝑚 

𝑘𝑘 )
𝑖𝑖 =

Δf 𝑚𝑚
𝑖𝑖

𝑥𝑥𝑚𝑚𝑖𝑖 − 𝑥𝑥𝑏𝑏𝑖𝑖
 

• The calculation is repeated at every point of the hyperspace where 𝑥𝑥 
𝑖𝑖 ≠ 𝑥𝑥𝑏𝑏𝑖𝑖 .  

This generates a data sample of local sensitivities for all points of the grid. 
𝐿𝐿𝐿𝐿{𝑖𝑖} = �𝐿𝐿𝐿𝐿𝑚𝑚𝑖𝑖 �∀( 𝑥𝑥 

1 , 𝑥𝑥 
2 , … , 𝑥𝑥 

𝑘𝑘 ) 

• Calculating the median and Interquartile Range (IQR) generates the m𝑖𝑖, m∗𝑖𝑖  and IQR𝑖𝑖 
• m𝑖𝑖 = 𝑃𝑃50(𝐿𝐿𝐿𝐿{𝑖𝑖}) 
• IQR𝑖𝑖 = 𝑃𝑃75�𝐿𝐿𝐿𝐿{𝑖𝑖}� − 𝑃𝑃25(𝐿𝐿𝐿𝐿{𝑖𝑖}) 

• Let 𝐿𝐿𝐿𝐿𝑗𝑗=𝑙𝑙
{𝑖𝑖}  be the subset of 𝐿𝐿𝐿𝐿{𝑖𝑖}, where the input variable j has a value 𝑙𝑙. Following the above equations, 𝑚𝑚𝑗𝑗=𝑙𝑙

𝑖𝑖 , 
𝑚𝑚𝑗𝑗=𝑙𝑙
∗𝑖𝑖 , and 𝐼𝐼𝐼𝐼𝐼𝐼𝑗𝑗=𝑙𝑙𝑖𝑖  can be calculated. 

• The Wilcoxon signed rank test can be calculated on the 𝐿𝐿𝐿𝐿{𝑖𝑖}. That tests the hypothesis that the local 
sensitivities come from a distribution with median different than 0, indicating a consistent trend. 

• Deviations between 𝑚𝑚𝑗𝑗=𝑙𝑙
𝑖𝑖 , 𝐼𝐼𝐼𝐼𝐼𝐼𝑗𝑗=𝑙𝑙𝑖𝑖  and m𝑖𝑖, and IQR𝑖𝑖  indicate the presence of interaction effects between the 

i and j input variable (at the level 𝑙𝑙, of variable j). 
 
 

As an example, the effect of changing the fore-aft position of the seat on the peak head resultant speed was 
investigated. In Table D.I, the sensitivity at the most forward seat position was calculated. For all occupant sizes 
(that could fit in that specific seat adjustment), the peak head relative speed was calculated (column: Response 
@x) as well as the response of the reference position (column: Response @reference). The difference between 
the response at the evaluated position and the reference position is calculated (column: Delta Response). The 
median change of the change in response of this specific example was -2.44 with IQR of 0.57, and was statistically 
significant with a p-value, for the two-sided Wilcoxon signed rank test, of 4e-5. 

Interaction effects could also be evaluated by generating subgroups, where the 2nd order effect has the same 
value. In this example, interactions between the fore-aft position and backrest angle were investigated. The 
groups with backrest angles of 25° and 30° can be seen in green and orange, respectively. 

The process was repeated for all values of the evaluated parameter (0%, 20%, 60%, 80% and 100% fore-aft 
position, in this example) to understand the sensitivity of the evaluated response in the tested range.  
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TABLE D.I 
EXAMPLE OF GSA CALCULATIONS; INFLUENCE OF MOST FORWARD FORE-AFT POSITION TO PEAK HEAD RELATIVE RESULTANT SPEED 

DURING THE ONCOMING FRONTAL 

BMI Sex Stature Backrest 
Fore-aft  

@x 
Fore-aft 

@reference 
Response 

@x 
Response 

@reference 
Delta Response 

23 Female 1476 25° 0% 40% 7.88 10.88 -3.00 
23 Female 1476 30° 0% 40% 9.70 11.99 -2.30 
28 Male 1617 25° 0% 40% 8.44 11.22 -2.78 
28 Male 1617 30° 0% 40% 10.27 12.54 -2.27 
33 Female 1476 25° 0% 40% 7.63 10.49 -2.87 
33 Female 1476 30° 0% 40% 9.35 11.73 -2.38 
18 Female 1617 30° 0% 40% 10.16 12.24 -2.08 
18 Female 1617 25° 0% 40% 8.40 11.20 -2.80 
23 Male 1617 30° 0% 40% 10.38 12.59 -2.20 
23 Male 1617 25° 0% 40% 8.61 11.36 -2.75 
33 Male 1617 30° 0% 40% 10.13 12.58 -2.46 
33 Male 1617 25° 0% 40% 8.31 10.99 -2.67 
28 Female 1617 25° 0% 40% 8.15 11.06 -2.91 
28 Female 1617 30° 0% 40% 10.13 12.31 -2.18 
38 Female 1617 25° 0% 40% 8.35 10.77 -2.42 
38 Female 1617 30° 0% 40% 9.93 12.13 -2.19 
28 Female 1476 25° 0% 40% 7.66 10.75 -3.09 
28 Female 1476 30° 0% 40% 9.60 11.83 -2.24 
33 Female 1617 30° 0% 40% 10.04 12.26 -2.23 
33 Female 1617 25° 0% 40% 8.18 10.95 -2.77 
23 Female 1617 25° 0% 40% 8.29 11.17 -2.89 
23 Female 1617 30° 0% 40% 10.26 12.35 -2.09          
       Median -2.44 
       IQR 0.57 

       p-value 4.01E-05 
 

 
Fig. D.1. Head relative peak resultant velocity during the Oncoming Frontal, depending on the seat’s fore-aft position. 
Positioning the seat in the most forward position results in a 2.44 m/s median reduction of head speed compared to 
occupants positioned in the nominal fore-aft position. On the right, it can be seen that the seat’s backrest angle 
interacts with the fore-aft adjustment regarding the head’s peak velocity. When the seat is in the nominal backrest 
angle (25 degrees), the fore-aft position is more influential on the head’s speed. 
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Appendix E  
CORA CALCULATION EXAMPLE 

