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ABSTRACT

Over the last two decades, there has been extensive research work carried out on the
dynamics and potential injuries to the occupants positioned at the struck-side in automobile side
impact accidents. With the development of strong vehicle body structures and other passive safety
systems, these advances have been proven to effectively reduce probability of injuries and deaths
to these “nearside” occupants. The advancement of airbag technologies, seatbelts, side impact door
beams etc., have reduced the severity of injuries to the driver during any side impact accidents.
The regulation on automotive safety and occupant protection in side impacts require only to
examination of the nearside occupant/driver. Real world data has shown that occupants seated
away from the nearside called as “far-side” occupants, could also be subjected to serious injuries
as well. Hence, it is important to investigate the crash responses and injury potential of far-side
occupants individually along with the occupants on the nearside for body-to-body contacts in side
impact accidents.
The main objective of this research is to examine side impact epidemiology from an injury
perspective to far-side occupants. Effort is made here to examine the thorax and pelvic injuries
and the role of seatbelts as per FMVSS 214 test conditions. The simulations are carried out with
nearside and the far-side impacts by using finite element models of a typical compact car, a moving
deformable barrier (MDB), a EuroSID-2 dummy with rib extensions (ES-2RE) and a three-point
seatbelt. Occupant kinematics and injury parameters are then compared for both unbelted and
belted passengers to investigate the significance of the seatbelts. The results from this study
demonstrates and quantifies the differences in the dynamics and injury potential to the nearside
and the far-side occupants individually, and their interactions when both are present.
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CHAPTER 1
1

1.1

INTRODUCTION

Background
Preliminary estimates from the National Safety Council (NSC) show that vehicle fatalities

topped 40,000 lives for 2016. The assessment in 2016 is 6% higher than the number of people died
in 2015. The NSC estimated the costs of motor-vehicle deaths, injuries and property damage
totaled $413.8 billion in 2017 [1]. According to 2016 Fatality Analysis Reporting System (FARS)
data, there were 1,976 more fatalities from 2015 to 2016 in almost all segments of the population
resulting in a 5.6% increase. It is also reported that the number of occupant fatalities in passenger
vehicles is at its highest ever since 2008 [2]. The traffic safety facts data for the year 2016 by
National Highway Traffic Safety Administration (NHTSA) gives the information on driver and
passenger fatalities and the fatalities by restraint use additionally, as shown in Figure 1.1 [2].
Killed Vehicle Occupants by Restraint Use

Driver and Passengers Killed, 2016

8%
26%
48%
44%

74%

Drivers

Passengers

Unknown

Unrestrained

Figure 1.1 Fatalities by Vehicle Occupants, 2016 [2]
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Restrained

In the year 2016, there were 23,714 vehicle occupant deaths consisting of 17,480 (74%)
drivers and 6,234 (26%) passengers. Out of which 11,282 (48%) were restrained, 10,428 (44%)
were unrestrained and 2,004 (8%) were unknown. This shows that there is a need to look at the
injuries caused not only to the drivers, but to the passengers as well [2]. For the year 2016, FARS
published a complete report of fatalities by person type.
1.2

Vehicle Crashworthiness
Crashworthiness is a measure of vehicle’s structural ability to undergo plastic deformations

and to reduce injuries caused to the occupant during the time of an impact. Crashworthiness mainly
deals with ‘second collision’, where driver and passengers collide against the interior of the
vehicle. During a crash event, static and dynamic loads which exceed the structure absorbing
capability pass through the localized plastic hinges and buckling, undergo large deformations,
wave effects with high stresses and localized structural deformations leads the forces to transmit
through various members to vehicle occupants. There are different types of vehicular collisions
which are classified as frontal, side, rear and rollovers [2]. Figure 1.2 illustrates the percentage of
fatalities in different types of crash directions in 2016.
Frontal (54%)
Side (29%)
Rear (6%)

Other
11%

Rear
6%

Other (mostly rollovers 11%)
Frontal
54%

Side
29%

Figure 1.2 Car Occupant Deaths by Point of Impact, 2016 [3]
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Frontal impacts accounted for 54% of passenger vehicle occupant deaths and side impacts
accounted for another 25% in year 2016 [3]. According to the fatality facts survey by the Insurance
Institute for Highway Safety (IIHS), the data for the passenger vehicle occupant deaths for car
occupants in single-vehicle crashes, multiple vehicle crashes, and all crashes by impact point and
vehicle type are shown in Tables 1.1, 1.2, and 1.3 respectively [3].
Table 1.1 Car Occupant Deaths in Single-Vehicle Crashes by Impact Point and Vehicle Type in
the Year 2016 [3]
Point of Initial Impact

Number of Car Occupants

Percentage of Car Occupants

Frontal

3,061

53%

Side

1,161

20%

Rear

129

2%

Other (mostly rollovers)

1,410

24%

Total (includes other &
unknowns)

5,761

100%

Table 1.2 Car Occupant Deaths in Multiple-Vehicle Crashes by Impact Point and Vehicle Type
in the Year 2016 [3]
Point of Initial Impact

Number of Car Occupants

Percentage of Car Occupants

Frontal

4,394

54%

Side

2,869

35%

Rear

758

9%

Other (mostly rollovers)

148

2%

Total (includes other &
unknowns)

8,169

100%

3

Table 1.3 Car Occupant Deaths in All Crashes by Impact Point and Vehicle Type, 2016 [3]
Point of Initial Impact

Number of Car Occupants

Percentage of Car Occupants

Frontal

7,455

54%

Side

4,030

29%

Rear

887

6%

Other (mostly rollovers)

1,558

11%

Total (includes other &
unknowns)

13,930

100%

The IIHS car occupant fatality data shows that the side impact accidents are second most
severe type of accidents after frontal impacts. There have been several advancements in occupant
restraints systems where some of them include side airbag systems to present vehicles to provide
protection to the driver and the passenger from impacting the vehicle interior structure during
collision.
Table 1.4 Passenger Vehicle Occupant Deaths by Seating Position in the Year 2016 [3]
Seating Position

Number of Occupants

Percentage of Car Occupants

Driver

17,538

73%

Front Row Passenger

3,949

17%

Second Row Passenger

1,828

7.6%

Third Row Passenger

105

0.4%

Total (includes other &
unknowns)

23,793

100%
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There are several regulatory standards and requirements set by the government
organizations that each vehicle manufacturers must meet before they launch their vehicle models
into market. As of yet, there are no standards set for the far-side passengers or other passengers
safety. There are injuries and deaths sustained by occupants other than the drivers, as shown in
Table 1.4, out of which the front row passengers in trucks/buses were the second highest in deaths
in 2016.
Past studies also indicate that vehicles in side impact accidents occur in 16% of all vehicle
crashes, yet they constitute nearly a quarter of the fatalities of occupants in passenger vehicles
during crashes as shown in Figure 1.3.
Frequency All Vehicle Crashes
Front
Side

14%

Rear

8%

Rollovers
49%

Other

Seriously Injured Occupants
Front
Side
12%
Rear
Rollovers
22%
46% Other

13%

2%
16%

18%

2%

Occupant Fatalities

31%

Front
Side
Rear
Rollovers
Other
39%

3%

25%
Figure 1.3 Overview of Vehicle Crashes, Occupant Injuries and Fatalities [4]
5

Therefore, the side impact crashes are second most severe type of accidents after frontal in
terms of frequency of vehicle crashes, injury severities and occupant fatalities.
1.3

NHTSA/FMVSS Regulations
Under Highway Safety Act of 1970, U.S. Department of Transportation (DOT) established

