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Executive Summary 
Several epidemiology studies have shown that obesity, an epidemic, is associated with an 
increased risk of injury and fatality in motor vehicle crashes (MVC). Hence, investigating 
strategies for increased safety of occupants with obesity would improve public health. The 
research question answered in this study was whether an optimized restraint system for an 
occupant with obese anthropometry would be different than that for an occupant with a normal 
body mass index (BMI). 
This study had five different parts. In the first part, a field data analysis was performed to 
compare the risk of injury to different body regions amongst different BMI categories and to 
identify the most common injuries of occupants with obesity. In the second part, the performance 
of an available obese human body model (HBM) (BMI=35) was assessed through comparing its 
behavior to an obese postmortem human surrogate (PMHS) with similar BMI and height, under 
the same conditions. In the third part, parametric simulations were performed with obese 
(BMI=35) and normal (BMI=25) HBMs and 14 different restraint parameters. Afterwards, 
statistical, and biomechanical analyses were conducted on the parametric simulation results. In 
the fourth part, machine learning was leveraged to develop metamodels of the simulation results. 
In the fifth part, the genetic algorithm operated on the metamodels to identify the optimal 
solutions. Optimization was performed for: (1) obese HBM individually; (2) non-obese HBM 
individually; and (3) obese and non-obese HBMs concurrently. 
Field data analysis showed that the increased injury risk of occupants with obesity, observed in 
previous field data studies, stems from increased risk of injury to the extremities and spine. HBM 
evaluation showed that the obese replicated HBM represented some key biomechanical 
characteristics that are potentially challenging to design an effective restraints system. 
Specifically, a relatively large lower extremity excursion and lower tendency to pitch forward 
when compared to occupants with normal BMI. Statistical analyses on the parametric 
simulations elucidated the effects of different restraint parameters on the responses of obese and 
non-obese HBMs. Efforts to leverage machine learning for developing metamodels of the 
simulations showed that optimizing hyperparameters of the metamodels can substantially 
increase accuracy. The optimization results revealed that the general strategy for occupants with 
and without obesity should be similar. The occupant’s kinetic energy should be partially 
overcome by the force of a seat belt with a low load-limiter level which lets the occupant use the 
available space for forward motion, and the remainder of this energy should be dissipated by 
other restraints, including tuned air bags and a collapsible steering column. However, The 
optimized restraint system for the occupant with obesity included an under-the-seat air bag 
(USAB), which made the kinematics of this occupant more favorable throughout the crash event 
and mitigated the risk of the lower extremity and spinal injuries. Also, the optimized restraint for 
both occupants included an inflatable seat belt (ISB), which decreased the risk of thoracic injury.  
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Summary of Findings 

Field Data Analysis 
• The increased risk of injury observed for occupants with obesity in the previous studies 

can be attributed to their increased risk of injury to the extremities and spine. This can be 
explained by their large forward motion during the crash due to increased body mass, 
which results in increased kinetic energy. Additionally, thick adipose tissue results in 
delayed engagement of the lap belt with the bony structure of the pelvis. These factors 
cause decreased torso flexion and consequently, increased compression force to the spine, 
which increases the risk of spinal injuries. 

• After adjusting for other variables, the risks of spinal, thoracic, and extremities injuries 
were found to be affected by BMI class. 

• Seven out of the 10 most common injuries sustained by occupants with obesity were 
lower extremity injuries, with talus fractures being the most common. 

• Direct loading through the plantar surface of the foot by the vehicle toe pan was found to 
be a likely cause of many of those injuries based on Crash Injury Research and 
Engineering Network (CIREN) cases. 

HBM Evaluation 
• The obese HBM captures the effects of large body mass and delayed lap belt engagement 

with the pelvis, similarly to the obese PMHS. These characteristics are critical for front-
seat frontal impact simulations. 

Parametric Simulations and Statistical Analysis 
• The HBMs captured some key biomechanical differences between occupants with and 

without obesity, including greater lower extremity excursion and increased lower 
extremity and spinal injury metric values for obese HBM compared to non-obese. 

• The general strategies for increasing safety of the non-obese HBM have no compelling 
counter-effect for the obese HBM. 

• However, obesity resulted in a difference in the value of injury metrics across a range of 
parameters. 

• It was hypothesized that the key to increasing the safety of occupants with obesity is to 
mitigate their lower extremity excursion, which would not only decrease the risk of 
having an injurious impact with the vehicle interior but also make the occupant’s torso 
pitch forward, resulting in a favorable posture for air bag deployment and decreased risk 
of spinal injuries. 

• The findings suggested ideas with a focus on arresting lower extremity excursion can be 
considered to increase the safety of occupants with obesity when designing a restraint 
system. For example, the USAB reduced the lower extremity excursion and injury metric 
values and thus might be useful for protecting occupants with obesity from suffering an 
increased risk of lower extremity injury for non-obese occupants. Also, the ISB can be an 
effective countermeasure to decrease the occupant’s chest and neck injuries.  
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• Modifying restraint parameters, occasionally decreased the risk of injury to a body region 
but increased the risk to another region. A comprehensive restraint system optimization 
with a range of anthropometries is necessary to find the most favorable set of restraint 
parameters. 

Metamodel Development 
• Machine learning techniques showed a higher prediction accuracy compared to linear 

ordinary least squares (OLS) regression techniques. In addition, if linear OLS is used for 
the optimization, the optimization process would converge in the boundaries. Hence, 
machine learning techniques were more suitable than the linear OLS for developing 
metamodels, which would be used for restraint system optimization. 

• The optimization algorithm would operate on the metamodel to identify the optimal 
region. Therefore, the metamodel should be able to capture the correlation patterns 
between the design parameters and the objective function. As the shape of response 
surface approximated by the metamodels is dependent on the value of their 
hyperparameters, optimizing hyperparameters is crucial for the metamodels that are 
developed for restraint system optimization. Solely selecting some random 
hyperparameters without optimization and then training the metamodel might result in 
failing to find the actual optimized design. 

Restraint System Optimization 
• Overall, while the general strategy for restraining both obese and non-obese HBMs was 

similar, the optimization results suggested considering the USAB as an additional 
countermeasure to better protect the obese HBM. 

• The general restraint strategy for both occupants should be using a low load limiter (LL) 
level to partially overcome the occupant’s kinetic energy through a low force applied to 
the chest and a large displacement (work = force × displacement) and dissipating the 
remainder of this energy using other restraints including tuned driver air bags and a 
collapsible steering column, which would apply the load to a wide area of the body. 

• The optimized restraint for both HBMs included the inflatable seat belt, as it mitigated 
the risk of thoracic injury by distributing the force into a wider area compared to the 
regular seat belt. 

• The optimized restraint for the obese HBM included the USAB, which made the 
occupant’s kinematics more favorable by decreasing the lower extremity excursion and 
increasing the occupant’s tendency to pitch forward and mitigated its lower extremity and 
spinal injuries. The USAB can be an effective countermeasure for increased safety of 
occupants with obesity. 

• A vehicle system that can measure the occupant’s weight using seat sensors and estimate 
the occupant’s height from the seat position could potentially help to determine if the 
countermeasures, which are effective for occupants with obesity, including the USAB, 
should be activated during a crash. 

• Further investigations, including experimental tests, are necessary to confirm these 
findings.  
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Introduction 
This section provides background research and motivations for this report, concluding with a 
parts overview. 

Study Objective 
In 2015 the World Health Organization reported that worldwide motor vehicle crash fatalities 
had plateaued at about 1.25 million in 2013. Further, some 50 million people were injured in that 
period. Designing effective countermeasures is the chief approach to protecting the occupants if 
an MVC occurs, and continuing efforts are made to increase the occupant safety during a vehicle 
crash. It is estimated that more than 613,000 lives were saved by vehicle safety technologies and 
associated Federal Motor Vehicle Safety Standards from 1960 to 2012 in the United States 
(Kahane, 2015). Investigating methods for maximizing the safety of occupants with different 
characteristics can contribute to saving even more lives. This study was a step toward that goal. 
The objective of this study was to design an optimized restraint for an occupant with obesity.  
There were two important reasons to study restraint strategies for the obese. First, a substantial 
proportion of the U.S. population is obese. Second, several field data studies have shown that 
obesity is associated with increased risk of fatality and injury in MVCs.  