 
As an example, the CORA calculation for the influence of BMI in Pelvis Kinetics during Oncoming Frontal can be 
seen in Fig. E.1. The median CORAreduction of BMI was [-0.51, -0.30, -0.27, -0.41] for BMI levels [18 kg/m2, 23 kg/m2, 

33 kg/m2, 38 kg/m2], respectively. Therefore, occupants with BMI 18 kg/m2 were associated with the largest 
influence over the pelvis kinetics, and the CORA score (CORA = 1- CORAreduction) for BMI was 0.49. In a similar 
fashion, the CORA scores were calculated for all body regions and investigated parameters.   
 

 
Fig. E.1. The influence of BMI over the pelvis kinetics during the Oncoming Frontal is visualised. It can be seen that the 
extremes of the evaluated interval for the BMI parameters resulted in the largest median CORAreduction (-0.51 for BMI 18 
kg/m2 and -0.41 for BMI 38 kg/m2). The reported value is the one with the largest effect (-0.51) and is translated to a 
CORA score of 0.49. 
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Appendix F  
SIDE IMPACTS – RANKING OF PARAMETERS’ INFLUENCE PER BODY REGION’S RESPONSE & KINEMATIC/KINETIC 

PATTERNS 

 

Near-Side; Ranking of Parameters’ Influence – Cross-correlation 
In the Near-Side impact (Table F.I), the cross-correlation results indicate that the torso kinematics were affected 
by the fore-aft position and BMI, with CORA scores of 0.79 and 0.81, respectively. The head kinematics were 
affected mainly by the fore-aft position of the seat and the stature (0.73) of the occupant. The kinematics of the 
lower extremities were influenced by the fore-aft position of the seat (0.77), and the occupant’s BMI (0.69) and 
stature (0.71). The upper extremities’ kinematics and kinetics were sensitive to variations of all evaluated 
parameters, with CORA scores between 0.30 and 0.74. The pelvis kinetics had relatively low CORA scores (0.58–
0.72) for all parameters, except the backrest angle. The lumbar spine loading was altered by the fore-aft position 
(0.77) and BMI (0.78), and the cervical spine kinetics were sensitive to the backrest angle (0.64), fore-aft position 
(0.47), BMI (0.51), stature (0.44) and sex (0.79). Stature was largely influential (0.38) for the lower extremities’ 
kinetics, which was also affected by the fore-aft position (0.52), BMI (0.53) and sex (0.59). 

 
TABLE F.I 

NEAR-SIDE CORA RESULTS – ALTERED RESPONSES ARE VISUALISED IN RED 

 Kinematics  Kinetics 
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Backrest 0.92 0.97 0.96 0.95 0.89 0.80 0.88 0.69  0.83 0.84 0.64 0.69 0.53 
Fore-Aft 0.84 0.87 0.85 0.85 0.79 0.73 0.77 0.64  0.72 0.77 0.47 0.52 0.30 
BMI 0.82 0.83 0.82 0.84 0.81 0.80 0.69 0.65  0.58 0.78 0.51 0.53 0.35 
Stature 0.88 0.93 0.92 0.92 0.84 0.73 0.71 0.72  0.67 0.86 0.44 0.38 0.49 
Sex 0.88 0.97 0.97 0.97 0.86 0.87 0.82 0.74  0.68 0.88 0.79 0.59 0.57 

 

Far-Side; Ranking of Parameters’ Influence – Cross-correlation 
In the Far-Side impact (Table F.II), BMI influenced the pelvis (0.62), spine (lumbar – 0.53, thoracic – 0.61, cervical 
– 0.7) and head (0.73) kinematics. The lower extremities kinematics were affected by fore-aft position, BMI, 
stature and sex (0.65–0.8) and the upper extremity kinematics were influenced by all parameters with CORA 
scores between 0.55 and 0.74. The pelvis loading was influenced by the BMI (0.6) and sex (0.72). The cervical 
spine kinetics were affected by the fore-aft position (0.71), BMI (0.59), stature (0.74) and sex (0.73). The 
extremities’ kinetics were sensitive to all tested parameters, with scores between 0.49 and 0.72 and between 
0.39 and 0.58 for the lower and upper extremities, respectively. 
 