National Highway Traffic Safety Administration (NHTSA) [2]. In recent times, NHTSA and
various other organizations are working to support the development of automated vehicle safety
technologies due to their potential to save lives.
The major goal of NHTSA is to save lives, prevent injuries and to reduce economic costs
associated with vehicle crashes. This is achieved by conducting awareness programs by
establishing and enforcing safety standards for different types of motor vehicle manufacturers.
This helps to conduct effective local highway safety programs. NHTSA also works on constantly
monitoring and investigating new safety standards which minimize the casualties caused by motor
vehicle crashes and implements these new safety standards.
NHTSA is in steady investigation of safety defects in motor vehicles in addition to
enforcing fuel economy standards. This helps government and local organization to minimize the
risk of drunk drivers. Standards are set for promoting the use of child safety seats and seatbelts,
establish vehicle anti-theft regulations. An attempt to bring effective safety improvements,
research on driver behavior and traffic safety is conducted by NHTSA. There have been many
regulatory standards established in the interest of occupant safety. Almost all parts of a car have
defined regulations, some of them are [5]:
•

FMVSS 201

Occupant Protection in Interior Impact [5]

•

FMVSS 202a

Head Restraints [5]

•

FMVSS 208

Frontal Impact Occupant Protection [5]
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•

FMVSS 214

Side Impact Occupant Protection [5]

•

FMVSS 216

Roof Crush Resistance [5]

•

FMVSS 223

Rear Impact Guards [5]

•

FMVSS 224

Rear Impact Protection [5]

•

FMVSS 301

Fuel System Integrity (Rear impact upgrade in 2005 to 2009) [5]

Figure 1.4 Car Safety Regulations [6]
Figure 1.4 illustrates some of the car safety standards in the United States under the
FMVSS regulations. Over the years, vehicle’s structure and road design has been quite rightly
placed so that the head on crashes and injuries are prevented given the predominance of these
crashes in statistical data [7]. Therefore, the percentage of fatal frontal crashes has fallen while
there is an increase in percentage of severe side impact outcomes. Side impact accidents are
considered as second most common type of road fatalities in United States due to the less crumple
zone which does not allow same degree of energy absorbing capability as that offered in frontal
and rear crashes [8].
7

1.4

Side Impact Protection (FMVSS214)
The FMVSS 214 dynamic side impact protection requirements were amended in 1990 to

guarantee the occupant protection in a crash test that simulates a serious perpendicular collision,
demonstrated in Figure 1.5. In the year 1993, since side impacts caused 33% fatal injuries to the
occupants, this regulation was manifested to new vehicle models during year 1994 to 1997.

Figure 1.5 FMVSS 214 Test Configuration [9]
It is among the most promising and critical safety regulation circulated by the NHTSA.
With the combined effort from international communities and the United States, there are few
methodologies developed by NHTSA
•

A methodology to determine the injury severity level of collision intersection
between two vehicles using an FMVSS214 Moving Deformable Barrier (MDB).
8

•

A 50th % male Euro SID – 2 with rib extensions (ES-2RE) dummy in the driver seat
and 5th % female dummy were placed in the rear passenger seat. The crash energy
that dissipates through side-door causes both dummies to impact with side-door
panel.

•

To measure the occupant injuries, Thoracic Trauma Index for side impact dummies
[TTI(d)] can be calculated during side impact tests. To see the severity levels, TTI
(d) is allowed up to 90G’s in 2-door cars and 85G’s in 4-door cars under new
FMVSS214.

Side impact regulations have mainly concentrated on protecting the driver side occupant
as a cause of 70% damage in side collisions. However, 30% of damage occurs to the passengers
seated behind driver side called far-side in both North America and Australia [10]. Furthermore,
these crashes are not focused currently in FMVSS214 regulations and as a result there are very
few countermeasures that aim to improve far-side occupant protection. So, there’s a need to study
the mechanisms of far-side impact injuries and its potential countermeasures to address this
neglected safety problem.
1.5

Far-side Crash
For this research study, a far-side crash is defined as “a side impact collision where the

striking vehicle or object impacts on the opposite side of the vehicle to where the passenger is
sitting [11].” Figure 1.6. describes the front view of a driver seated on left side of the vehicle, for
which the far-side crash involves an impact to the right or passenger side of the vehicle. On the
other hand, occupant seated on the struck/impacted side of the vehicle is referred to the
nearside/driver side occupant. However, the nomenclature used in this thesis report for the struck
side and non-struck side will be nearside and far-side.

9

Far- side

Nearside

Figure 1.6 Nearside and Far-side Impact for a Driver on Left Side of Vehicle Front-View [12]
1.6

Injury Scaling
Injury biomechanics studies the behavior of human bodies under impulsive loading

specifically when there are static and dynamic loads. Because of this, the region subjected to forces
undergo mechanical changes which are called biomechanical responses. An injury occurs if a
biomechanical system deforms beyond a recoverable critical limit, which brings damage to
anatomical structures and changes normal functioning. The mechanism included is known as the
injury mechanism and the severity of subsequent injury is termed as the “injury severity [13].”
There is a numerical classification of the type and severity of an injury known as injury
scaling. The most well-known scale is the Abbreviated Injury Scale (AIS), accepted worldwide.
The AIS is categorized on an anatomic scale, since it rates scaling of injuries to the different body
parts. Table 1.5 illustrates the AIS levels, which classify from 1 (minor) to 5 (critical).
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Table 1.5 Abbreviated Injury Scale (AIS) [13]

1.7

AIS

Severity Code

0

No Injury

1

Minor

2

Moderate

3

Serious

4

Severe

5

Critical

6

Maximum Injury (Virtually Un-survivable)

9

Unknown

Injury Mechanisms
After the head, thorax is the next most critical region to protect from injuries. The Injury

Priority Rating (IPR) which weighs motor vehicle injuries by body region in terms of total societal
costs, rates thoracic injuries about 19% of the total IPR [13]. The overall thoracic trauma mortality
is 10%, with chest injury causing one of every four trauma deaths in North America. The thorax
consists of the ribcage and the vital organs for blood circulation and respiration. The nature of
thoracic injuries is basically different from; e.g; head injuries. There are few long-term disabilities
and a victim either dies soon after the accident or recovers completely. When the thorax is suddenly
decelerated due to a blunt impact basically three different injury causing mechanisms can take
place, as shown in Figure 1.7.
Elastic: Compression of the body causing injury if elastic tolerances are exceeded. Injury can
occur in case of slow deformation of the body (crushing) as well as due to high velocity impacts.
Viscous: Impulsive (shock) type of loading causing shock waves in the body, which results in
internal injuries if so-called viscous tolerances are exceeded. Even without significant outside
11

deformation of the body this type of injury is possible, for example in the chest cavity in case of
an impact on the sternum.
Inertial: Acceleration type of loading causing tearing of internal structures due to inertia effects.
In case of brain injuries, for example, this mechanism plays an important role.