Safety of Occupants with Obesity in Motor Vehicle Collisions 
Obesity has become an epidemic in the United States. From 1988–1989 to 2003–2004, the mean 
waist circumference of U.S. adults increased continuously (Li et al., 2007). About 34.9 and 14.5 
percent of the U.S. adult population were reported to be obese (BMI≥30 kg/m2) and severely 
obese (BMI≥35 kg/m2) respectively in 2011–2012 (Ogden et al., 2014). Similarly, the rate of 
obesity has been increasing worldwide. A study on 19.2 million adults from 186 countries 
showed that the proportion of obese males increased from 3.2 percent in 1954 to 10.8 percent in 
2014 (NCD Risk Factor Collaboration, 2016) while the proportion of obese females increased 
from 6.4 to 14.9 percent, over in the same time span. 
Obesity is associated with an increased risk of fatality in MVCs. Viano et al. (2008) studied the 
risk of fatality for front-seat occupants in MVCs using the Crashworthiness Data System (CDS) 
of the National Automotive Sampling System (NASS) and found out that for a given stature, the 
occupants with a BMI of 30–35 kg/m2 are 97 percent more likely to die in MVCs than the 
occupants with BMI of 18–25 kg/m2. Similarly, Zhu et al. (2006) found that the risk of death due 
to MVCs increases at both ends of BMI (BMI<20 kg/m2 and BMI≥35 kg/m2) among men. Mock 
et al. (2002) observed an increased risk of death in MVCs with increased weight and reported the 
odds ratio for death to be 1.013 for each kilogram increase in body weight. 
Obesity also increases the risk of injury in MVCs. Viano et al. (2008) reported occupants with 
BMI of 30 to 35 kg/m2 to have 17 percent higher risk of Maximum Abbreviated Injury Scale 3+ 
than normal BMI occupants. After adjusting for the crash speed, Ma et al. (2011) showed that 
male drivers with obesity have an increased risk of non-fatal injury compared to other male 
drivers. They also showed that this risk increases with the severity of injury. Mock et al. (2002) 
determined an odds ratio of 1.008 for sustaining an injury with Injury Severity Score (ISS) ≥ 9 
for each kilogram increase in body mass. Finkelstein et al. (2007) found that the occupants with 
normal BMI (20 kg/m2 ≤BMI < 25 kg/m2) have the lowest risk of sustaining injury in MVCs 
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amongst all BMI categories. On the other hand, Class I and Class III obesity were at the highest 
risk of injury in MVCs (odds ratio of 1.24 with respect to the normal BMI occupants).  
To shed light on the injury mechanism and potential reasons for such observations, Forman et al. 
(2009) performed experimental frontal impact sled tests with obese and non-obese PMHS. It was 
observed that the obese PMHS tended to experience a larger forward motion of lower extremity 
compared to non-obese. In addition, in contrast to non-obese PMHS, the torso angle of obese 
PMHS did not pitch forward which created an undesired posture for air bag deployment. Also, 
the obese PMHS tended to submarine, defined as the lap belt moving up over the pelvis into the 
abdomen. Besides that, a volunteer study showed that the occupants with obesity tend to wear 
their lap belt higher, with respect to the pelvis, compared to other occupants (Reed et al., 2012). 
Such behavior would also increase the risk of submarining (Kim et al., 2015). 
The kinematic differences observed in Forman et al. (2009) could be attributed to three main 
reasons. First, most of the kinetic energy must be overcome by the work (work-energy theorem) 
that the seat belt does on the occupant to constrain him/her. The obese PMHS had a bigger body 
mass and consequently larger kinetic energy than the non-obese PMHS. Hence, with the same 
amount of seat belt force, a larger displacement was required to achieve more work (work = 
force × displacement). That is a reason why the obese PMHS stopped moving relative to the 
vehicle after a larger displacement than the non-obese PMHS. Second, the lap belt force was 
initially spent on the deformation of the obese PMHS’ thick adipose tissue, which resulted in the 
delayed engagement of the belt with the bony structure of the pelvis. This caused a delayed 
forward torso flexion, which resulted in lower overall torso angle change. The delayed 
engagement and soft tissue deformation also contributed to the PMHS’ large forward motion. 
Third, lap belt loading to the adipose tissue surrounding the pelvis resulted in a high compressive 
load and high shear deformation of the adipose tissue. The shear deformation allowed the lap belt 
to move upward and over the pelvis resulting in submarining (Forman et al., 2009; Kent et al., 
2010). 
These studies showed that current restraint systems are not as effective for occupants with 
obesity as they are for non-obese occupants. Also, considering that the main target of vehicle 
safety regulations is a mid-sized occupant (BMI=25 kg/m2, height=175 cm), the findings raised 
the question of whether the restraint approach for occupants with obesity should be different than 
that for mid-sized occupants. Since occupants with obesity make up a considerable proportion of 
the population in the United States and elsewhere (Ogden et al., 2014; NCD Risk Factor 
Collaboration, 2016), investigating the methods to protect them in vehicle crashes could help 
address this major public health problem. The main goal of this project was to investigate 
whether an optimized restraint system for occupants with obesity would be different than that for 
midsize occupants, and how the restraint system should be modified to increase the safety of 
occupants with obesity. 

Obese Human Body Models 
To better understand details associated with injury risks of occupants with obesity in vehicle 
crashes, and to begin to address these risks through restraint system or other countermeasure 
designs, it is necessary to have biofidelic surrogates which can replicate the response of 
occupants with obesity in MVCs. To address this need, some obese HBMs have been developed 
by morphing the external body contour and exterior skeleton geometry of baseline (midsize 
male) HBMs. Such obese versions of the Total Human Model for Safety were evaluated in detail 
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through previous studies (Shi et al., 2015; Zhang et al., 2017; Kitagawa et al., 2017). 
Additionally, Hu et al. (2016) performed a similar methodology to develop obese versions of the 
Global Human Body Modeling Consortium (GHBMC) M50-O model by adjusting BMI, height, 
and age. In this project, an obese HBM, which was developed by morphing the detailed GHBMC 
midsize model, was evaluated and then used for restraint system optimization. 
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Part 1: Field Data Analysis 
Paper 1, Joodaki et al. (2019), further details the goal, methods, results, and conclusions of the 
study. 

Motivation and Goal 
The goals of this part were to determine: 

• The risk of injury to different body regions amongst subjects in different BMI categories, 
• The most frequent injuries experienced by occupants with obesity, and 
• The potential injury mechanism of those injuries.  

This information was necessary to develop effective countermeasures for occupants with obesity. 

Methods 
Sampled cases (n = 13,470) representing ~4.7 million adult occupants involved in frontal crashes 
from 2000 to 2015 were selected from NHTSA’s NASS-CDS database (Table 1). A retrospective 
cohort study was performed to study the effect of BMI on the risk of injury to different body 
regions and to identify the most frequent injuries to occupants with different BMIs. Besides, in-
depth crash analysis cases from the CIREN database were studied to elucidate the source of the 
most common injuries to occupants with obesity. 
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Table 1. Characteristics of the sample 

 Population 
(unweighted) 

Population 
(weighted) 

AIS2+ Injured 
Population 

(unweighted) 

AIS2+ Injured 
Population 
(weighted) 

Female Proportion (%) (CI) Vehicle Weight 
(kg)(CI) Model Year(CI) 

All 13,470 4,663,682 3,175 468,247 50 (48,53) 632(624,640) 2002.44 
(2002.22,2002.67) 

Obese 2,933 868,937 850 130,586 50 (45,54) 641(618,664) 2003.07 
(2002.59,2003.56) 

Non-Obese 10,537 3,794,745 2,325 337,655 50 (47,53) 634(621,639) 2002.3 
(2002.04,2002.55) 

Underweight 1,167 418,376 246 35,973 78 (72,84) 611(581,642) 2002.09 
(2001.43,2002.74) 

Normal 4,983 1,838,796 1,061 155,922 54 (50,58) 630(617,642) 2002.07 
(2001.67,2002.47) 

Overweight 4,387 1,537,573 1,018 145,760 39 (33,44) 637(623,651) 2002.62 
(2002.26,2002.98) 

Obese1 1,846 576,683 478 68,368 47 (41,52) 642(611,674) 2002.92 
(2002.32,2003.52) 

Obese2 6,76 197,871 210 41,564 53 (42,63) 645(606,682) 2003.66 
(2002.54,2004.78) 

Obese3 411 94,383 162 20,655 62 (52,71) 625(608,642) 2002.78 
(2001.94,2003.63) 

p-value     <0.0001† 0.004* <0.0001* 

          

      Vehicle Type 

 
Driver 
Position 
(%)(CI) 

Delta V (kph) 
(CI) Height (cm) (CI) Weight (kg) (CI) Age(CI) Passenger 

Car (%)(CI) 
Truck 
(%)(CI) 

Van 
(%)(CI) 

Utility 
(%)(CI) 

All 86 (85, 88) 23.58 (23.10, 
24.05) 

171.47 (1797, 
171.98) 76.9 (76.0, 77.8) 37.07 (36.25, 

37.89) 70 (67, 72) 10 (8, 12) 6 (5, 7) 14 (13, 17) 
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Obese 87 (84, 9) 24.01 (23.02, 
25.01) 

1711 (168.97, 
171.24) 107 (99.0, 102.5) 449 (39.04, 

41.93) 68 (63, 72) 11 (7, 14) 6 (5, 8) 15 (12, 18) 