TABLE F.II 
 FAR-SIDE CORA RESULTS – ALTERED RESPONSES ARE VISUALISED IN RED 

 Kinematics  Kinetics 
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Backrest 0.93 0.95 0.90 0.89 0.92 0.88 0.86 0.71  0.85 0.93 0.82 0.72 0.58 
Fore-Aft 0.83 0.83 0.81 0.84 0.85 0.82 0.72 0.59  0.77 0.89 0.71 0.50 0.46 
BMI 0.62 0.53 0.61 0.70 0.77 0.73 0.65 0.55  0.60 0.77 0.59 0.52 0.39 
Stature 0.88 0.91 0.88 0.89 0.91 0.90 0.71 0.69  0.77 0.90 0.74 0.49 0.54 
Sex 0.87 0.93 0.90 0.93 0.92 0.90 0.80 0.74  0.72 0.86 0.73 0.64 0.58 
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Near-Side; Kinematic and Kinetic Patterns 
In the Near-Side impact simulations, the occupant was generally subjected to low loads. Reclining the backrest to 
30° reduced the head Y-speed by 0.2 m/s (-8%) and the lower neck magnitude of force by 0.1 kN (-23%). Similarly, 
when the seat was adjusted in the most rearward position, the head Y-speed was reduced by 0.4 m/s  
(-16%) compared to the nominal seat fore-aft position. In contrast, the lower neck force at the most forward 
position was increased by 0.1 kN (+37%) and the head Y-speed by 0.4 m/s (+13%). BMI influenced the pelvis lateral 
excursion as well as the lumbar spine and lower extremity kinetics. Compared to occupants of nominal BMI, 
underweight occupants were exposed to reduced (18 mm) pelvis Y-excursion, lumbar spine force and reduced 
(by 23 Nm, Fig. F.1) femur moment. Obese occupants were exposed to larger (26 mm) pelvis excursions, increased 
(+40%) lumbar spine force and extremity forces (Fig. F.1). The occupant’s stature influenced the head kinematics; 
being 141 mm taller increased the head Y-rotation by 6° and the lower neck moment by 7 Nm. Additionally, 
increased (up to 0.5 kN, Fig. F.2) right upper tibia forces were recorded. Female occupants presented altered 
pelvis kinematic patterns, with 5° smaller peak pelvis rotation around the Z-axis and 8 mm less pelvis Y-excursion. 

  
Fig. F.1. Influence of BMI on Right Femur magnitude of 
moment during the Near-Side impact simulations. A median 
reduction of 23 Nm can be seen for occupants with a BMI 
of 18 kg/m2, and an increase of 10 Nm can be seen for 
occupants with a BMI of 38 kg/m2, compared to occupants 
with nominal BMI (28 kg/m2). The occupant responses are 
always compared between occupants of the same stature 
and sex, who are positioned in the seat adjustments. 

Fig. F.2. Right Tibia magnitude of force during the Near-
Side impact simulations for occupants with non-nominal 
stature. Increasing the stature, in steps of 141 mm, 
increased the magnitude of force between 0.16 kN and 
0.53 kN. Increasing from 1758 mm to 1899 mm had the 
largest effect, with a median increase of 0.53 kN. 

 

Far-Side; Kinematic and Kinetic Patterns 
Similar to the Near-Side impact simulations, the peak head relative Y-speed was reduced by 0.4 m/s (-7%) when 
the seat was adjusted in the most rearward position. Obese occupants were linked with increased lateral pelvis 
excursions (+27 mm) and loading in the pelvic region (+43%). On the other hand, reduced pelvis excursions and 
loading were observed for underweight occupants. On the contrary, the head of underweight occupants moved 
further inboard (+25 mm) with increased head rotations (+20°) around the X-axis, and the head of obese 
occupants moved (-30 mm) less inboard with reduced (-18°) head rotation, compared to occupants of nominal 
BMI. Additionally, a u-shape response between torso Z-rotation and BMI was observed; occupants with BMI 
diverging from nominal rotated more (18 kg/m2 +2°, 38 kg/m2 +5.8°). Increased lower extremity loading was 
observed for obese occupants, as well as for occupants with increased stature. Females were associated with 
lower pelvis lateral excursions compared to male occupants. However, the loading of the pelvis of females was 
generally increased. Additionally, the torso of the female occupants reached a higher (0.4 m/s) torso lateral speed 
and rotated 2.4° more around the Z-axis compared to males of the same stature and BMI during the Near-Side 
impact simulations. 
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Appendix G  
KINEMATIC AND KINETIC SENSITIVITY ANALYSIS RESULTS 

 
In Table G.I to Table G.IV, the median change of analysed response is reported, along with the IQR in parenthesis. 
Additionally, the percentage change is reported after the slash “/” punctuation. The result of the Wilcoxon signed 
rank test at p ≤ 0.05 is symbolised with the asterisk “*” punctuation. 
 
 

TABLE G.I  
NEAR-SIDE 

Backrest 30° vs. 25° 
Head Head CoG Y-speed 

[m/s] 
*-0.2 (-0.25,-0.16) / -8% (-9%,-6%) 

Spine (Cervical) Lower Neck Magn. 
Force [kN] 

*-0.1 (-0.17,-0.05) / -23% (-37%,-12%) 

Fore-aft Full rearward vs. Nom. Full forward vs. Nom. 
Head Head CoG Y-speed 

[m/s] 
*-0.41 (-0.46,-0.35) / -16% (-19%,-14%) *0.33 (0.28,0.36) / 13% (11%,14%) 

Spine (Cervical) Lower Neck Magn. 
Force [kN] 

*-0.02 (-0.11,0.03) / -5% (-25.8%,6%) *0.11 (0.07,0.23) / 38% (19%,85%) 

BMI 18 vs. 28 38 vs. 28 
Pelvis Pelvis CoG Y-

excursion [mm] 
*-17 (-23,-13) / -21% (-25%,-17%) *26 (23,29) / 31% (26%,37%) 

Right SI Joint Magn. 
Force [kN] 

*-0.12 (-0.22,-0.10) / -26% (-39.75%,-22%) *0.26 (0.21,0.29) / 54% (43.92%,60%) 

Right SI Joint Magn. 
Moment [Nm] 

*-14 (-15,-12) / -44% (-49%,-37%) *21 (17,27) / 69% (54%,100%) 

Right ASIS Magn. 
Force [kN] 

*0.07 (0.03,0.14) / 30% (12%,75%) *0.08 (0.01,0.12) / 37% (3%,57%) 

Spine (Lumbar) L5 Magn. Force [kN] *-0.17 (-0.20,-0.09) / -34% (-36%,-21%) *0.21 (0.12,0.29) / 40% (26%,62%) 

Spine (Cervical) Lower Neck Magn. 
Moment [Nm] 

*-4 (-12,-2) / -41% (-54%,-18%) *20 (14,26) / 182% (94%,240%) 

Lower 
Extremities 

Right Femur Magn. 
Force [kN] 

*-0.08 (-0.16,0.00) / -19% (-28%,0%) *0.25 (0.16,0.36) / 52% (28%,79%) 