Figure 1.7 Three Principle Injury Mechanisms [13]
1.8

Injury Parameters
Most of the injury parameters are based on the acceleration pulse generated during the

impact and these can be acquired with standard features offered by LS-DYNA and MADYMO
simulations. Out of several injury parameters we have, the side impact protection for ES-2RE
dummies mainly concentrates on following injury parameters to check the occupant safety.
1.8.1 Rib Fractures
To identify rib fractures in a side-impact protection, it is necessary to evaluate rib
deflections of a ES-2RE and SID-IIs dummies. Mostly, single rib fractures are self-healing and
not too serious on their own, hence one single rib fracture is an AIS1 injury while 2-3 rib fractures
are scaled as AIS2. However, multiple rib fractures can have life threatening complications which
decreases the strength of ribcage [14]. This decreases the ability to inhale air in to pulmonary
organs. Ribs can have fractures at any point but they usually break where the force is applied at
the site and the place where greatest curvature is located. To calculate rib fractures for ES-2RE
12

and SID-II dummies, maximum of three rib deflections is considered. The maximum rib deflection
should not exceed 42mm as per the FMVSS214 regulation [13].
1.8.2 Pelvic Acceleration
The pelvic region which consists of the hip joint, iliac wings, sacrum and pubic rami, the
region one can notice greater fractures in side impacts. The most commonly caused injuries at the
pelvic region are rami fracture, acetabulum fracture and hip dislocations in a side impact. The
acceleration in the lateral direction from the pelvic region can be used to determine fractures in the
pelvic area. The maximum pelvic acceleration should not exceed 130G’s according to FMVSS214
regulation [13].
1.8.3 Thoracic Trauma Index
The Thoracic Trauma Index (TTI) is an acceleration criterion for lateral thoracic injuries
derived from a large biomechanical database in which the 12-accelerometer array was used for
determination of the ribcage kinematics. This TTI formulation was developed using regression
analysis techniques. It followed that the occurrence of injuries is strongly related to “average of
peak lateral acceleration experienced by the struck-side ribcage and the lower thoracic spine.”
TTI for humans is defined by following equation [13]:

TTI = 1.4*AGE+0.5*(RIBY+T12Y)*

MASS
Mstd

(1.1)

where, AGE is the age of test subject (years), RIBY is the maximum absolute value of lateral
acceleration (G’s) of 4th and 8th ribs on struck side, T12Y is the maximum absolute value of lateral
acceleration (G’s) of 12th thoracic vertebra respectively, MASS is the test subject mass (kg), and
Mstd is the standard reference mass (75 kg) [13]. There is also a definition for TTI(d) which could
be used for a 50th % side impact dummy [15].
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TTI =

A max rib + A lower spine
2

(1.2)

where, A max rib is the maximum value of upper and lower rib accelerations (G’s), and A lower spine is
the maximum absolute value of lateral acceleration of 12th thoracic vertebra (G’s). A TTI(d) limit
on side impact dummies is 85G for 4-door and 3-door station wagon and it is 90G for a 2-door
vehicle [13].
1.8.4 Viscous Criterion
The Viscous Criterion (VC), also known as Soft Tissue Criterion is an injury for the chest
area. VC is a time function formed by “the product of velocity of deformation, V(t), and the
instantaneous compression function C(t)” [13]. It is also defined as the maximum crush of
momentary product of thorax deformation speed and the thorax deformation. Both are determined
by measuring the chest deflection (frontal impacts) or the rib deflection (side impacts). VC(m/s)
is defined by using European New Car Assessment Program (Euro-NCAP) as [16]:

VC =

(Rib Deflection)*(Velocity)
(Chest Depth)

(1.3)

where, the chest depth is 140mm for a 50th % ES-2RE dummy, the VC has the same dimension
as velocity; i.e., m/s. A limit on VCmax in a blunt frontal impact is 1.3m/s in European regulation
while for side impacts, the limit is 1.0m/s for Euro-SID [13].
1.8.5 Head Injury Criteria
Head injuries are the most severe type of injuries and are leading cause of death in most of
the automobile crashes. It is very important to protect the head using airbags, restraint systems,
etc., from potential injuries. Before, injury severities were calculated using severity index (SI),
which is based on Wayne State Tolerance Curve (WSTC). In response to a study by “Versace” on
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comparison of the WSTC and the SI, a new injury criterion was defined by the US government for
the head. The Head Injury Criterion (HIC) is evaluated as [13]:
2.5

 1 t2
 

HIC =  t 2 -t1  
a(t)dt  

(t
-t
)

 
2
1
t1



max

(1.4)

where, a(t) is the head resultant acceleration in G’s (measured center of gravity of head). t1 and t2
are initial and final times (in seconds) during which HIC attains a maximum value. A value of
1000 is specified for the HIC as tolerance level for concussion in frontal (contact) impact which
means HIC does not exceed 1000. The time interval greatly affects the HIC calculation. The
maximum time interval (t2-t1) which is considered to give actual HIC values was set to 36 ms by
automotive industry. In the last few years, to restrict the use of HIC to hard contact/impacts, this
time interval has been gradually replaced by a 15 ms, and the threshold HIC has also been reduced
to 700.
1.8.6 Injury Pass/Fail Criteria
The injury/pass-fail parameters discussed earlier are used to identify the nearside and farside occupant injuries in this research. Those parameters have the threshold values to check the
severity of the injury levels to the dummies. All those injury threshold values are tabulated in Table
1.6.
Table 1.6 Injury Pass/Fail Threshold Values
Type of Injury

Threshold Values

Maximum Rib Deflection

42mm

Maximum Pelvic Acceleration
Maximum Viscous Criterion (VC)

130G
1.0 m/s

Maximum TTI (d)

85G

HIC15

700
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CHAPTER 2
2

LITERATURE REVIEW

There has been a lot of research work carried out to protect the occupants inside the vehicle
in a Side Impact Protection. Federal Motor Vehicle Safety Standards (FMVSS) No. 214 have saved
many lives since their implementation. This standard identifies performance requirements for
protection of occupants and to reduce risk of serious and fatal injuries to occupants inside
passenger cars, multi-purpose passenger vehicles, trucks and buses. Dummies inside the vehicle
must meet requirements when a stationary vehicle is impacted by moving deformable barrier at
54km/h (33.5 mph) to replicate an intersection crash [9].
2.1

Vehicle Structural Modifications
Vehicle crashworthiness has been improving in recent years with attention mainly directed

towards reducing the impact of crash forces on the occupants. Efforts have been made in
establishing safe theoretical design criteria on the mechanics of crumpling, providing to the
engineers the ability to design vehicle structures so that maximum amount of energy will dissipate
while the material surrounding the passenger compartment is deformed, thereby protecting the
occupants inside. The improvement of structural crashworthiness must be accomplished within
certain constraints, such as limits on force transmission and/or deformation and failure [17]. Teng,
et al. [18] investigated the effectiveness of using side-door beam of a passenger car by means of a
computational simulation of its behavior under FMVSS214 test requirements. The results on this
study concludes that side door beam can effectively prevent an occupant from sustaining fatal
injuries during a side-impact accident. To minimize the damage to the occupants involved, optimal
design of the side-door beam will be the future driving force in passive safety of research. Erzen,
et al. [19] addressed the applicability importance of Fiber Reinforced Plastics (FRP) in automotive
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industry. Their design requirement calls for the composite impact beam to retain at least the same
stiffness as the original steel beam, while the weight is reduced and the energy absorption is
increased. From the comparison of computational results, they concluded that using the composite
Twintex® instead of steel for side-door beam, the response characteristics of the beam are
considerably improved which increases the passenger safety. Heim, et al. [20] investigated the
design parameters of foams and plastics to enhance vehicle safety. In this research, foams and
plastic solutions are proposed for different applications in car, which provides energy absorption
capability and safety performance. This paper mainly focused on integrated thermoplastic
structures in the interior and filled rigid foam inside cavities of a vehicle body for stiffening
purpose, NVH and crash energy management. Avalle, et al. [21] examined mechanical properties
and impact behavior of a microcellular structural foam. The paper reported that the microcellular
foams are a promising solution to reduce weight of some safety devices and packaging components
without losing structural properties. Tay, et al. [22] has evaluated the performance of cellular
materials on the response of vehicle by introducing them inside the vehicle’s side door panel in a
side impact crash. Also, a numerical analysis of pre-deployment of Side-Impact Airbags (SAB)
was performed which benefit the occupant safety by reducing injuries to thoracic and pelvic
regions. Since all the mentioned studies are on driver safety, we can conclude that the driver safety
can be obtained by doing structural modifications inside the vehicle.
2.2