Non-Obese 86 (84, 88) 23.47 (22.93, 
24.00) 

171.79 (171.23, 
172.34) 71.5 (75, 72.4) 36.28 (35.34, 

37.23) 70 (67, 73) 10 (7, 12) 5 (5, 6) 15 (12, 17) 

Underweight 85 (82, 89) 23.82 (22.73, 
24.91) 

168.94 (167.82, 
176) 53.6 (52.8, 54.4) 31.02 (28.53, 

33.52) 74 (68, 81) 8 (1, 14) 4 (2, 6) 14 (10, 17) 

Normal 84 (81, 87) 23.43 (22.66, 
24.21) 

171.52 (1782, 
172.22) 66.8 (66.2, 67.5) 34.90 (33.58, 

36.22) 74 (71, 77) 7 (5, 8) 5 (4, 7) 14 (11, 17) 

Overweight 89 (87, 91) 23.40 (22.50, 
24.30) 

172.88 (171.88, 
173.88) 81.9 (85, 83.2) 39.38 (37.67, 

41.08) 64 (58, 70) 14 (9, 20) 6 (5, 7) 16 (11, 21)  

Obese1 86 (81, 90) 23.93 (22.66, 
25.2) 

1730 (168.76, 
171.83) 93.6 (91.7, 95.4) 477 (38.85, 

42.68) 70 (65, 75) 10 (7, 13) 5 (3, 6) 15 (11, 19) 

Obese2 92 (9, 95) 23.60 (21.60, 
25.59) 

1764 (168.80, 
172.48) 

108.7 (105.7, 
111.8) 

39.31 (36.71, 
41.90) 60 (48, 71) 17 (5, 29) 10 (3, 16) 13 (8, 19) 

Obese3 87 (82, 92) 25.44 (23.21, 
27.67) 

167.84 (165.36, 
1732) 

127.6 (123.9, 
131.3) 

41.23 (38.58, 
43.89) 68 (58, 77) 5 (2, 7) 10 (5, 15) 17 (10, 26)  

p-value <0.0001† 0.057* <0.0001* <0.0001* <0.0001* <0.0001† 

*: ANOVA associated p-value for quantitative variables which had an approximately normal distribution 
†: Chi-squared test associated p-value for categorical variables 
Values are reported in form of “mean (CI)” 
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Results 
• Occupants with obesity experienced a higher risk of upper extremity, lower extremity, 

and spine injuries than normal BMI occupants (Table 2). 
• After adjusting for other variables, the risks of spinal, thoracic, and extremities injuries 

were found to be affected by the BMI class (Table 3). 
• Seven out of the 10 most common injuries sustained by occupants with obesity were 

lower extremity injuries, and talus fractures were the most common overall (Table 4). 
• Sternum fracture was the most frequent injury of non-obese occupants (Table 5). 
• Direct loading through the plantar surface of the foot by the vehicle toe pan was found to 

be a likely cause of many lower extremity injuries based on CIREN cases (Table 6). 
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Table 2. Risk (%) of AIS2+ injuries to different body regions for different BMI groups in frontal crashes 

 
All Injuries (CI) Head (CI) Face (CI) Neck (CI) Thorax (CI) 

All Occupants 10.04 (8.88, 11.20) 1.89 (1.55, 2.24) 0.21 (0.15, 0.27) 0.02 (0.01, 0.03) 2.36 (1.89, 2.83) 

Obese 15.03 (11.34, 18.71)  1.97 (1.37, 2.57) 0.21 (0.06, 0.36) 0.03 (0, 0.06) 2.29 (1.73, 2.85) 

Non-Obese 8.90 (7.79, 10.01) 1.88 (1.48, 2.28) 0.21 (0.14, 0.27) 0.02 (0, 0.03) 2.38 (1.81, 2.94) 

Underweight 8.60 (6.36, 10.84) 2.21 (1.29, 3.14) 0.18 (0.02, 0.34) 0 (0, 0.01) 2.16 (0.96, 3.37) 

Normal 8.48 (6.89, 10.07) 1.55 (1.17, 1.92) 0.23 (0.13, 0.34) 0.02 (0, 0.04) 2.46 (1.61, 3.31) 

Overweight 9.48 (7.59, 11.37) 2.18 (1.34, 3.02) 0.18 (0.08, 0.28) 0.02 (0, 0.03) 2.34 (1.44, 3.23) 

Obese I 11.86 (8.67, 15.04) 1.84 (1.15, 2.52) 0.15 (0.03, 0.26) 0.03 (0, 0.06) 1.95 (1.35, 2.55) 

Obese II 21.01 (9.19, 32.82) 2.17 (0.62, 3.73) 0.10 (0, 0.21) 0.04 (0, 0.12) 2.19 (1.18, 3.20) 

Obese III 21.88 (13.23, 30.54)  2.38 (0.84, 3.91) 0.83 (0, 1.98) 0.01 (0, 0.03) 4.56 (1.68, 7.44) 

Injured Population: 
Unweighted (weighted) 3175 (468241) 792 (883756) 150 (9671) 20 (819) 934/110119.1 

Chi-Square Test p-Value <0.0001* 0.246 0.293 0.994 0.190 

      

 
Abdomen (CI) Spine (CI) Upper Extremity (CI) Lower Extremity (CI) 

 
All Occupants 0.61 (0.40, 0.81) 1.17 (0.86, 1.48) 3.26 (2.67, 3.86) 4.19 (3.36, 5.01) 

 
Obese 0.64 (0.41, 0.87) 1.53 (0.79, 2.27) 4.78 (2.92, 6.65) 8.37 (5.08, 11.66)  

 
Non-Obese 0.60 (0.35, 0.85) 1.09 (0.75, 1.43) 2.91 (2.33, 3.50) 3.23 (2.58, 3.87) 

 
Underweight 0.62 (0.13, 1.11) 0.99 (0.49, 1.49) 2.45 (1.22, 3.69) 3.44 (2.12, 4.76) 

 
Normal 0.70 (0.22, 1.19) 0.94 (0.48, 1.39) 2.51 (1.85, 3.18) 3.17 (2.08, 4.27) 

 
Overweight 0.46 (0.30, 0.63) 1.30 (0.67, 1.92) 3.52 (2.35, 4.69) 3.24 (2.40, 4.07) 

 
Obese I 0.56 (0.30, 0.81) 0.86 (0.48, 1.25) 4.39 (2.06, 6.72) 5.93 (3.81, 8.05) 

 
Obese II 0.66 (0.15, 1.16) 1.94 (0.31, 3.56) 6.92 (2.35, 11.48) 12.72 (0.75, 24.68) 

 
Obese III 1.13 (0.17, 2.09) 4.72 (0, 9.97) 2.70 (1.35, 4.04) 14.17 (6.56, 21.77)  
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Injured Population: 
Unweighted (weighted) 384 (28229) 504 (54532) 1061 (152126) 1626 (195260)  

Chi-Square Test p-Value 0.600 <0.0001* <0.0001* <0.0001*  

CI: 95% confidence interval 
*: Significant difference (p-value <0.05) among different BMI groups (underweight, normal, overweight, obese I-III) 
Values are reported in form of “mean (CI)” 
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Table 3. Parameter estimates and standard error from multivariate logistic regressions of AIS 2+ risk of injuries to different body 
regions in frontal crashes 

 Overall Injury Head Thoracic Abdominal 
 Estimate SE Estimate SE Estimate SE Estimate SE 

Intercept -8.563 1.992 -3.639* 1.994 -12.218 3.115 -7.402 2.701 

Age 0.025* 0.004 0.007 0.005 0.067* 0.007 0.025* 0.007 

Female (vs. male) 0.971* 0.247 0.124 0.225 0.586 0.305 -0.226 0.408 

Delta V (kph) 0.075* 0.006 0.062* 0.006 0.087* 0.007 0.075* 0.006 

Vehicle 
Type Truck 0.371 0.410 -0.645* 0.288 -0.266 0.336 0.047 0.384 

(vs. 
passenger) Van -0.533* 0.221 -0.524 0.505 -0.744* 0.373 -0.616 0.507 

 Utility -0.026 0.223 0.025 0.234 -0.317 0.251 0.317 0.379 

Passenger Position (vs. 
driver) 0.412 0.257 -0.285 0.264 0.677* 0.308 0.721 0.402 

BMI 
Category 

(vs. 
normal) 

Underweight -0.107 0.232 0.454 0.297 -0.088 0.566 0.055 0.543 

Overweight 0.013 0.168 -0.041 0.269 -0.274 0.301 -0.294 0.359 

Obese I 0.264 0.251 -0.121 0.308 -0.642* 0.264 -0.425 0.448 

Obese II 1.234* 0.448 0.161 0.535 -0.395 0.416 0.423 0.574 

Obese III 0.860* 0.332 0.311 0.446 0.766 0.503 0.518 0.713 

Height (cm) 0.015 0.011 -0.015 0.011 0.015 0.016 -0.007 0.015 

Model Year-2002 0.000 0.016 0.019 0.022 0.049* 0.022 -0.015 0.034 
         
 Spine Upper Extremity Lower Extremity   

 Estimate SE Estimate SE Estimate SE   

Intercept -4.508 2.202 -10.193* 2.321 -11.465* 2.899   
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Age 0.041* 0.008 0.022* 0.004 0.010 0.007   