Right Femur Magn. 
Moment [Nm] 

*-23 (-28,-14) / -41% (-49%,-31%) *11 (1,19) / 18% (2%,39%) 

Upper 
Extremities 

Right Lower 
Humerus Magn. 
Moment [Nm] 

*-10 (-13,0) / -41% (-59%,-3%) *6 (4,10) / 27% (14%,82%) 

Right Lower 
Humerus Magn. 
Force [kN] 

*0.04 (0.02,0.08) / 21% (8%,42%) *0.16 (0.12,0.19) / 75% (51%,111%) 

Stature 1617 vs. 1476 1758 vs. 1617 1899 vs. 1758 
Head Head Y-rotation [°] *3.6 (0.7,7.3) / 50% (6%,86%) *6.3 (3.1,9.7) / 68% (40%,93%) *6.4 (2.9,9.2) / 49% (19%,91%) 

Spine (Cervical) Lower Neck Magn. 
Moment [Nm] 

*-5 (-12,-3) / -37% (-53%,-
19%) 

*7 (1,12) / 54% (14%,92%) *7(3,10) / 28% (9%,92%) 

Lower 
Extremities 

Right Upper Tibia 
Magn. Force [kN] 

*0.31 (0.14,0.44) / 87% 
(40%,123%) 

*0.16 (-0.02,0.44) / 27% (-
2%,63%) 

*0.53 (0.26,0.74) / 69% 
(28%,111%) 

 Sex Female vs. Male 
Pelvis Pelvis Z-rotation [°] *-5.1 (-6.1,-2.9) / -42% (-56%,-27%) 

Pelvis CoG Y-
excursion [mm] 

*-8 (-10,-3) / -8% (-11%,-3%) 

Spine (Lumbar) L5 Magn. Force [kN] *0.09 (0.06,0.11) / 19% (13%,28%) 
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TABLE G.II  
FAR-SIDE 

Backrest 30° vs. 25° 
Upper 

Extremities 
Left Lower Humerus Magn. Force 
[kN] 

*-0.11 (-0.18,-0.05) / -23% (-38%,-15%) 

Left Forearm Magn. Force [kN] *-0.08 (-0.17,-0.01) / -17% (-35%,-2%) 

Fore-aft Full rearward vs. Nom. Full forward vs. Nom. 
Head Head CoG Y-speed [m/s] *-0.41 (-0.51,-0.23) / -7% (-9%,-4%) *0.34 (0.30,0.38) / 6% (5%,7%) 

Head CoG Y-excursion [mm] *-20 (-32,-13) / -6% (-9%,-4%) *8 (-1,11) / 3% (0%,4%) 

Upper 
Extremities 

Left Lower Humerus Magn. Force 
[kN] 

*-0.14 (-0.25,-0.02) / -34% (-45%,-8%) *0.05 (0.00,0.16) / 18% (1%,43%) 

BMI 18 vs. 28 38 vs. 28 
Pelvis Pelvis CoG Y-excursion [mm] *-34 (-48,-31) / -33% (-42%,-31%) *27 (19,46) / 24% (17%,37%) 

 
Interaction 

with Sex 
Female *-32 (-34,-29) / -32% (-33%,-29%) *21 (9,30) / 22% (8%,31%) 

Male *-49 (-53,-47) / -42% (-45%,-40%) *43 (26,49) / 38% (23%,41%) 

Left Pubic Rami Magn. Force [kN] *-0.29 (-0.35,-0.22) / -26% (-30%,-18%) *0.08 (0.01,0.27) / 7% (1%,22%) 

Left SI Joint Magn. Force [kN] *-0.27 (-0.37,-0.24) / -23% (-26%,-20%) *0.57 (0.42,0.78) / 43% (31%,67%) 

Right SI Joint Magn. Force [kN] *-0.52 (-0.58,-0.44) / -42% (-45%,-35%) *0.31 (0.14,0.51) / 27% (13%,38%) 

Torso Sternum Y-speed [m/s] *-0.30 (-0.52,-0.15) / -8% (-13%,-4%) -0.06 (-0.29,0.31) / -2% (-8%,9%) 

Sternum Y-excursion [mm] *-17 (-18,-12) / -12% (-12%,-9%) *6 (2,15) / 4% (1%,12%) 

Head Head CoG Y-excursion [mm] *25 (16,33) / 8% (5%,10%) *-30 (-43,-18) / -10% (-14%,-6%) 
Head X-rotation [°] *19.8 (11.2,21.7) / 25% (13%,27%) *-17.5 (-21.3,-11.2) / -21% (-25%,-15%) 

Lower 
Extremities 

Left Femur Magn. Force [kN] *-0.29 (-0.35,-0.15) / -32% (-35%,-18%) *0.51 (-0.01,0.68) / 49% (-1%,76%) 
Left Lower Tibia Magn. Force [kN] *0.19 (0.10,0.34) / 34% (18%,61%) *0.82 (0.51,1.13) / 82% (47%,135%) 

Stature 1617 vs. 1476 1758 vs. 1617 1899 vs. 1758 
Lower 

Extremities 
Left Lower Tibia Magn. Force [kN] *0.19 (0.10,0.34) / 34% 

(18%,61%) 
*0.34 (0.17,0.89) / 53% 

(28%,102%) 
*0.82 (0.51,1.13) / 82% 

(47%,135%) 
Left Femur Magn. Force [kN] 0.04 (-0.07,0.11) / 3% (-

7%,14.62%) 
*0.18 (0.06,0.31) / 21% 

(7%,37%) 
*0.30 (0.14,0.47) / 31% 

(16%,46%) 

 Sex Female vs. Male 
Pelvis Pelvis CoG Y-excursion [mm] *-8 (-12,-2) / -7% (-10%,-2%) 

Left SI Joint Magn. Force [kN] *0.36 (0.28,0.43) / 33% (25%,40%) 