Injury Risks for Occupants in a Side Impacts
Van Ratingen [23] evaluated the Euro SID- 2 side impact dummy by conducting sled tests

and full-body pendulum tests. It was concluded that the rib deflections and viscous criterion values
for ES-2 dummy were higher than those of ES-1 dummy. Watson, et al. [24] studies investigated
New Car Assessment Program (NCAP) side-impact test data and developed velocity profiles for
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an LS-DYNA simplified sled setup. There is a comparison of U.S. Side Impact Dummy (USSID)
which showed maximum injury value when differential velocity was highest between seat and
door and ES-2RE dummy which showed maximum injury when there was higher velocity between
door and seat was done in this study. Rupp, et al. [25] performed lateral impact tests at different
test velocities with a WorldSID mid-size dummy. Occupant responses in thorax and pelvic regions
were measured from near-side sled tests. When responses were compared to cadaver tests, the
WorldSID pelvic and abdomen region responses are stiffer and less sensitive. Liu et al. validated
5th and 50th % WorldSID dummy with their developed finite element (FE) models using standard
laboratory tests. The FE results of FMVSS214 regulation tests indicate that the injury criterion for
FE models and actual physical test models were almost similar [26]. Mertz, et al. [11] suggested a
limit on iliac crest, pubic, and sacrum load. Also, the hip joint of the WorldSID dummy consists
of a ball and socket joint, this is a different configuration from the existing side impact dummies
which all have hyme joint construction. They also explained that EuroSID2, SID, and BioSID all
have fairly a rigid metal pelvis surrounded by simulated flesh. This may lead to a different response
than what researchers are currently expecting of a dummy pelvic response.
Koppisetty [27] examined the ES-2RE dummy and Human Body Model (HBM) crash
dynamic responses by comparing them according to FMVSS214 side impact regulatory standards.
Vehicle crash simulations were carried out using LS-DYNA and occupant response simulations
were conducted using Mathematical Dynamic Models (MADYMO). From the sled tests and
Prescribed Structural Motion (PSM) simulations performed to near-side door panels in MADYMO
for ES-2RE and HBM, it concludes that HBM behaved similarly to the ES-2RE dummy in terms
of kinematic responses however the injury parameters for HBM are 20-30% higher both in
restrained and unrestrained systems.
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2.3

Occupants in Far-side Crashes
Gabler, et al. [10] has investigated the risk of injury from far side impact crashes in United

States. There are specific objectives to calculate priorities for injury countermeasure development
and to distinguish the conditions which will lead to far side impact injury. The paper concludes
that as a fraction of all occupants who were in a side crash, far side occupants are considered as
43% of seriously injured ones. For the countermeasure development, head and chest protection are
the priorities. Out of half the serious injuries those are suffered from the far side impacts, these
two regions are regarded for it. Gabler, et al. [11] also determined the risk of injury from far-side
impact crashes in Australia and the United States. They also presented the number of seriously
injured persons having AIS3 or more data.
Fildes, et al. [11] developed an improved Harm metric. In this study, a variation of the
Fildes method for computation of Harm was employed. Although, in some cases there may be
multiple injuries to a single body region, the maximum injury severity to a single body region was
used when assigning costs. Pintar, et al. [28] determined responses of Post Mortem Human
Subjects (PMHS) in far-side impact configurations, with and without generic countermeasures and
to compare responses with two possible candidate ATDs (THOR and WorldSID dummies).
Morgan, et al. [11] conducted a literature investigation into injury mechanisms in both lateral and
frontal oblique directions in order to either identify or to develop injury risk functions for far-side
occupants, the injury priorities for far-side collisions were assessed by body region total Harm.
They also investigated about far-side impact vehicle simulations with MADYMO. Digges et al.
[11] discussed about issues associated with far-side sled testing and crash testing using
MADYMO. They concluded that MADYMO dummy models of Hybrid III, BioSID, EuroSID2
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and SID2S except Human facet model did not accurately reflect the behaviour of human cadavers
under similar impact configurations.
2.3

Restraint Systems
Lankarani, et al. [29] modeled the response of occupants by conducting side-facing-seat

impact sled tests using side-impact dummy as one occupant and a hybrid II dummy as a second
occupant using three-point belt restraint systems. Injuries such as rib deflections, pelvic
accelerations, TTI and VC were calculated and compared to mathematical simulation models. It
was concluded that, SID has the capability of measuring only some of the injury criteria and for
measuring compression and viscous measures other side impact ATD’s such as EuroSID and
BioSID have these capabilities. Iyota, et al. [30] used MADYMO 3D analysis for the evaluation
of injury severities for 5th, 50th and 95th % occupant size dummies. In this study, vent hole area of
the airbag and load limiter force of the seatbelt were controlled according to occupant sizes. This
report concluded that due to relative increase of restraint forces, the peak accelerations of head and
chest increases when the mass of upper part of the body decreases. Yu [31] examined finite element
analysis of passenger under 3-point and 4-point belt configurations for frontal crash sled tests. It
concludes that 4-point seatbelts show mostly lower injury measures than 3-point seatbelts
considering the load limiter level of 1500 N.
2.4

Motivation
Side impacts account about more than 25% of passenger vehicle occupant deaths every

year in the United States [3]. Protecting occupants inside crashes is a challenging task due to the
limited area available to absorb the energy of impact. Automobile industries have addressed the
occupant in side impact protection by introducing side airbags and strengthening structures of
vehicles using energy absorbing cellular materials. The NHTSA and other organizations have

20

played an important role in bringing these improvements. This has reduced the driver fatality rates
in side collisions, but the regulations are only limited to nearside occupants.
Consequently, there are very few countermeasures available that specifically aim to
improve far-side occupant protection. By looking at the percentage of far-side passenger occupant
deaths, it is also important to see their response in the full-scale barrier impact tests. The extent of
interactions between nearside and far-side occupants on far-side crashes may increase the severity
of injuries. Due to a gap in the literature on far-side crashes, there is a need to see the differences
between nearside and far-side occupants. As per crashworthiness standards, ES-2RE dummy
model has been chosen as the nearside and far-side dummy models. Pelvic and thoracic injuries
are evaluated for both nearside and far-side occupants. The rib extensions inside the ES-2RE
dummies helps us to check for thoracic injuries.
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CHAPTER 3
3

3.1

OBJECTIVES AND METHODOLOGY

Objectives
The goal of this study is to examine the occupant response of nearside and far-side

occupants and their severity of injuries due to body-to-body contacts in a far-side crash. The aim
here is to study far-side occupant injuries by using FE model simulations in a full-scale barrier
tests and to show the importance of restraint systems avoiding body to body contacts between the
nearside and far-side dummies. The specific objectives identified in this research are:
•

To perform complete crash analysis for a compact car according to FMVSS214-MDB test
conditions using ES-2re dummies in three cases (Only Near-side, Only Far-side, Both Near
and Far-side).

•

To model three-point lap and shoulder belts and perform crash analysis in the above three
cases to see the response of occupants, especially far-side occupant responses.