Female (vs. male) 0.28 0.306 0.935* 0.248 1.290* 0.384   

Delta V V (kph) 0.077* 0.006 0.059* 0.008 0.073* 0.006   

Vehicle 
Type Truck 0.568 0.446 -0.120 0.343 0.715 0.556   

(vs. 
passenger) Van -0.395 0.38 -0.196 0.282 -0.450 0.317   

 Utility 0.056 0.305 0.143 0.402 0.170 0.24   

Passenger Position (vs. 
driver) 0.510 0.283 0.270 0.391 0.178 0.432   

BMI 
Category 

(vs. 
normal) 

Underweight 0.451 0.415 -0.351 0.320 -0.272 0.341   

Overweight 0.608 0.39 0.287 0.242 -0.083 0.232   

Obese I -0.452 0.425 0.457 0.404 0.64* 0.318   

Obese II 0.901* 0.43 1.129* 0.419 1.717* 0.520   

Obese III 0.496 0.426 -0.201 0.367 1.575* 0.425   

Height (cm) -0.029* 0.013 0.021 0.013 0.029 0.015   

Model Year-2002 0.072* 0.024 0.016 0.028 -0.083* 0.018     

SE: Standard error 
*: Statistically significant (p-value<0.05) 
Values are with respect to the risk of injury as a unit interval ([0,1], not percentage) 
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Table 4. Risk of most observed injuries of occupants with obesity for obese and non-obese BMI groups in frontal crashes 

AIS Code All Occupants (%, CI) Obese (%, CI) Non-Obese (%, CI) p-Value Description 

853200.2 0.58 (0, 1.17) 2.52 (0, 5.58) 0.14 (0.10, 0.18) <0.0001* Talus fracture 

853414.2 0.43 (0, 0.99) 1.79 (0, 4.75) 0.12 (0.07, 0.18) <0.0001* Tibia fracture medial malleolus 
open/displaced/comminuted 

852200.2 0.65 (0.34, 0.95) 1.77 (0.34, 3.21) 0.39 (0.22, 0.55) <0.0001* Metatarsal or tarsal fracture 

752002. 1.06 (0.60, 1.51) 1.53 (0.04, 3.01) 0.95 (0.51, 1.39) 0.010* Carpus or metacarpus fracture 

852400.2 0.61 (0.34, 0.87) 1.52 (0.29, 2.76) 0.40 (0.24, 0.56) <0.0001* Patella fracture 

752800.2 0.44 (0.22, 0.66) 1.33 (0.28, 2.39) 0.24 (0.12, 0.36) <0.0001* Radius fracture NFS with or without 
styloid process including Colles 

850826.2 0.74 (0.32, 1.16) 1.07 (0.44, 1.71) 0.66 (0.17, 1.15) 0.028* Knee sprain 

851606.2 0.38 (0.29, 0.48) 0.67 (0.42, 0.93) 0.31 (0.22, 0.41) 0.008* Fibula fracture; any type but NFS as to 
site; head, neck, shaft 

450220.2 0.45 (0.24, 0.67) 0.62 (0.27, 0.96) 0.41 (0.16, 0.66) 0.164 Rib cage fracture 2–3 ribs any location 
(OIS Grade I, II or III) 

450230.3 0.38 (0.25, 0.51) 0.52 (0.30, 0.74) 0.35 (0.20, 0.50) 0.204 Rib cage fracture >3 ribs on one side and 
<=3 ribs on the other side 

CI: 95% confidence interval 
p-value: Chi-squared test associated p-value  
*: Statistically significant (p-value<0.05) 
Values are reported in form of “mean (CI)” 
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Table 5. Risk of most observed injuries of non-obese occupants for obese and non-obese BMI groups in frontal crashes 
AIS Code All Occupants (%, CI) Obese (%, CI) Non-Obese (%, CI) p-Value Description 

450804.2 0.94 (0.57, 1.32) 0.45 (0.29, 
0.61) 1.06 (0.60, 1.51) 0.004* Sternum NFS; fracture (OIS Grade II or III) 

752002.2 1.06 (0.6, 1.51) 1.53 (0.04, 
3.01) 0.95 (0.51, 1.39) 0.010* Carpus or metacarpus NFS; fracture 

850826.2 0.74 (0.32, 1.16) 1.07 (0.44, 
1.71) 0.66 (0.17, 1.15) 0.002* Knee sprain 

752200.2 0.54 (0.33, 0.75) 0.35 (0.16, 
0.55) 0.58 (0.32, 0.84) 0.159 Clavicle fracture (Grade I or II) 

160406.2 0.44 (0.24, 0.64) 0.44 (0.21, 
0.66) 0.44 (0.20, 0.69) 0.957 

Head (cranium and brain); Awake post 
resuscitation or on initial observation at scene 
(GCS 15) NFS; prior unconsciousness, but 
length of time NFS with neurological deficit 

450220.2 0.45 (0.24, 0.67) 0.62 (0.27, 
0.96) 0.41 (0.16, 0.66) 0.164 Rib cage fracture 2-3 ribs any location (OIS 

Grade I, II or III) 

852400.2 0.61 (0.34, 0.87) 1.52 (0.29, 
2.76) 0.4 (0.24, 0.56) <0.0001* Patella fracture 

161000.2 0.41 (0.21, 0.61) 0.48 (0.12, 
0.85) 0.39 (0.16, 0.62) 0.508 

Awake post resuscitation on admission or initial 
observation at scene (GCS 15) prior 
unconsciousness. 

852200.2 0.65 (0.34, 0.95) 1.77 (0.34, 
3.21) 0.39 (0.22, 0.55) <0.0001* Metatarsal or tarsal fracture 

752802.2 0.35 (0.19, 0.51) 0.30 (0.15, 
0.45) 0.36 (0.17, 0.55) 0.621 Radius fracture NFS with or without styloid 

process including Colles; closed 

CI: 95% confidence interval 
p-value: associated Chi-squared test p-value 
*: statistically significant (p-value<0.05) 
Values are reported in form of “mean (CI)” 



19 

Table 6. A list of some frontal crash CIREN cases with a large BMI who were belted and experienced the common lower extremity 
injuries of occupants with obesity 

CIREN ID BMI (kg/m2) DV (kph) ‡ D/P§ F/M# 853200.2* 853414.2* 852200.2* 852400.2* 850826.2* 851606.2* 
Talus 
Injury 
Source ^‡ 

Knee 
Injury 
Source ° 

Talus 
Fracture 
Location‡ 

TP/ IP 
Intrusion° 

109574 41 68 P M Y N Y N N N FLR - Un TP & IP 

120305 57 46 p F Y N N N N N FLR - Neck and 
body IP 

164689 54 54 D F Y N N N N N FLR - Dome None 

160128189 32 57 D M Y N Y Y N N FLR IP Un TP 

160132288 29 68 D M Y N N N N N FLR - Head and 
neck None 

286011927 39 Un D F Y N N N N N FC - Un None 

286028055 34 71 D M Y N N N N N FLR and/or 
FC - Un None 

339050695 31 44 D M Y N Y N N Y FLR - Head and 
neck None 

385147523 38 29 D F Y N Y N N N FLR - Un None 

537107148 56 36 D F Y N N N N Y Un - Dome and 
neck None 

551111590 30 56 P M Y N Y N N N FLR - Posterior 
process TP 

558022443 32 46 D M Y N Y N N Y FC - Neck TP 

608081447 33 63 D M Y N N N N N FLR - Lateral 
process None 

842004569 36 Un D F Y N Y N N N FLR - Head TP 

852186228 36 Un D F Y N N N N N FLR - Neck TP & IP 

397091820 38 41 D F N Y N N N Y - - - None 

852181163 34 Un D F N Y N N N N - - - TP & IP 

116194 38 37 D F N Y N N N N - - - None 

122102 30 93 D M N Y N N N Y - - - TP 



20 

397091820 38 41 D F N Y N N N Y - - - None 

100097193 37 Un D F Y N N N Y N FLR IP Un IP 

608036775 43 35 D F N N N N Y N - IP - None 

116427 30 53 D M N N N Y N Y - IP - None 

852115721 45 50 P F N N N Y N N - IP - None 

852117115 52 87 D M N N N Y N N - IP - IP 

852139160 33 Un D M N N N Y N N - IP - TP 

§ P: Passenger; D: driver 
# M: Male; F: female 
‡ Un: Unknown or not reported 
^ FLR: Floor (including toe pan); FC: Foot controls (including parking brake) 
° TP: Toe pan; IP: Instrument panel; None: No toe pan or instrument panel reported 
*853200.2: talus fracture; 853414.2: medial malleolus; open/ displaced/ comminuted; 852200.2: metatarsal or tarsal fracture; 852400.2: patella fracture; 850826.2: knee sprain (not 
further specified); 851606.2: fibula fracture to head, neck, or shaft. 
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Conclusions 
• The risk of injury to different body regions and the most frequent injuries of occupants 

with obesity are different than those of other occupants. This can be attributed to 
differences when interacting with the seat belt and vehicle interior. 