Right SI Joint Magn. Force [kN] *0.09 (0.02,0.19) / 8% (1.71%,16%) 

Torso Sternum Y-speed [m/s] *0.41 (0.33,0.48) / 12% (9%,13%) 

Torso Z-rotation [°] *2.4 (-0.4,4)  

Spine 
(Lumbar) 

L5 Magn. Force [kN] *0.20 (0.11,0.33) / 20% (9%,35%) 

Spine 
(Cervical) 

Lower Neck Magn. Moment [Nm] *-9 (-14,-7) / -12% (-17%,-9%) 

 
TABLE G.III  

INTERSECTION FRONTAL 
Backrest 30° vs. 25° 

Torso Sternum X-speed [m/s] *0.27 (0.2,0.32) / 11% (7%,14%) 

Head Head CoG X-speed [m/s] *0.28 (0.18,0.36) / 6% (4%,7%) 

Fore-aft Full rearward vs. Nom. Full forward vs. Nom. 
Pelvis Pelvis CoG X-excursion [mm] *7(3,13) / 9% (3%,18%) 0 (-6,5) / -1% (-7%,5%) 

Pelvis Y-rotation [°] *7.9 (5.7,12.1)  *-1.9 (-3.7,-0.7)  
 Interaction with BMI 18 kg/m2 14.2 (12,15.4)  -0.9 (-2.1,0.4)  

23 kg/m2 *10.1 (7.8,12.9)  *-2.4 (-3.7,-1.7)  
33 kg/m2 *6.4 (4.2,8.7)  -2.6 (-4.1,-0.5)  
38 kg/m2 5 (4,6.2)  0 (-0.6,0.6)   

Interaction with 
Stature 

1476 mm *12.5 (11.3,13.9)  -2.9 (-4.1,-0.9)  
1617 mm *11.9 (7.4,13.9)  *-1.9 (-3.1,-0.6)  
1758 mm *5.4 (3.7,7.6)  -/- (Occupant cannot fit) 
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Right ASIS Magn. Force [kN] *0.18 (0.10,0.45) / 24% (15%,70%) *-0.14 (-0.29,-0.10) / -21% (-37%,-16%) 

Left ASIS Magn. Force [kN] *0.18 (0.07,0.30) / 21% (8%,35%) *-0.15 (-0.20,-0.00) / -18% (-24%,-0%) 

Torso Sternum X-speed [m/s] *0.39 (0.32,0.48) / 16% (12%,19%) *-0.32 (-0.44,-0.24) / -15% (-18%,-11%) 

Spine 
(Lumbar) 

L1 Magn. Force [kN] *0.20 (0.15,0.25) / 25% (18%,34%) *-0.22 (-0.27,-0.17) / -29% (-35%,-21%) 

Head Head CoG X-speed [m/s] *0.47 (0.33,0.62) / 9% (6.64%,12.75%) *-0.32 (-0.51,-0.24) / -6% (-10%,-5%) 

Lower 
Extremities 

Right Femur Magn. Force [kN] 0.17 (-0.24,0.46) / 25% (-20%,99%) -0.16 (-0.41,0.31) / -21% (-69%,64%) 

 Interaction with BMI 18 kg/m2 0.29 (0.03,0.57) / 136% (5%,274%) -0.40 (-0.41,-0.40) / -74% (-74%,-73%) 
23 kg/m2 0.07 (0.03,0.62) / 10% (-3%,204%) -0.54 (-0.54,-0.04) / -69% (-71%,-6%) 
33 kg/m2 0.01 (-0.74,0.26) / 1% (-44%,50%) 0.39 (-0.29,0.75) / 88% (-40%,140%) 
38 kg/m2 -0.34 (-1.13,0.48) / 18% (-61%,105%) 1.23 (1.12,1.34) / 271% (244%,299%)  

Interaction with 
Stature 

1617 mm *0.20 (0.04,0.38) / 36% (6%,88%) -0.17 (-0.47,0.61) / -32% (-70%,-126%) 
1899 mm *-1.18 (-1.52,-0.8) / -68% (-70%,-59%) -/- (Occupant cannot fit) 

Left Femur Magn. Force [kN] 0.02 (-0.12,0.21) / 2% (-24%,61%) *-0.21 (-0.27,-0.09) / -31% (-36%,-22%) 

Right Femur Magn. Moment [Nm] *29 (19,36) / 80% (34%,125%) *-19 (-27,-14) / -46% (-54%,-31%) 

Left Femur Magn. Moment [Nm] *20 (11,29) / 55% (26%,105%) *-16 (-23,-10) / -41% (-52%,-26%) 

Right Lower Tibia Magn. Force [kN] *0.51 (0.11,0.61) / 72% (33%,100%) *-0.22 (-0.50,-0.11) / -44% (-57%,-29%) 

Left Lower Tibia Magn. Force [kN] *0.57 (0.06,0.77) / 76.77% (18%,123%) *-0.19 (-0.47,-0.13) / -44% (-66%,-35%) 
 

Interaction with BMI 18 kg/m2 -0.03 (-0.1,0.05) / -0% (-25%, 32%) 0.24 (0.22,0.25) / 146% (146%,147%) 

38 kg/m2 -0.7 (-0.95,-0.58) / -60% (-65%,-58%) 0.84 (0.72,0.96) / 86% (69%,103%) 

BMI 18 vs. 28 38 vs. 28 
Pelvis Pelvis CoG X-excursion [mm] *-34 (-36,-29) / -38% (-40%,-35%) *24 (14,31) / 26% (15%,35%) 

Pelvis Y-rotation [°] -0.6 (-2.4,0.9)  0.9 (-1.5,1.8)  

Torso Sternum X-speed [m/s] *-0.11 (-0.24,-0.04) / -4% (-10%,-2%) *0.24 (0.16,0.32) / 10% (6%,13%) 
Torso Z-rotation [°] 0 (-2.3,7)  *6.9 (5.9,8.9)   