•

To evaluate and distinguish the injury parameters for both near-side and far-side occupants
under unrestrained and restrained systems.

•

To see the effect of body-to-body contacts under unrestrained and restrained systems for
the far-side occupants.

•

To show the significance of restrained systems by comparing all the results under special
cases.

3.2

General Methodology
This research work begins with the modeling of FMVSS214 side-impact crash scenario

using a small compact (Toyota Yaris 2010 FE model) car model simulation. The occupant
responses for only nearside, only far-side under both unrestrained and restrained systems were
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studied. Then, to see the body to body contacts between the nearside and far-side occupants, the
same MDB full-scale barrier tests were conducted by positioning two ES-2RE dummies under
both unrestrained and restrained systems. The effectiveness and response of far-side occupants
using ES-2RE dummies were studied to distinguish the real-world crash scenarios. Also, the
responses and injuries for two special cases, namely nearside restrained - far-side unrestrained and
nearside unrestrained - far-side restrained, were compared with completely restrained and
completely unrestrained systems respectively to understand the role of body to body interactions
and significance of seatbelts. Figure 3.1 depicts complete methodology carried out in this thesis in
the form of a flowchart.

FMVSS214 Side Impact Test Conditions

UNRESTRAINED

RESTRAINED

Nearside
Far-side

Compare all
the Results
Figure 3.1 General Methodology
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Far-side Nearside

3.3

Computer Aided Engineering (CAE) Tools
With the rapid advancement in technologies, numerical simulations using CAE tools are

playing a vital role to balance the continuous growth in demand by reducing product development
cycle. In the engineering field, the terms CAE and Finite Element Analysis (FEA) are used often
interchangeably. Market reports on the CAE space generally profile companies that provide FEA
to the industry. This includes computational fluid dynamics (CFD) and multi-body dynamics
(MBD) software providers as well. In general, the CAE is defined as a software that discretizes
geometry into smaller elements and applies advanced mathematics identify the performance of
larger part or a component or a system. These tools provided tremendous value to the engineering
profession where one can perform complicated calculations quickly and efficiently. Because of
number of computations required, optimization methods can be easily applied with these tools.
Proper inputs, appropriate assumptions, right mathematical formulations and algorithms and
experienced judgements will make these calculations a better approach [32]. Some of the CAE
tools used in this study are briefly explained below.
3.3.1 HYPERMESH
Hypermesh [33] is a finite element (FE) modeler developed by Altair Hyperworks used to
perform a variety of CAD/CAE tasks that includes modeling, meshing and as a high performance
post-processing tool for FEA, CFD and MBD simulations. Hypermesh is a user-friendly graphical
interface where it can be directly used to access the geometric models from leading design software
like CATIA, Pro-E etc. With the rich set of tools available in the interface, it was made possible
to achieve a required mesh quality using different meshing techniques starting from completely
automatic solid meshing to thorough node and element creation and editing. In this research work,
Hypermesh was used for meshing, identifying dup-nodes, renumbering and for post-processing of
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LS-DYNA simulations. Graphics shading, multiple light sources, local view manipulation and
many other sophisticated visualization tools helps us to improve results evaluation. Also, it is
possible to export result images and videos in many standard forms which can be presented in
reports.
3.3.2 LS-DYNA
LS-DYNA [34] is an engineering professional code used for simulating highly nonlinear,
transient dynamic problems involving large deformations and contact between multiple bodies
with both explicit and implicit solvers. All the input and output is handled by LS-PREPOST
whereas LS-DYNA is a ‘solver’ to perform all the calculations. The main applications of LSDYNA are:
•

Automotive crashworthiness and Occupant safety simulations which includes seatbelts,
slip-rings, pretensioners, retractors, sensors, accelerometers, airbags, dummy models and
inflator models.

•

Sheetmetal forming applications to predict the stresses and deformations experienced by
the metal and determine the failure of metals.

•

Aerospace industries to simulate jet engine blade containment, bird strike (windshield and
engine blade) and structural failure analysis.

•

To solve coupled multi-physics problem which includes three new solvers such as:
Incompressible CFD, Electromagnetics and CESE/ Compressible CFD and Chemistry.

•

Other applications which include drop testing, biomechanics, civil engineering and many
more.
LS-DYNA runs on Supercomputers, all leading UNIX workstations and Massively Parallel

Processing (MPP) machines. Computer configuration depends on processing time and size of the
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problem. When the code is highly efficient, supercomputers and MPP takes the advantage of
multiple processes.
LS-PREPOST is used in this research for important applications such as dummy
positioning and seatbelt fitting. It also performs the post processing operations such as animation,
graphical representation, stress distribution analysis, etc., injury parameters such as HIC, rib
deflections, rib velocities and accelerations and pelvic accelerations were plotted to calculate
thoracic injuries.
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CHAPTER 4
4

FINITE ELEMENT MODELING OF NEARSIDE AND FAR-SIDE OCCUPANTS
IN A COMPACT CAR UNDER FMVSS 214 MDB TEST

Livermore Software Technology Corporation (LSTC) developed mathematical finite
element models for simulation of different crash scenarios. To perform side-impact simulations,
this research used the mathematical models of a compact car, MDB and a ES-2RE dummy. Most
of the impact energy is transferred from MDB to dummy model through the vehicle’s side door
sections and pillars. There is a need to follow consistent system of units for all the FE models while
working on a software. Table 4.1. describes the units system used.
Table 4.1 Units System for FE models

4.1

Mass

Length

Time

Force

Stress

Ton

mm

sec

N

MPa

Finite Element Model of a Compact Car
The available finite element models in the NHTSA website for the compact car are Dodge

Neon 1996 and Toyota Yaris 2010. The FE model of Toyota Yaris has an advantage of finely
meshed more number of elements when compared to Dodge Neon car. Also, the Toyota Yaris is
the most recent available car model on the NHTSA website for the compact cars testing. With its
lighter weight and robustness in design, using Toyota Yaris for our simulations helps us to check
for the worst-case scenario to the occupants inside vehicle when there is a crash. This finite element
(FE) model of Toyota Yaris 2010 model was developed from data obtained from disassembly and
digitization of an actual 2010 Toyota Yaris passenger sedan through the process of reverse
engineering at the National Crash Analysis Center (NCAC) of The George Washington University
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(GWU). This NCAP model was validated by comparing the actual data from NHTSA frontal wall
impact test with FE simulation [35]. Further tests of the robustness were performed under several
different configurations to confirm that simulations would run to completion with no
computational errors. The robustness study confirmed that these models are accurate enough to do
research about variety of crash test configurations and to predict the vehicle and occupant
behaviors. A representation of the resulting FE model in comparison to the actual vehicle is shown
in Figure 4.1.