• A likely explanation is that the increased risk of injury observed for occupants with 
obesity arises from their increased risk of injury to extremities and spine. Their increased 
risk of injury to the extremities can be attributed to their large forward motion during the 
crash and delayed engagement of the lap belt with the bony structure of the pelvis. The 
former is due to increased body mass, which results in increased kinetic energy, while the 
latter can be attributed to thick adipose tissue. These factors also cause a decreased torso 
forward pitch which increases compression force to the spine and elevates the risk of 
spinal injuries. 

• An appropriate objective function for restraint optimization for occupants with obesity 
should incorporate the risk of injury to the extremities and spine. 

• The HBMs should be instrumented properly to determine the risk of injuries, which were 
frequently observed in the field data. 
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Part 2: Human Body Model Evaluation and Simulation Set-Up 
Paper 2, Joodaki, Gepner, Katagiri, & Kerrigan, 2021a) further details the goals, methods, 
results, and conclusions of the study. 

Relevance and Goal 
Since this study aimed to use an HBM to predict injury in simulations designed to optimize the 
restraint system for an occupant with obesity, it was necessary to identify an appropriate HBM to 
serve the goals of this study. Thus, the objectives of this part were as follows. 

• To determine whether an available obese HBM can be a suitable tool for designing a 
restraint system optimized for an occupant with obese anthropometry in the driver seat. 
To achieve this, the response of the HBM was compared to PMHS test results from the 
literature. 

• To prepare the frontal impact driver-seat simulation environment necessary for restraint 
design parametric simulations, which are discussed in Part 3. 

Methods 

Obese Human Body Model Evaluation 
The first subpart of Part 2, Joodaki, Gepner, Katagiri, & Kerrigan, 2021a), discusses the 
performance evaluation of an obese HBM. A family of obese HBMs with various heights and 
BMIs were previously developed by morphing a detailed midsize male HBM of the GHBMC 
M50-O v4.4 to statistically represent obese body shapes (Hu et al., 2016) (Figure 1). 

Figure 1. Obese HBM with BMI=35 
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Rear-seat tests: The results of 29 km/h and 48 km/h rear-seat sled tests with an obese PMHS 
(BMI=35 kg/m2, stature=189 cm) were used to evaluate the performance of one of the obese 
HBMs (BMI=35 kg/m2, stature=188 cm), replicating frontal sled test. To provide correct 
boundary conditions, a finite element model of the sled buck used in the PMHS tests were 
developed, validated, and used in the simulations (Figure 2-a). 
Front-seat tests: The response of a midsize non-obese HBM (BMI=25 kg/m2, stature=175 cm) 
and one of the obese HBMs (BMI=35 kg/m2, stature=175 cm) were compared in a front-seat 56 
km/h frontal impact test. 

Model Set Up 
The second subpart of Part 2 was to prepare the simulation environment for front-seat parametric 
simulations, which are discussed in Part 3. First, a simplified sled was generated from a Toyota 
Camry finite element model. The simplified model included seat structure, steering wheel, 
collapsible steering column, instrumentation panel, center console, floor, pedals, A-pillar, B-
pillar, and driver-side door. A driver air bag (DAB) equipped with an adaptive vent and two 
types of knee air bags (KAB, low-mount and mid-mount) were added to the sled model. An 
obese HBM (stature = 175 cm, BMI 35 kg/m2) and a midsize non-obese HBM (stature = 175 cm, 
BMI 25 kg/m2) were positioned in the simplified sled (Table 7). Pre-simulations were performed 
to position them with similar head, torso, femur, and tibia angles. Virtual sensors were added to 
both HBMs to measure the risk of injury to different body regions. This included proper 
instrumentation for predicting the most frequent injuries, as identified in Part 1. Two types of 
seat belts, a regular seat belt and ISB, were routed on each HBM. Finally, an average pulse, 
which was determined from NHTSA’s New Car Assessment Program (US-NCAP) 56 km/h 
frontal rigid-barrier tests with full-sized vehicles, was implemented into the sled (Figure 2-b). 
(a) 
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HBM and PMHS comparison 
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(b)  

Figure 2. HBM evaluation (top) and model setup (bottom) 
Table 7. Characteristics and positioning measurements of the subjects 

 
 
 

 Obese HBM Non-Obese HBM 

Height (cm) 175 175 

BMI (kg/m2) 35 25 

Age 30 30 

Head Angle (deg) 78 79 

Torso Angle (deg) 62 62 

Femur Angle (deg) 17 17 

Tibia Angle (deg) 48 48 

H-Point Distance (cm) 9 8 

Knee/Knee Bolster Distance (cm) 13 14 

Head angle: the angle of line connecting the head CG to the shoulder with respect to a horizontal line. 
Torso angle: The angle of line connecting the shoulder to the hip with respect to a horizontal line. 
Femur angle: The angle of line connecting the hip to the knee with respect to a horizontal line. 
Tibia angle: The angle of line connecting knee to the ankle with respect to a horizontal line. 
H-point distance: the horizontal distance between the hip and the reference point on the back of the 
seat. 
See Figure 3 for illustration of each parameter. 

Developing a 
simplified sled 

Adding air bags Positioning 
HBMs 

Routing seat 
belts 

Implementing 
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+ + 

+ 

Model Setup 
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Figure 3. Description of positioning parameters of Table 7 

Results 
In the rear-seat tests both the obese HBM and the obese PMHS experienced a large forward 
excursion, delayed lap belt engagement with the pelvis, and maintained a reclined-to-upright 
torso angle throughout the tests (Figure 4). The PMHS demonstrated a submarining behavior in 
the 48 km/h test, starting when the hip traveled 18 cm, which was a consequence of the lap belt 
first loading the pelvis through the surrounding flesh and then sliding up over the pelvis into the 
abdomen as the pelvis translated downward compressing the seat. The HBM did not show a 
similar behavior, possibly due to a high stiffness of the flesh under shear loading (Figure 5). 
 

 
Figure 4. Comparison of behaviors of obese PMHS and obese HBM in 48 km/h rear-seat tests. 
Similarly, to obese PMHS, obese HBM experienced a large hip excursion and reclined torso 

throughout the test.  
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 29 km/h PMHS 29 km/h obese HBM #1 48 km/h PMHS 48 km/h obese HBM #1 

0 ms 

    

60 ms 

    

90 ms 

    

120 
ms 

    

 

Figure 5. Comparison of behaviors of obese PMHS and obese HBM at 0, 60, 90, and 120 ms in 
rear seat tests 

In the front-seat simulations (Figure 6), the obese HBM experienced a larger lower extremity 
excursion than the non-obese HBM. Furthermore, both obese and non-obese HBMs’ pelvises 
traveled forward less than 12 cm because of the engagement between the knee and the knee air 
bag. This forward motion was shorter than the pelvis excursion of the PMHS (18 cm) when 
submarining was observed in the 48 km/h rear-seat test (Figure 7). 
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Figure 6. Comparison of response of non-obese HBM (left) and obese HBM #2 (right) at t=0 ms, 
t=60 ms, t=90 ms, and t=120 ms in 56 km/h frontal tests 
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Figure 7. Maximum forward motion of different body segments during rear-seat (a) and front 
seat (b) tests 
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Conclusions 
• The obese HBMs replicated the effects of large body mass and delayed lap belt engagement 

with the pelvis similarly to the obese PMHS. These characteristics are critical for front-seat 
frontal impact simulations. 

• The obese HBMs failed to replicate submarining behavior observed in the high-speed rear-
seat PMHS test. Nevertheless, since forward excursion of the front-seat occupants is limited 
by the vehicle structure or injury countermeasures, submarining is expected to be a less 
important issue when simulating crashes with the obese HBMs in the front-seat.  

• Therefore, the obese HBMs can potentially still be useful tools for designing and optimizing 
restraint system for drivers with obesity. 
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Part 3: Parametric Simulations and Statistical Analysis 
Paper 3, Joodaki, Gepner, & Kerrigan, J. (2020b) details the goals, methods, results, and 
conclusions of the study. 