Interaction with Sex Male  *7.55 (4.63,9.26) / 271% (98%,332%) *7.78 (5.95,9.54) / 264% (144%,364%) 

Female *-1.8 (-3.09,-0.82) / -24% (-46%,-13%) *6.59 (5.02,7.96) / 100% (68%,141%) 

Stature 1617 vs. 1476 1758 vs. 1617 1899 vs. 1758 
Pelvis Pelvis Y-rotation [°] *-1.6 (-3,1)  *2.8 (-0.3,5)  *4.5 (3.1,6)  

Lower 
Extremities 

Right Lower Tibia Magn. Force [kN] *0.13 (0.07,0.34) / 57% 
(32%,111%) 

*0.25 (0.14,0.46) / 65% 
(38%,101%) 

*0.34 (0.20,0.51) / 41% 
(29%,92%) 

Left Lower Tibia Magn. Force [kN] *0.12 (0.09,0.34) / 55% 
(43%,159%) 

*0.28 (0.15,0.57) / 78% 
(45%,156%) 

*0.44 (0.27,0.59) / 61% 
(38%,124%) 

Right Lower Tibia Magn. Moment [Nm] -1 (-3,3) / -9% (-26%,54%) *5 (2,10) / 59% 
(19%,121%) 

*8 (4,19) / 63% 
(32%,144%) 

Left Lower Tibia Magn. Moment [Nm] *2 (1,4) / 20% (6%,49%) *3 (1,6) / 25% (10%,55%) *4 (2,8) / 30% (14%,42%) 

 Sex Female vs. Male 
Pelvis Pelvis Y-rotation [°] *7.6 (6.1,9.2)  

(Init. Pelvis Y-rotation [°]) *7.4 (6.2,8.5) 

 
 

TABLE G.IV  
ONCOMING FRONTAL  

Backrest 30° vs. 25° 
Pelvis Pelvis Y-rotation [°] *4.4 (1.4,6.7)   

Interaction with 
stature 

1476 mm 0.3 (-2.7,3)  
1617 mm *3.9 (1.40,5.9)  

(Init. Pelvis Y-rotation [°]) *3.8 (3.3,4.1)  
Right SI Joint Magn. Force [kN] *0.19 (0.08,0.41) / 12% (5%,20%) 
Right ASIS Magn. Force [kN] *0.08 (-0.03,0.22) / 3% (-1%,9%) 

Spine (Lumbar) L1 Magn. Force [kN] *0.37 (0.20,0.52) / 17% (11%,25%) 
L5 Magn. Force [kN] *0.30 (0.15,0.45) / 21% (12%,31%) 

Spine (Cervical) Lower Neck Magn. Force [kN] *0.24 (0.06,0.40) / 17% (4%,26%) 

Fore-aft Full rearward vs. Nom. Full forward vs. Nom. 
Pelvis Pelvis CoG X-excursion [mm] *29(13,70) / 17% (9%,44%) *-24 (-37,-45) / -15% (-20%,-4%) 

Pelvis Y-rotation [°] *7 (3,11)  *-7.5 (-10.7,-5.6)   
Interaction with 

BMI 
18 kg/m2   19.4 (16.4,22.9)  -12.9 (-13,-12.7)  
38 kg/m2          5.6 (1.6,7.7)  -8.8 (-9.5,-8) 
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Interaction with 

stature 
1476 mm *15.3 (11,16.7)  -5.6 (-7.1,-5.1)  
1617 mm *9.2 (4.0,11.5)  *-8.5 (-11.9,-6.4)  
1758 mm 3.3 (-1.1,9.1)  -/- (Occupant cannot fit) 
1899 mm 5 (0,5.1)  -/- (Occupant cannot fit) 

Right ASIS Magn. Force [kN] *1.11 (0.68,1.66) / 51% (29%,93%) *-0.82 (-1.05,-0.65) / -33% (-45%,-
25%) 

Left ASIS Magn. Force [kN] *0.86 (0.60,1.12) / 42% (27%,60%) *-0.68 (-0.81,-0.48) / -29% (-34%,-
23%) 

Right SI Joint Magn. Force [kN] *0.63 (0.47,0.97) / 41% (29%,63%) *-0.6 (-0.7,-0.38) / -30% (-37%,-21%) 

Left SI Joint Magn. Force [kN] *0.58 (0.36,0.75) / 36% (21%,47%) *-0.42 (-0.58,-0.26) / -25% (-31%,-
19%) 

Torso Sternum res-speed [m/s] *0.59 (0.39,0.72) / 8% (6%,10%) *-0.68 (-0.84,-0.36) / -10% (-12%,-6%) 

Spine (Lumbar) L1 Magn. Force [kN] *1.46 (1.16,1.63) / 77% (60%,88%) *-0.64 (-0.89,-0.47) / -37% (-42%,-
32%) 

L5 Magn. Force [kN] *1.03 (0.83,1.21) / 74% (57%,101%) *-0.38 (-0.51,-0.09) / -30% (-34%,-
10%) 

Spine (Cervical) Lower Neck Magn. Force [kN] *0.32 (-0.04,0.63) / 18% (-2%,44%) *-0.15 (-0.32,-0.08) / -13% (-25%,-4%) 
Lower Neck Magn. Moment [Nm] *13 (-17,33) / 13% (-16%,54%) *-15 (-27,-7) / -18% (-25%,-12%) 

Head Head CoG res-speed [m/s] *2.21 (1.86,2.51) / 18% (15%,22%) *-2.44 (-2.80,-2.23) / -21% (-25%,-
18%) 

Lower 
Extremities 

Right Femur Magn. Force [kN] 0.41 (-0.79,0.94) / 34% (-39%,87%) 0.31 (-0.52,0.81) / 19% (-42%,79%)  
Interaction with 