Figure 4.1 Actual and FE Model of a 2010 Toyota Yaris Sedan [35]
There are 8 accelerometers inserted at 8 different locations inside the vehicle to read the
crash response. Table 4.2 summarizes the FE model properties of Toyota Yaris 2010 car [35]. It
consists of 917 different parts of the vehicle.
Table 4.2 Toyota Yaris FE Model Summary
Number of Parts

917

Beam Element Connections

4,425

Number of Nodes

1,480,422

Nodal Rigid Body Connections

727

Number of Shells

1,250,424

Extra Node Set Connections

20

Number of Beams

4,738

Rigid Body Connections

2

Number of Solids

258,887

Spot-weld Connections

4,107

Total Number of Elements

1,514,068

Joint Connections

39
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The FE model consists of 5 accelerometers placed throughout the model. Car models are
provided with interior contacts, material properties and added masses of every component. The
masses of a Hybrid III 50th % dummy at the driver’s position, 5th % passenger dummy and the
luggage were also considered in the FE model of a car [35].
4.2

Finite Element Model of a Moving Deformable Barrier
The finite element model of MDB was developed by LSTC based on NHTSA side-impact

regulation FMVSS214 standards as shown in Figure 4.2. The impact angle, relative speed and
direction of the MDB and the target vehicle are considered as the threshold for severe injury in
real-world crashes. The MDB face assembly includes a bumper which is constructed of
honeycomb 1690±103 kPa sandwiched between thick aluminum plates of 3.2mm. Total mass of
the

barrier

is

1388kg

and

yielding

function

technique

is

defined

under

MAT_DEFINED_HONEYCOMB (MAT_126) with the configuration of multilayer segment. The
FE model has shown very good visual and numerical correlation with experimental investigation
in all test configurations. To prevent element penetrations and negative volume errors during shear
performances, null shell element with a reasonable thickness within solid layers were defined. The
distance of bottom edge of MDB from the ground is 279mm.

Figure 4.2 FMVSS214 Moving Deformable Barrier FE model [36]
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Table 4.3 summarizes the FE model properties of FMVSS214 MDB. It consists of 61
different parts.
Table 4.3 FMVSS 214 MDB Summary

4.3

Number of Shells

24632

Number of Solids

31938

Number of Nodes

54581

Number of Parts

61

Finite Element Model of ES-2RE 50th % Adult Male Dummy
Dummies help engineers to estimate the damage that an impact can do on the occupants.

Side impact dummies have increased the capabilities of test engineers to help design vehicles to
protect the occupants in side impact direction. ES-2RE 50th percentile adult male dummy FE
model has been used for this study, as shown in the Figure 4.3.

Figure 4.3 ES-2RE 50th % Adult Male FE Model [36]
30

Side impacts could attain severe head, neck and thorax injuries due to sudden acceleration
and interior contact with the car structure. Frontal impact restraints, seat belts and frontal air bags
are not sufficient to protect the occupant from injuries in a side impact. Side impact dummies
helped in the development of good strength side doors and side curtain airbags to the occupant
from injuries with head and body.
This model is developed combinedly by LSTC and DYNA more by following code of
federal regulations, Title 49, part572, subpart U without lower arms to concentrate on the injuries
at the thorax region. The total mass of the dummy model is 72.338 kilograms. This model was
developed using True-grid meshing software. True-grid is a hexahedral mesh generating software
which generates meshed model from scanned parts of actual dummy. Further, for details which
are unclear in scanned data, drawing package of the dummy was utilized. The dummy consists of
315 parts, 748,986 elements and 30 kinematic joints, as shown in Table 4.4.
Table 4.4 EuroSID-2RE FE Model Summary
Number of Shells

20651

Number of Solids

301156

Number of Nodes

427088

Number of Parts

315

The model consists of injury sensors and it is a fully validated and detailed model. Figure
4.4 represents ES-2RE dummy model with detailed cross-section of accelerometer sensors from
head to pelvic region.
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Figure 4.4 Cross-section of ES-2RE with Accelerometers [36]
Several component tests were conducted to modify material parameters to match with the
results of available component and calibration tests. In all the component tests like head drop test,
neck test, lumbar test, thorax test and calibration tests like abdomen, pelvic and shoulder tests, the
simulation results were close to the physical testing results. The dummy has 3 ribs in the chest
which helps us to find the rib deflections and to look at the thoracic injuries in a side impact test.
The accelerometer locations of the dummy are head, upper spine, lower spine, clavicle, adaptor
clavicle left arm, upper rib, middle rib, lower rib and pelvic regions.
4.4

Finite Element Model of Seatbelt
The FE model of seat belt restraint system, shown in the Figure 4.5, is modeled by using

FE and 1D-seatbelt segments. These 1D beam elements represent seat webbing. Material card used
for 1D segments was *MAT_B01: SEATBELT. The belt is created using seatbelt modeling
module provided by LSTC. The width and thickness of the FE belt are 50mm and 1mm. The
following curves are used for the force vs elongation (engineering strain) behavior of seatbelt
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elements known as loading and unloading curves. This is obtained through testing of seat belt
webbing of Fabric belt with 20% elongation properties.

Figure 4.5 Finite Element Model of a Seatbelt
For the belt shell (2D) fabric element properties, *MAT_034: FABRIC material card was
used to define properties along with longitudinal and lateral direction of load curves. Belt loading
and unloading properties were given, as shown in Figure 4.6. Belt width is 50mm with 4 elements,
and its thickness is 1.05mm.

Figure 4.6 Nylon Belt Properties [37]
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4.5

FE Belt and Dummy Contacts
Contact is defined between the FE belt and the jacket for the shoulder portion. Also, for

the lap portion, it is defined between FE belt and to the pelvis of the dummy which can be seen in
Figure 4.7. The three ends of the belt were attached to retractor, pretensioner and load limiter
positions of the vehicle model.

Figure 4.7 FE Belt with Positioned Far-side Dummy
The

contact

defined

between

Belt

and

dummy

is

governed

by

*AUTOMATIC_SURFACE_TO_SURFACE and *AUTOMATIC_NODES_TO_SURFACE.
While giving contacts, belt was selected as slave surface and dummy parts in contact with belt
were selected as master. The initial penetrations are completely removed before the simulation.
4.6

Side Impact Simulation of Finite Element Model Car
The FE model of Toyota Yaris 2010 (compact car) was considered to study all the occupant

responses in this study under side impact protection with a Moving Deformable Barrier (MDB).
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The entire crash test setup was modeled using LS-PREPOST. The dummy weights of masses
75kilograms in driver and passenger seats were excluded from this NCAP validated model since
the ES-2re dummies will be included for single and multiple occupant tests Full scale barrier test
was performed in LS-DYNA solver for 0.15seconds and the barrier is located almost at the point
of contact to reduce the simulation time. The barrier moves with an initial velocity of 54kmph with
a crabbed angle of 27 degrees as per regulation. Velocities are resolved in to X and Y components
and given the input by creating the NODE SET ID for entire barrier. The input velocity is given
using *VELOCITY_CONTACT data group in the *INITIAL keyword interface. The Toyota Yaris
was stationary and it is positioned with an angle of 63 degrees from MDB axis of forward direction.
The contacts between different parts are modeled as single surface sliding interface
(AUTOMATIC_SINGLE_SURFACE) and contacts between the car and barrier using keyword
AUTOMATIC_SURFACE_TO_SURFACE. While giving contacts, car is assigned master and
barrier car is slave. The simulation setup is illustrated in Figure 4.8.

Figure 4.8 FE Model Setup of Toyota Yaris 2010 and MDB
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The termination time has been set to 150milliseconds in *CONTROL_TERMINATION
keyword with a timestep of -1.112e-6 using *CONTROL_TIMESTEP keyword. The kinematic
response of the vehicle with MDB can be observed in the top view images of shaded view
illustrated in the Figure 4.9.

t = 0 sec

t = 0.02 sec

t = 0.06 sec

t = 0.10 sec

t = 0.12 sec

t = 0.15 sec

Figure 4.9 Simulation Response of Toyota Yaris 2010 under FMVSS214 Side-Impact Test
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The pre-crash and post-crash pictures of the MDB test are illustrated in the Figure 4.10 and
Figure 4.11 respectively. The crash simulations of an empty vehicle with MDB impact shows that
there is a considerable deformation of side door structure which transfers all the crash forces into
the interior of the vehicle and to its occupants due to the front honeycomb structure of MDB. Due
to a smaller volume of crumple zone, the occupants are expected to be severly damaged in the
thorax, pelvic and head regions.