Relevance and Goal 
Once the simulation environment had been constructed and the HBMs had been evaluated for 
suitability (Part 2), the next step was to begin simulating frontal crashes with the HBMs to 
identify trends and examine the effects of various restraint components that could be 
incorporated in the optimization part. Thus, the objective of this part was to perform parametric 
simulations to determine and compare the effect of different restraint parameters on the response 
of obese and non-obese HBMs through statistical and biomechanical analyses. These simulations 
were also used to train metamodels (Part 4), which were later used for restraint system 
optimization (Part 5). 

Methods 
Fourteen different restraint parameters along with the HBM type (obese versus non-obese) were 
selected as the simulation variables. Restraint parameters included: USAB presence and position; 
steering column failure level; presence of adaptive vent; DAB pressure; KAB pressure and type; 
presence of dynamic locking tongue (DLT); standard seat belt versus ISB; ISB pressure; 
shoulder belt load limiter type, constant versus digressive; load limiter force level (LL); presence 
anchor and buckle pre-tensioner. The lower-bound and upper-bound of each variable were 
specified. The Latin Hypercube technique was used to sample 450 simulations in this 15-
dimensional design domain. Then, the parametric simulations were performed, and the results of 
the parametric simulations were extracted and used to determine excursion (kinematics) of, and 
risk of injury to, different body regions. Injury measures included: Head Injury Criterion (HIC) 
(Versace, 1971), Brain Injury Criterion (BrIC) (Takhounts et al., 2013), Neck Injury Criterion 
(NIC) (Eppinger et al., 2000), normalized chest compression (Cmax) (Kent & Patrie, 2005), peak 
lumbar force, peak femur force, peak patella force, and Revised Tibia Index (RTI) (Kuppa et al., 
2001). This information along with the NASS-CDS field data (Part 1) were used to calculate life 
years lost (LYL) (Kim et al., 2019; Bollapragada, 2019). Multivariate regression analyses were 
performed to determine and compare the effects of different restraint parameters on the 
responses of obese and non-obese HBMs. Finally, the biomechanical reasons of the findings 
were discussed in detail (Figure 8). 

Figure 8. Flow chart of the Part 3 
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Results 
The obese HBM experienced significantly greater lower extremity excursion, and injury metric 
values for chest, neck, lumbar spine, femur, patella, and tibia than the non-obese HBM (Figure 
9). For both occupants, increasing the seat belt LL level resulted in increased head, neck, and 
chest injury metrics. Also, the ISB decreased the HBMs’ excursion, and chest and neck injury 
metrics. The USAB and mid-mount KAB decreased lower extremity excursion, and the USAB 
mitigated the obese HBM’s femur, patella, and tibia injury metrics. The USAB increased the 
non-obese HBM’s neck and lumbar spine injury metrics (Figure 10 and Figure 11).  



33 

 

 

 
Figure 9. Comparison of responses of obese and non-obese HBMs in parametric simulations 
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Figure 10. Effects of different restraint parameters on the head and hip excursion shown using 
forest plots of multivariate regression analyses on results of parametric simulations with obese 

(red) and non-obese (blue) HBMs. Solid circles show a statistically significant correlation 
between the simulation inputs (restraint parameters) and outputs (head and hip excursions) 

  

p<0.05 

Insignificant 
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Figure 11. Forest plots of multivariate regression analyses on the effects of different restraint 
parameters on various injury metrics 
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Conclusions 
• The replicated HBMs represented some key biomechanical differences between 

occupants with and without obesity. 
• The general strategies typically used to improve safety of non-obese occupants were not 

found to have any compelling counter-effects for the occupant with obesity. 
• However, the effect of obesity, which was included as a difference in the HBMs, resulted 

in a difference in the value of injury metrics across a range of parameters. 
• The findings suggested that solutions should be focused on arresting lower extremity 

excursion to decrease lower extremity injuries for the obese HBM. This confirmed the 
hypothesis in Part 1: the key for increasing the safety of occupants with obesity is to 
mitigate their lower extremity excursion. For example, the USAB was found to reduce 
both the lower extremity excursion and injury metric values and thus might be a useful 
tool to improve the safety of occupants with obesity. Also, the ISB was found to be an 
effective countermeasure to decrease the occupant’s chest and neck injuries.  

• For several restraint parameters, manipulation was found to decrease the risk of injury to 
a body region but increase the risk to another region. Hence, a comprehensive restraint 
system optimization with a range of anthropometries is necessary to find the most 
favorable set of restraint parameters. 
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Part 4: Metamodel Development 
Paper 4, Joodaki, Gepner, & Kerrigan (2020b), details the goals, methods, results, and 
conclusions of the study. 

Relevance and Goal 
Next, we used the simulation results from Part 3 to mathematically model the relationships 
between the simulation inputs and outputs. The mathematical models (metamodels) were 
intended to mimic the behavior of the system (simulation results) in a continuous space, which 
would permit exploring the whole design domain (Part 5) with a more manageable 
computational cost than the traditional optimization approach (iterative process of guessing a 
solution and running simulation with the guessed solution). Thus, the objectives of this part were 
to: 

1) Develop metamodels of the parametric simulation results (from Part 3), which were later 
used for restraint system optimization (Part 5). 

2) Demonstrate in detail how machine learning can be leveraged for predicting HBM 
responses to avoid model over-fitting and under-fitting (Figure 12). 

3) Compare the ability of OLS, least absolute shrinkage, and selection operator (LASSO), 
neural network (NN), support vector regression (SVR), regression forest (RF), and an 
ensemble model for predicting the results of restraint design parametric simulations. 

 

Figure 12. Illustration of over-fitting and under-fitting 
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Metamodels for LYL (optimization objective function for Part 5), chest deflection, and head-
steering column distance (optimization constraints for Part 5) were developed through a similar 
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were compared through leave-one-out cross-validation and the model with the highest accuracy 
was selected to be used for restraint system optimization (Part 5, Figure 13).  

 
Figure 13. Procedural flowchart for metamodel development 
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• When the hyperparameters were optimized, the prediction error decreased by up to three 

times compared to some models with random (not optimized) hyperparameters, which 
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algorithms, predicted a similar LYL contour when their hyperparameters were optimized 
(Figure 14). 

• The shapes of the response surfaces predicted by the metamodels were shown to be 
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column distance, Figure 16). 
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Figure 14. An example of LYL prediction contours with different normalized DAB mass flow rate 
and steering column failure level values using different techniques with optimized 

hyperparameters. Other simulation parameters were constant in these predictions: obese 
occupant, regular seat belt with a digressive LL (2 kN and then 1 kN) and anchor pre-tensioner, 

dynamic locking tongue, adaptive vent, 65 kPa low-mount KAB, and no USAB. 
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Figure 15. Comparison of LYL contours predicted by networks from different transfer functions 

and number of neurons developed using unoptimized and optimized (number of neurons: 4, 
transfer function: Tan-Sig) hyperparameters. The leave-one-out cross-validation errors of each 

model are also shown. Other simulation parameters were the same as in Figure 8. 
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Figure 16. (a) Comparison of leave-one-out cross-validation mean absolute error (MAE) for life 
years lost (LYL) metamodels developed using OLS, RF, NN, LASSO, SVR and ensemble model. 

The hyperparameters of RF, NN, LASSO, SVR, and ensemble techniques were optimized prior to 
leave-one-out cross-validation. Mean squared error (MSE) and coefficient of determination (R2) 

are also shown (b) leave-one-out cross-validation scatter plots of OLS (left) and ensemble 
technique (right). 
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without optimization and then training the metamodel might result in failing to find the 
actual optimized design. 

• Some commercial optimization software packages offer optimization approaches that 
involve training metamodels, but they do not offer the option to tune hyperparameters 
prior to training the models automatically. Data from this study suggests that tuning the 
hyperparameters prior to training the models results in better cross-validation errors 
across all methods.  
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Part 5: Restraint System Optimization 
Gepner, Lee, Katagiri, Kim, & Kerrigan (2021b), details  the goals, methods, results, and 
conclusions of the study. 

Relevance and Goal 
In Part 4 tuned metamodels were developed for the LYL (the optimization objective function, 
see Part 5 methods), chest deflection (an optimization constraint, see Part 5 methods), and head-
steering column displacement (an optimization constraint, see Part 5 methods) using the 
ensemble method. Next, it was aimed to use those metamodels to perform restraint system 
optimization. Thus, the objective of this part was to optimize the restraint system for the 
following. 

1) HBM with obese anthropometry (BMI=35) 
2) HBM with non-obese anthropometry (BMI=25) 
3) Obese (BMI=35) and non-obese (BMI=25) HBMs concurrently 

The research question was whether an optimized restraint system for an occupant with obesity 
would be different than that for a midsize occupant. 