BMI 
18 kg/m2 0.69 (0.36,1.07) / 88% (35%,153%) -0.6 (-0.64,-0.58) / -58% (-60%,-55%) 
38 kg/m2 -1.56 (-2.7,-0.13) / -44% (-66%,-4%) 1.05 (0.46,1.64) / 64% (21%,106%) 

 Interaction with 
stature 

1476 mm 0.53 (0.29,0.71) / 35% (18%,54%) -0.25 (-0.57,0.15) / -17% (-34%,10%) 
1899 mm     *-0.8 (-1.38,-0.71)/ -35% (-44%,-

24%) 
-/- (Occupant cannot fit) 

Left Femur Magn. Force [kN] 0.17 (-0.47,0.64) / 14% (-25%,78%) -0.19 (-0.69,0.76) / -16% (-46%,82%) 

 
Interaction with 

BMI  
18 kg/m2   0.43 (0.06,0.86) / 65% (5%,158%)         -0.82 (-0.9,-0.74) / -68% (-72, -

63%) 
38 kg/m2 -0.35 (-1.29,0.65) / -4% (-45%,68%) 1.53 (1.32,1.75) / 152% (112%,193%) 

 Interaction with 
stature 

1476 mm 0.15 (0.04,0.29) / 12% (2%,22%) *-0.69 (-0.89,-0.63) / -48% (-59%,-
47%) 

1899 mm *-1.07 (-1.36,-0.71)/ -42% (-50%,-26%) -/- (Occupant cannot fit) 
Right Femur Magn. Moment [Nm] *46 (33,75) / 58% (39%,101%) *-27(-36,-2) / -38% (-45%,-4%) 

Left Femur Magn. Moment [Nm] *29 (19,45) / 32% (21%,55%) *-39 (-44,-27) / -41% (-49%,-35%) 

Left Lower Tibia Magn. Force [kN] *-0.70 (-1.12,-0.32) / -28% (-56%,-16%) *0.99 (0.72,1.25) / 74% (56%,157%) 
Right Lower Tibia Magn. Force [kN] *-0.41 (-0.89,-0.10) / -26% (-34%,-8%) *0.84 (0.48,1.02) / 58% (38%,75%) 

BMI 18 vs. 28 38 vs. 28 
Pelvis Pelvis CoG X-excursion [mm] *-72 (-79,-58) / -39% (-41%,-34%) *18 (7,43) / 10% (5%,23%) 

 Interaction with 
fore-aft 

Full rearward -89 (-92,-86) / -42% (-44%,-42%) 45 (28,53) / 22% (13%,26%) 
Full Forward -33 (-35,-30) / -23% (-25%,-22%) 6 (0,12) / 4% (0%,8%) 

Pelvis Y-rotation [°] *7.8 (-1.7,13.7)  *5.6 (1,8.6)   
Interaction 

with sex 
Female          -1.29 (-5.47,9.02)      *8.53 (6.77,12.58)  
Male     *10.02 (7.93,13.72)           1.96 (-1.23,5.08)   

Interaction 
with fore-aft 

Full rearward   15.78 (14.6,17.45)  6.49 (-2.54,16.95)  
Full Forward -11.77 (-13.64,-9.9)     7 (5.56,8.44)  

Right ASIS Magn. Force [kN] *-0.54 (-0.89,-0.34) / -18% (-26%,-13%) *-0.32 (-0.49,-0.08) / -14% (-23%,-3%) 
Left ASIS Magn. Force [kN] *-0.41 (-0.51,-0.21) / -17% (-20%,-8%) *-0.37 (-0.58,-0.16) / -15.51% (-22%,-

8%) 

Right Pubic Rami Magn. Force [kN] *0.25 (-0.08,0.63) / 19% (-5%,52%) *-0.3 (-0.5,-0.16) / -22% (-35%,-15%) 

Left Pubic Rami Magn. Force [kN] 0.01 (-0.07,0.13) / 1% (-9%,17%) *-0.17 (-0.31,-0.05) / -20% (-27%,-7%) 
Right SI Joint Magn. Force [kN] *-0.81 (-1.19,-0.56) / -40% (-47%,-32%) -0.05 (-0.34,0.21) / -3% (-17%,12%) 
Left SI Joint Magn. Force [kN] *-0.33 (-0.52,-0.27) / -20% (-25%,-14%) 0.12 (-0.14,0.28) / 6% (-6%,17%) 

Torso Sternum res-speed [m/s] *-0.76 (-0.85,-0.68) / -10% (-13%,-9%) *0.46 (0.11,0.59) / 7% (2%,8%) 

Spine (Lumbar) L1 Magn. Force [kN] *-0.41 (-0.51,-0.21) / -17% (-20%,-8%) *-0.37 (-0.58,-0.16) / -16% (-22%,-8%) 
L5 Magn. Force [kN] *-0.38 (-0.87,-0.10) / -24% (-36%,-8%) -0.11 (-0.35,0.06) / -7% (-18%,6%) 

Spine (Cervical) Lower Neck Magn. Force [kN] *0.20 (-0.14,0.43) / 14% (-10%,30%) *0.90 (0.66,1.38) / 76% (52%,89%) 
Lower Neck Magn. Moment [Nm] *-21 (-32,-9) / -26% (-37%,-11%) *78 (63,118) / 107% (87%,138%) 
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Head Head CoG res-speed [m/s] *0.14 (0.03,0.22) / 1% (0%,2%) *-0.15 (-0.29,-0.06) / -1% (-3%,0%) 
Head Z-rotation [°] *13.2 (11,16) / 75% (60%,107%) -3.5 (-6.3,0.8) / -18% (-35%,7%) 