Figure 4.10 Pre-crash Test Left Side View

Figure 4.11 Post-crash Test Left Side View
This model has been used for all the simulations to see occupant responses which consists
of single and multiple occupants by positioning ES-2RE dummies and their responses will be
studied using this standard simulation will be discussed in the next chapters. The test matrix for
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all the simulations is tabulated in Table 4.5. The S1-S4 correspond to the simulations for the single
occupant tests, while the M1-M4 refer to the simulations for the multiple occupants under
FMVSS214 test requirements.
Table 4.5 Test Matrix for Single and Multiple Occupant Simulations
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CHAPTER 5
5

NEARSIDE OR FAR-SIDE SINGLE OCCUPANT MDB TESTS RESULTS

To evaluate the single occupant response in a FMVSS214 MDB test inside the vehicle,
EuroSID-2re dummy was positioned in the driver seat or far-side passenger seat positions and
simulated to observe the severity of injuries. The simulations were performed without belt and
with the belt to the dummies to see the significance of seat belts on nearside and far-side occupants
individually. The finite element model setup of a nearside and far-side occupants illustrated in the
Figures 5.1 and 5.2.
Nearside

Figure 5.1 FMVSS214 MDB Test with Nearside Occupant inside the Car
Far-side

Figure 5.2 FMVSS214 MDB Test with Far-side Occupant inside the Car
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5.1

Response of a Nearside Unrestrained Occupant
ES-2RE dummy was positioned using dummy positioning panel in LS-PREPOST

software. To look at the occupant response properly, all the components of the car which are not
in contact with the occupant during the simulation were hidden using mask components option in
HyperView software. The kinematic response of the ES-2RE dummy in an unrestrained system
indicates that nearside occupant hits the left-side A-pillar due to inertia of motion can be observed
in Figure 5.3.

t = 0 sec

t = 0.02 sec

t = 0.06 sec

t = 0.10 sec

t = 0.12 sec

t = 0.15 sec

Figure 5.3 Unrestrained ES-2RE Nearside Occupant Response under FMVSS214
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5.2

Response of a Far-side Unrestrained Occupant
The same ES-2RE dummy which we used for nearside response is used for looking at the

far-side response as well. The dummy is positioned at the far-side (passenger opposite to the driver
side) and ran the simulation under FMVSS214 test configuration. The purpose of using ES-2RE
for far-side occupant response is to look at the rib deflections and thoracic injuries and to compare
them to the nearside dummy injuries. The kinematic response of a ES-2RE dummy in an
unrestrained system indicates that far-side occupant moves from passenger seat to the driver seat
thereby impacting nearside (struck-side) door in an unbelted system, as shown in Figure 5.4. The
response of the far-side indicates that there are more chances of thoracic and pelvic injuries in an
unbelted system.

t = 0 sec

t = 0.02 sec

t = 0.06 sec

t = 0.10 sec

t = 0.12 sec
t = 0.15 sec
Figure 5.4 Unrestrained ES-2RE Far-side Occupant Response under FMVSS214
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5.3

Response of a Nearside Restrained Occupant
The nearside ES-2RE dummy is restrained using a finite element model of a three-point

seatbelt to see the driver response in a restrained system. The kinematic response of a nearside
dummy in a restrained system is almost similar to the response of nearside in an unrestrained
system. Likewise, the unrestrained system, nearside occupant in a restrained system hits the leftside A-pillar due to the inertia of motion can be observed in Figure 5.5. We can expect the
difference in injury severity levels may change due to belt forces acting on dummy.

t = 0 sec

t = 0.02 sec

t = 0.06 sec

t = 0.10 sec

t = 0.12 sec

t = 0.15 sec

Figure 5.5 Restrained ES-2RE Nearside Dummy Occupant under FMVSS214
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5.4

Response of a Far-side Restrained Occupant
The far-side ES-2RE dummy also restrained with a finite element model of a three-point

seatbelt to see the far-side passenger response in a restrained system. The kinematic response of a
far-side dummy in a restrained system is different from the response of far-side dummy in an
unrestrained system. The far-side ES-2E dummy is restricted by the belt during a side impact crash
which avoids the dummy to move from its original position to driver’s seat, as shown in Figure
5.6. This may reduce the injury severities to the far-side occupant when compared to the far-side
in an unrestrained system.

t = 0 sec

t = 0.02 sec

t = 0.06 sec

t = 0.10 sec

t = 0.12 sec

t = 0.15 sec

Figure 5.6 Restrained ES-2RE Far-side Dummy Occupant under FMVSS214
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5.5

Comparison of Single Occupant Results
Efforts are made to identify the dynamic behavior and their injuries for different single

occupant responses for nearside and far-side passengers in both belted and unbelted scenarios by
comparing each individual one with another. The SAE60 filters are used in most of the graphs to
avoid disturbances caused due to very low time step. All the results are compared for Head and
Pelvic Accelerations, Rib Deflections, Viscous Criterion (VC) and Thoracic Trauma Index (TTI)
to see the significance of seatbelts in a single occupant scenario.
5.5.1 Nearside Unrestrained vs Far-side Unrestrained
Rib Deflection
Figure 5.7 shows the comparison of the maximum rib deflections for the nearside and farside dummies in an unrestrained system.

Figure 5.7 Comparison of Rib Deflections for Only Nearside and Far-side Unrestrained
Occupants
It can be observed that the maximum rib deflections observed for only nearside and only
far-side passenger in an unbelted system are 39mm and 41mm at time 0.06 second and 0.15 second
respectively which are less than 42mm. But, when the simulation for far-side unrestrained
passenger was ran longer time of 0.30 second, the rib deflection was observed as 49mm at 0.18
second, which is 17.6% higher than the threshold value as shown in Figure 5.8. Therefore, there is
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a potential for severe rib fracture when the far-side single occupant is unrestrained in a side impact
crash. Here, the maximum rib deflection for the nearside was observed on the middle rib whereas
for the far-side passenger, it was on the lower rib. This observation is same for all the single
occupant responses.

Figure 5.8 Rib deflection for Far-side Unrestrained Single Occupant
Pelvic Acceleration
Figure 5.9 shows the comparison of the accelerations for the nearside and far-side dummies
in an unrestrained system at the pelvis region.