Methods 
As mentioned in Part 3, virtual sensors were mounted on different body regions of the HBMs. 
Since (1) an effective restraint system should protect the occupant against fatal injuries and (2) 
seven out of 10 most common injuries of obese occupants were found to be non-fatal lower 
extremity injuries (Part (1), which could affect the occupant’s life quality, both fatal and non-
fatal injuries had to be considered for optimization. The risks of injuries to different body regions 
had to be combined into a single metric to be used as the objective function. LYL, which is a 
metric that incorporates the risk of fatal and non-fatal injuries to different body regions (Table 8), 
was considered as the optimization objective function for the first two optimization cases 
(optimization for the obese and non-obese HBMs independently). The details of how this metric 
is calculated from simulation results are provided in Kim et al. (2019) and Bollapragada (2019). 
The objective function in the third case (concurrent optimization) weighted LYL between both 
occupants equally, but also included a difference term to avoid a solution which is substantially   

in favor of a single HBM: min[𝐿𝐿𝐿𝐿𝐿𝐿𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 + 𝐿𝐿𝐿𝐿𝐿𝐿𝑛𝑛𝑛𝑛𝑛𝑛−𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 + |𝐿𝐿𝐿𝐿𝐿𝐿𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜 − 𝐿𝐿𝐿𝐿𝐿𝐿𝑛𝑛𝑛𝑛𝑛𝑛−𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜𝑜|]. The 
NHTSA injury assessment reference values, as well as head-steering column distance, were 
considered as the optimization constraints. 
A genetic algorithm was applied to the metamodels of the objective function and constraints 
(developed in Part 4) to find the optimal design. The functions used for the fitness scaling, 

min[𝐿𝐿𝐿𝐿𝐿𝐿(𝑿𝑿)] 

𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑡𝑡𝑡𝑡: 

𝐻𝐻𝐻𝐻𝐻𝐻,𝑁𝑁𝑁𝑁𝑁𝑁,𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 𝑜𝑜𝑜𝑜 𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁,𝐶𝐶ℎ𝑒𝑒𝑒𝑒𝑒𝑒𝑒𝑒,𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹 < 80 % ×  𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁𝑁 𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 

𝐻𝐻𝐻𝐻𝐻𝐻𝐻𝐻 𝑡𝑡𝑡𝑡 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 𝑤𝑤ℎ𝑒𝑒𝑒𝑒𝑒𝑒 𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 > 40 𝑚𝑚𝑚𝑚 

𝑿𝑿𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍𝒍 𝒃𝒃𝒃𝒃𝒃𝒃𝒃𝒃𝒃𝒃 ≤ 𝑿𝑿 ≤ 𝑿𝑿𝒖𝒖𝒖𝒖𝒖𝒖𝒖𝒖𝒖𝒖 𝒃𝒃𝒃𝒃𝒃𝒃𝒃𝒃𝒃𝒃  
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selection, initial population creation, crossover, and mutation of this genetic algorithm were 
rank-based, stochastic uniform, uniform, scattered, and Gaussian, respectively (see for details 
about each of these functions). An improvement-based stop criterion was used for the genetic 
algorithm. Once the genetic algorithm stopped iterating, a finite element simulation with the 
selected design was run. Then, LYL was calculated using the finite element simulation results 
and compared to the LYL value previously predicted by the LYL metamodel. If the difference 
between the two values was less than 0.1, the optimization solution was accepted. Otherwise, the 
results of the new finite element simulation were added to the point cloud, the metamodels were 
updated, and the optimization process was repeated (Figure 17). 
To understand the contribution of different injury metrics or body regions to the LYL value, the 
following analysis was performed for each injury metric/body region.  

1. LYL value was calculated for each test of the initial 450 parametric simulations. 
2. For each injury metric/body region, the associated AIS2+ injury risks were reduced to 

zero in each simulation. 
3. A new LYL value was calculated with injury risks from step 2 for each simulation. 
4. The LYL value from step 3 was compared to the original LYL value from step 1 for each 

simulation. The magnitude of difference between step 3 LYL and step 1 LYL was the 
contribution of that injury metric/body region to the LYL value. 

5. Mean and standard deviations of contributions in the initial 450 parametric simulations 
were determined. 
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Table 8. List of HBM instrumentations and injury metrics used for LYL calculation 

Body 
Region Location Instrumentation Metric Reference 

Head 
Skull and brain Head CG Node output HIC Versace, 1971 

Brain Head CG Node output BrIC Takhounts et al., 
2013 

Face 

Frontal bone 
(LR) Contact force output Force Cormier et al., 

2011a 

Maxillar bone 
(LR) Contact force output Force Cormier et al., 

2011b 

Nasal bone Contact force output Force Cormier et al., 
2010 

Neck  Cross section output NIJ Eppinger et al., 
2000 

Thorax  
Sternum and vertebra 
node output at different 
levels 

Cmax Kent & Patrie, 
2005 

  Rib cage nodes output Deflection at several 
locations (Rmax) NHTSA, 2015 

Abdomen  Abdomen flesh and 
vertebra node output Cmax Kent et al., 2008 

Lumbar 
spine  Lumbar spine beams 

output Axial force Stemper et al., 
2015 

Upper 
extremity 

Clavicle (LR) Cross section output Bending moment Zhang et al., 2013 

Humerus (LR) Cross section output Bending moment Santago et al., 
2008 

Forearm (LR) Cross section output Bending moment Duma et al., 2002 

Wrist (LR) Cross section output Axial force Duma et al., 2003 

 
 
 
Lower 
extremity 
 
 
 

Hip (LR) Contact force output Axial knee force  Rupp et al., 2010 

Femoral neck 
(LR) Cross section output Force  Roberts et al., 

2010 

Knee-thigh-hip 
(LR) Cross section output Femur axial force Kuppa et al., 2001) 

Femoral shaft 
(LR) Cross section output Moment Kerrigan et al., 

2004 

Femoral 
condyle (LR) Cross section output Moment Rupp et al., 2010 
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Cont. 

Patella (LR) Cross section output Force Kuppa et al., 2001 

Revised Tibia 
Index Cross section output Force and moment Kuppa et al., 2001 

Tibia plateau 
(LR) Cross section output Axial force Hirsch & Sullivan, 

1965 

Tibia shaft 
(LR) Cross section output Moment Kerrigan et al., 

2004 

Distal tibia 
(LR) Cross section output Force Kuppa et al., 2001 

Tibia shaft 
(LR) Cross section output Revised Tibia Index Kuppa et al., 2001 

Ankle (LR) Cross section and beam 
output 

Tibia an Achilles 
force 

Funk, Crandall, et 
al., 2002a 

Foot/Ankle 
(LR) 

Node and cross section 
output 

In/eversion angle and 
tibia axial force 

Funk, Srinivasan, 
et al., 2002b 

Foot/Ankle 
(LR) 

Node, beam, and cross 
section output 

Dorsiflexion and tibia 
force 

Funk, Srinivasan, 
et al., 2002b 

 
 
 

 

       Figure 17. Flow chart of restraint system optimization 
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Results 
In general, while the restraint parameters were similarly distributed between the obese and non-
obese HBM simulations, the obese HBM experienced a higher LYL value than the non-obese 
HBM (Figure 18). The LYL values with the optimized design for obese and non-obese HBMs 
were lower than the LYL value in any parametric simulation. In other words, the optimization 
process identified a combination of restraints that was not tried in the parametric simulations and 
yet, it was more advantageous than any of the combinations, which were tried in the parametric 
simulations. That suggests that the LYL metamodel developed in this study (Part 4) successfully 
modeled the response surface of the system and the genetic algorithm found the optimum of that 
surface. In addition, the injury risks to different body regions were lower with the optimized 
designs than the average of those injury risks in parametric simulations.  
Analysis on the parametric simulations showed that the risk of injury to brain had the highest 
contribution to the LYL among different body regions. For the obese HBM and non-obese 
HBMs, the risks of injury to the lower extremity and spine were the second main contributors to 
the LYL, respectively (Figure 19). 