Lower 
Extremities 

Right Femur Magn. Force [kN] *-0.20 (-1.10,0.10) / -14% (-61%,9%) *1.14 (0.23,1.55) / 69% (20%,118%) 
Left Femur Magn. Force [kN] *-0.21 (-0.67,0.05) / -18% (-51%,4%) *0.81 (0.07,1.38) / 67% (7%,107%) 
Right Femur Magn. Moment [Nm] *-9 (-19,0) / -14% (-24%,1%) *5 (0,33) / 6% (0%,34%) 
Left Femur Magn. Moment [Nm] *-43 (-57,-32) / -46% (-52%,-40%) *19 (4,30) / 17% (3%,34%) 
Right Lower Tibia Magn. Force [kN] *-0.77 (-1.65,-0.63) / -53% (-72%,-47%) *1.27 (1.05,1.84) / 86% (42%,106%) 
Left Lower Tibia Magn. Force [kN] *-1.71 (-1.97,-0.93) / -67% (-76%,-57%) *1.04 (0.86,1.39) / 46% (32%,110%) 

Stature 1617 vs. 1476 1758 vs. 1617 1899 vs. 1758 
Pelvis Pelvis Y-rotation [°] *9.1 (5.8,11.5)  *6.4 (2.8,11)  *8.1 (6.3,11.1)   

Interaction 
with Sex 

Female     *9.1 (5.8,11.4)  *9.8 (6,14.7)  Not applicable 
Male Not applicable *3.3 (1.5,7.3)  *8.1 (6.2,11.1)  

Right ASIS Magn. Force [kN] 0.01 (-0.25,0.21) / 0% (-
11%,7%) 

*-0.13 (-0.72,0.07) / -4% 
(-30%,2%) 

*-0.64 (-0.73,-0.25) / -
25% (-27%,-8%) 

Left ASIS Magn. Force [kN] *-0.12 (-0.41,0.09) / -5% 
(-19%,4%) 

*-0.11 (-0.34,0.11) / -3% 
(-14%,5%) 

*-0.19 (-0.36,0.07) / -7% 
(-17%,3%) 

Torso Sternum res-speed [m/s] *0.67 (0.49,0.75) / 11% 
(8%,13%) 

*0.37 (0.25,0.52) / 5% 
(4%,8%) 

*0.43 (0.35,0.48) / 5% 
(5%,6%) 

Spine (Lumbar) L1 Magn. Force [kN] *-0.19 (-0.35,0.07) / -
10% (-17%,2%) 

*0.19 (0.05,0.37) / 9% 
(1%,20%) 

*0.39 (0.21,0.54) / 16% 
(7%,23%) 

L5 Magn. Force [kN] *-0.16 (-0.26,0.04) / -
11% (-17%,2%) 

*0.18 (-0.01,0.34) / 16% 
(-0%,30%) 

*0.44 (0.22,0.59) / 26% 
(13%,38%) 

Spine (Cervical) Lower Neck Magn. Force [kN] *-0.08 (-0.18,0.02) / -6% 
(-11%,2%) 

*0.08 (-0.02,0.22) / 5% 
(-1%,16%) 

*0.31 (-0.09,0.61) / 18% 
(-4%,39%) 

Head Head CoG res-speed [m/s] *0.49 (0.41,0.57) / 4% 
(4%,5%) 

*0.48 (0.38,0.63) / 4% 
(3%,5%) 

*0.57 (0.41,0.84) / 4% 
(3%,6%) 

Lower 
Extremities 

Right Femur Magn. Force [kN] -0.16 (-0.37,0.31) / -11% 
(-26%,18%) 

*-0.18 (-0.56,1.25) / -
14% (-32%,102%) 

*0.93 (0.48,1.55) / 70% 
(19%,135%) 

Left Femur Magn. Force [kN] 0.03 (-0.32,0.28) / 2% (-
21%,22%) 

-0.09 (-0.44,0.77) / -6% 
(-32%,89%) 

*1.14 (0.42,1.45) / 86% 
(33%,131%) 

Right Femur Magn. Moment [Nm] *-20 (-37,-1) / -19% (-
40%,-1%) 

*-14 (-38,10) / -10% (-
28%,14%) 

*26 (14,34) / 25% 
(13%,41%) 

Left Femur Magn. Moment [Nm] *8 (-2,20) / 8% (-
2%,27%) 

*-8 (-18,6) / -7% (-
15%,6%) 

-3 (-18,8) / -2% (-
15%,8%) 

Right Lower Tibia Magn. Force [kN] *0.57 (0.18,0.71) / 43% 
(20%,78%) 

*0.67 (0.39,0.98) / 56% 
(25%,79%) 

*0.17 (-0.10,0.65) / 10% 
(-4%,51%) 

Left Lower Tibia Magn. Force [kN] *0.85 (0.20,1.29) / 
114.62% (46%,180%) 

*1.30 (0.91,1.57) / 113% 
(63%,224%) 

*0.36 (0.13,0.76) / 16% 
(5%,32%) 

 Sex Female vs. Male 
Pelvis Pelvis Y-rotation [°] 0.8 (-3.9,6.3)  

(Init. Pelvis Y-rotation [°]) *7.4 (6.2,8.5)  
Right ASIS Magn. Force [kN] *0.22 (-0.07,0.37) / 8% (-3%,14%) 
Left ASIS Magn. Force [kN] *0.14 (-0.02,0.28) / 6% (-1%,12%) 
Right SI Joint Magn. Force [kN] *0.21 (0.00,0.42) / 11% (0%,20%) 
Left SI Joint Magn. Force [kN] *0.33 (0.24,0.45) / 21% (13%,26%) 

Torso Sternum res-speed [m/s] *-0.28 (-0.37,-0.21) / -4% (-5%,-3%) 

Spine (Lumbar) L1 Magn. Force [kN] *0.13 (0.06,0.27) / 7% (2%,14%) 
L5 Magn. Force [kN] *0.33 (0.23,0.45) / 25% (15%,33%) 

Spine (Cervical) Lower Neck Magn. Force [kN] *-0.26 (-0.54,0.01) / -17% (-27%,1%) 
Lower Neck Magn. Moment [Nm] *-35(-58,-12) / -32% (-41%,-19%) 
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