 
 

Figure 18. Box plot of LYL values in the initial 450 parametric simulations. Obese HBM 
experienced a significantly higher LYL value than non-obese HBM 
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Figure 19. Contribution of different body regions (top) and some injury metrics (bottom) to LYL 
value in the initial 450 parametric simulations. The contribution values are determined by 

comparing the original LYL values to new LYL values after reducing associated AIS2+ injuries 
to zero for each simulation.  
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Optimum Design for Obese Versus Non-Obese HBMs 
The optimized value of some parameters was identical between the obese and non-obese HBMs. 
For both HBMs, a 65 kPa inflatable (versus regular) seat belt with anchor-side (versus buckle-
side) pre-tensioner was found to be optimal. Also, the optimal restraint system for both 
occupants included a 47 kPa DAB with an adaptive vent and a 50 kPa mid-mount KAB.  
However, there were some differences in the optimized design parameters between the two 
HBMs. The optimum LLs for the obese and non-obese HBMs were constant (1.5 kN) and 
digressive (1.5 kN followed by 1 kN), respectively. Additionally, the optimum steering column 
failure levels for the obese and non-obese HBMs were 4.6 kN and 5.4 kN, respectively. Also, the 
optimized restraint for the obese HBM included the USAB positioned close to the front edge of 
the seat, while the non-obese optimum design did not have the USAB (Figure 20 and Table 9). 
The design sensitivity analysis, which was performed using metamodels, revealed that changing 
the seat belt type, first LL level, existence of USAB and its position, and DAB pressure had the 
greatest effects on the LYL value (Figure 21). 
The optimal value of some design parameters, including inflatable belt and KAB pressures, were 
at the lower bound. The lower-bound pressure was the minimum pressure with which, the air bag 
model could correctly deploy. To make sure that convergence of KAB pressure at the lower-
bound does not imply that not using a KAB is more beneficial than using it, two simulations with 
the optimized designs for obese and non-obese, but with no KAB, were performed. The results 
showed that not using a KAB was associated with increasing LYL value from 2.90 to 3.32 for 
the obese HBM and 2.99 to 3.11 for the non-obese HBM. Hence, using a low-pressure KAB was 
beneficial for protecting the occupants. Also, using a low-pressure (versus high-pressure) 
inflatable belt was beneficial as it could flatten on the chest and distribute the force to a wide 
area (Figure 22). 
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Figure 20. The response of non-obese (left) and obese (right) HBMs in frontal impact 
simulations with their optimized designs 
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Table 9. Optimization parameters, their lower and upper bounds, and their optimized value for 
obese HBM, non-obese HBM, and concurrent optimizations 

 Parameter Range Baseline 
design 

Optimized 
for obese 

Optimized for 
non-obese 

Optimized 
concurrently 

1 Air-belt (vs regular belt) binary Regular belt Air-belt Air-belt Air-belt 

2 Air-belt pressure (kPa) 65–300 - 65 65 65 

3 Anchor (vs buckle) pre-
tensioner  binary Anchor Anchor Anchor  Anchor 

4 Level of first LL (kN) 1.5–9 3 1.5 1.5 1.5 

5 Switchable (vs constant) 
LL binary Constant Constant  Switchable Constant 

6 Level of second LL (kN) 1–6 - - 1 - 

7 DLT (vs regular tongue)  binary Regular 
tongue DLT DLT DLT 

8 Active vent  binary Not adaptive  adaptive adaptive adaptive 

9 Driver air bag pressure 
(kPa) 3–150 24 47 47 47 

10 Mid-mount (vs Low-
mount) KAB binary Low-mount Mid-mount Mid-mount Mid-mount 

11 KAB pressure (kPa) 50-300 133 50 50 50 

12 USAB (vs no USAB) binary No USAB USAB No USAB No USAB 

13 USAB Position (mm)  -138–0 - 0  - - 

14 Collapsible steering 
column failure level (kN) 1.5–6.3 3 4.6  5.4 4.9 

 LYL value 
Obeseavg:5.82* 

Non-
Obeseavg:5.36* 

Obese: 3.31 

Non-Obese: 
3.31 

Obese: 
2.90 

Non-Obese: 
2.99 

Obese: 3.19 

Non-Obese: 
3.07 

*: Mean values from parametric simulations 
USAB Position: Fore-aft position of USAB with respect to the front edge of the seat 
The air bag pressure lower bounds were the minimum pressure, at which, the air bag model could fully deploy. To reach 
the desired pressures, mass flow rates were scaled. 
All reported pressures are relative to the atmospheric pressure (101 kPa) and from air bag deployment static tests with 
optimized mass flow rate scale factor.  
A DLT was used in all simulations with the inflatable seat belt. 
Reported LYL values are for 56 km/h tests. 

  



52 

 

 

Figure 21. Sensitivity of LYL to design parameters of optimized restraint system for obese (top) 
and non-obese (bottom) HBMs, determined from LYL metamodel. The green horizontal line 

shows LYL value with optimized design. 
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Figure 22. With a low-pressure air-belt, the ISB could flatten on the chest and more effectively 
distribute seat belt force and mitigate localized chest deformations. 
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Concurrent Optimization for Obese and Non-Obese HBMs 
The restraint system, which was optimized for obese and non-obese HBMs concurrently, 
included a 65 kPa ISB with 1.5 kN constant LL, anchor pre-tensioner, 47 kPa adaptive vent 
DAB, 50 kPa mid-mount KAB, and 4.9 kN collapsible steering column. This restraint system did 
not include the USAB (Table 9). The LYL value for the obese HBM with this design was higher 
compared to the non-obese HBM. Further, the LYL values for the obese HBM and the non-obese 
HBM were higher than they were for the restraint systems optimized for each of the occupants 
separately. 

 

Figure 23. LYL value for the obese and non-obese HBMs with 200,000 different designs (50,000 
random designs plus 150,000 designs around the optimal regions) estimated from the LYL 

metamodel. The inclined pink dashed line shows 𝑦𝑦 = 𝑥𝑥 function, 𝑥𝑥 and 𝑦𝑦 being the horizontal 
and vertical axes, and the red lines represent 𝑥𝑥 + 𝑦𝑦 + |𝑥𝑥 − 𝑦𝑦| = 6.3. 

Comparison to Baseline Design 
The risk of injury to different body regions with both the baseline design and optimal design 
were below the mean values determined from the initial 450 parametric simulations. The optimal 
designs for obese and non-obese outperformed the baseline design in terms of LYL and risk of 
injury to most body regions (Figure 24). While increasing crash speed increased LYL in general, 
the optimum design remained more advantageous than the baseline design in speeds higher than 
56 km/h. Although LYL values for both obese and non-obese HBMs were comparable with their 
optimized restraints in 56 km/h test, the difference in LYL between the obese HBM and the non-
obese HBM grew with speed (Figure 25 and Table 10). 
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Figure 24. Risk of injury to different body regions with different restraint designs 
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Figure 25. Comparison of LYL values at four different crash speeds with the optimized designs 
for obese and non-obese HBMs and baseline design 

Table 10. LYL value of obese and non-obese HBMs in frontal impact tests with different speeds 
and a NHTSA oblique test (an average acceleration pulse from physical NHTSA oblique tests 

with different full-size vehicles) 
 LYL value 

Test Baseline obese Optimum obese Baseline non-
obese 

Optimum non-
obese 

56 km/h 3.31 2.9 3.31 2.99 

64 km/h 3.78 3.69 3.9 2.99 

72 km/h 5.83 4.56 4.4823 3.32 

80 km/h 7.00 6.41 5.13 3.80 

NHTSA 
oblique 4.46 3.57 4.22 4.55 

Conclusions 
• Overall, while the general strategy for restraining both HBMs was similar, the 

optimization results suggested considering the USAB as an additional countermeasure to 
better protect the obese HBM. 

• The general restraint strategy for both occupants could include using a low LL level (e.g., 
1.5 kN) to partially absorb the occupant’s kinetic energy through a low force applied to 
the chest and a large displacement (work= force × displacement) and dissipating the 
remainder of this energy using other restraints including tuned DAB and collapsible 
steering column, which would apply the load to a wide area of the body. 

• The optimized restraint for both HBMs included a low-pressure ISB, as it mitigated the 
risk of thoracic injury by distributing the force over a wider area compared to the 
standard seat belt. It also decreased the risk of neck injury by partially covering the neck. 
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• The optimized restraint for the obese HBM included the USAB, which made the 
occupant’s kinematics more favorable by decreasing the lower extremity excursion and 
increasing the occupant’s tendency to pitch forward and mitigated its lower extremity and 
spinal injury risk predictions. The USAB can be an effective countermeasure for 
increased safety of occupants with obesity. 

• The findings of this study can be useful in designing adaptive restraint systems, which are 
effective for occupants with obesity. Adding a system to the vehicles, which can measure 
the occupant’s weight using seat sensors and estimate the occupant’s height from the seat 
position, may help to determine if the countermeasures, which are effective for occupants 
with obesity, including the USAB, should be activated during a crash. 
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Delivered 
The following were studied/provided by this work. 

• The effect of obesity on the risk of injury to different body regions (Part 1) 
• The most frequent injuries of occupants with and without obesity and the potential injury 

mechanism of the most frequent injuries of occupants with obesity (Part 1) 
• Quantified comparison of the response of an obese GHBMC model to an obese PMHS, 

who had a similar height and BMI, in rear-seat frontal impact sled tests (Part 2) 
• The effect of restraint system parameters on the obese and non-obese HBM responses, 

including the HBMs’ kinematics and the values of different injury metrics (Part 3) 
• Assessment of the prediction ability of several advanced machine learning techniques for 

restraint design parametric simulations (Part 4) 
• Demonstrating how machine learning can be leveraged to predict the response of 

simulations with HBMs to avoid over-fitting and under-fitting (Part 4) 
• Comparison of the parameters defining the optimized restraint system for an obese HBM, 

non-obese HBM, and both HBMs concurrently. It was investigated whether the obese and 
non-obese anthropometries required different restraint strategies (Part 5).  
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