Figure 5.9 Comparison of Pelvic Accelerations for Only Nearside and Far-side Unrestrained
Occupants
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It can be observed that the maximum pelvic accelerations for only nearside and only farside passenger in an unbelted system are 59G and 19G at time 0.04 second and 0.05 second
respectively which are less than 130G.
Viscous Criterion
Figure 5.10 shows the comparison of the viscous criterion for the nearside and far-side
dummies in an unrestrained system. It can be observed that the maximum viscous criterion for
only nearside and only far-side passenger in an unbelted system are 1.8m/s and 1.3m/s at time 0.05
second and 0.15 second respectively.
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Figure 5.10 Comparison of Viscous Criterion for Nearside and Far-side Unrestrained Occupants
VC values are more than the threshold value 1.0m/s for both nearside and far-side
occupants when they are unrestrained. Far-side occupant is increasing after 150 milliseconds as
well.
Thoracic Trauma Index (d)
Figure 5.11 shows the comparison of the thoracic trauma index for the nearside and farside dummies in an unrestrained system. All the TTI (d) plots appears with disturbances in the
curves because of very small step size of 0.0001 has been used in the simulations.
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Figure 5.11 Comparison of Thoracic Trauma Index for Nearside and Far-side Unrestrained
Occupants
It can be observed that the maximum TTI(d) for only nearside and only far-side passenger
in an unbelted system are 108G and 34G at time 0.04 second and 0.15 second respectively.
Thoracic trauma index values exceed the threshold value of 85G for the nearside unrestrained
while for the far-side unrestrained, it is still under the injury limit.
Head Acceleration
Figure 5.12 shows the comparison of head accelerations or the nearside and far-side
dummies in an unrestrained system. Using these peak values of head accelerations, one can
calculate the head injury criterion for the occupants. It can be observed that the peak values for
only nearside and only far-side passenger in an unbelted system are 162G and 80G reaching at
0.05 second and 0.085 second respectively. This is the minimum time that a nearside and far-side
passenger takes to hit the vehicle’s side door structure.
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Figure 5.12 Comparison of Head Accelerations for Only Nearside and Far-side Unrestrained
Occupants
These head acceleration values are further used to calculate Head Injury Criteria. HIC
values for nearside and far-side occupants in an unrestrained system are 948 and 302 at the time
interval of 15 milliseconds. HIC value for nearside occupant exceed the threshold value of 700 but
the far-side occupant is under the injury limit.
5.5.2 Nearside Restrained vs Far-side Restrained
Rib Deflection
Figure 5.13 shows the comparison of the maximum rib deflections for the nearside and farside dummies in a restrained system. It can be observed that the maximum rib deflections observed
for only nearside and only far-side passenger in a belted system are 38mm and 12.5mm at time
0.06 second and 0.10 second respectively. Both the values drop after reaching the peak values. The
peak values less than maximum rib deflection threshold value 42mm.
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Figure 5.13 Comparison of Rib Deflections for Nearside Restrained and Far-side Restrained
Occupants
Pelvic Acceleration
The comparison of the pelvic accelerations for the nearside and far-side dummies
in a restrained system is shown in Figure 5.14. It can be observed that, the maximum pelvic
accelerations for only nearside and only far-side passenger in a belted system are 60G and 37G at
the time of 0.04second and 0.05second respectively. Bothe the peak values are less than its
threshold value 130G.

Figure 5.14 Comparison of Pelvic Accelerations for Nearside Restrained and Far-side Restrained
Occupants
49

Viscous Criterion
Figure 5.15 shows the comparison of the viscous criterion for the nearside and far-side
dummies in a restrained system.
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Figure 5.15 Comparison of Viscous Criterion for Nearside Restrained and Far-side Restrained
Occupants
It can be observed that the maximum viscous criterion for only nearside and only far-side
passenger in a belted system are 1.6m/s and 0.9m/s at time 0.05 second and 0.11 second
respectively. Nearside restrained value exceeds the threshold value of 1.0m/s while the Far-side
restrained value is still under the injury limit.
Thoracic Trauma Index(d)
Figure 5.16 shows the comparison of the thoracic trauma index for the nearside and farside dummies in a restrained system. It can be the observed that the maximum TTI(d) for only
nearside and only far-side passenger in a belted system are 122G and 45G at time 0.04 second and
0.08 second respectively.
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Figure 5.16 Comparison of Thoracic Trauma Index for Nearside Restrained and Far-side
Restrained Occupants
Similar to VC values, TTI(d) value of nearside restrained exceed the threshold value of
85G while far-side restrained is under the injury limit.
Head Acceleration
The comparison of head accelerations for the nearside and far-side occupants in a restrained
system is shown in Figure 5.17.

Figure 5.17 Comparison of Head Accelerations for Nearside Restrained and Far-side Restrained
Occupants
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It can be observed that the peak values for only nearside and only far-side passenger in a
belted system are 167G and 20.5G reaching at 0.05 second and 0.12 second respectively. The HIC
values for nearside and far-side occupants in a restrained system are 1421 and 112 at the time
interval of 15milliseconds. The HIC value for nearside occupant exceed the threshold value of
700, but the far-side occupant is under the injury limit.
5.5.3 Nearside Unrestrained vs Nearside Restrained
Rib Deflection
Figure 5.18 shows the comparison of the maximum rib deflections of a nearside
dummy in an unrestrained and restrained systems.

Figure 5.18 Comparison of Rib Deflections for Nearside Unrestrained and Restrained Occupants
It can be observed that the maximum rib deflections for only nearside in an unbelted and
belted systems are 38mm and 39.5mm respectively both around the time of 0.06 second, are closer
to the threshold value of 42mm but within the injury limits. This indicates that there are chances
of rib fractures for a nearside occupant, but not severe.
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Pelvic Acceleration
Figure 5.19 shows the comparison of the pelvic accelerations of a nearside Occupant in an
unrestrained and restrained systems.

Figure 5.19 Comparison of Pelvic Accelerations for Nearside Unrestrained and Restrained
Occupants
It can be observed that the maximum pelvic accelerations for only nearside in unbelted and
belted system are 60G and 60.5G respectively at time of 0.04 second, which are less than the
threshold value of 130G. This indicates that there are no chances of pelvic injuries for a nearside
occupant.
Viscous Criterion
The comparison of the viscous criterion for a nearside dummy in an unrestrained and
restrained systems is shown in Figure 5.20. It can be observed that the maximum viscous criterion
for only nearside in unbelted and belted system are almost same i.e., 1.6m/s at the time of 0.05
second, which exceeds its threshold value of 1.0m/s in both the cases. This indicates that there is
a potential for serious viscous type thorax injuries for a nearside occupant irrespective of seatbelts.
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Figure 5.20 Comparison of Viscous Criterion for Nearside Unrestrained and Restrained
Occupants
Thoracic Trauma Index (d)
Figure 5.21 shows the comparison of the thoracic trauma index for a nearside dummy in
an unrestrained and restrained systems.

Figure 5.21 Comparison of Thoracic Trauma Index for Nearside Unrestrained and Restrained
Occupants
It can be observed that the maximum TTI(d) for only nearside in unbelted and belted
system are 108G and 122G respectively at the time of 0.04 second. Here in both the cases, the
TTI(d) values exceed the threshold value of 85G. This indicates that there is a potential for serious
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thorax injuries for a nearside occupant irrespective of seatbelts but the belts reduce the severity
levels.
Head Acceleration
Figure 5.22 shows the comparison of head accelerations for a nearside dummy in
an unrestrained and restrained system.

Figure 5.22 Comparison of Head Accelerations for Nearside Unrestrained and Restrained
Occupants
It can be observed that the peak values for only nearside occupant in an unbelted and belted
system are 162G and 167G respectively at the time of 0.05 second. HIC values for nearside
occupants in an unrestrained and restrained system are 948 and 1421 at the time interval of 15
milliseconds.
The HIC value for nearside occupant exceed the threshold value of 700 which indicates
that there is a potential for serious head injuries for a nearside occupant in both unrestrained and
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restrained systems. Hence, there is no significance of seatbelts for a nearside occupant in a side
impact crashes.
5.5.4 Far-side Unrestrained vs Far-side Restrained
Rib Deflection
Figure 5.23 shows the comparison of the maximum rib deflections of a far-side occupant
in an unrestrained and restrained system.

Figure 5.23 Comparison of Rib Deflections for Far-side Unrestrained and Restrained Occupants
It can be observed that the maximum rib deflections for only far-side in an unbelted and
belted system are 38mm and 39.5mm respectively at the time of 0.06 second are closer to the
threshold value of 42mm but within the injury limits. For a far-side passenger in an unrestrained
system, the value of rib deflection is increasing even after 150 milliseconds of simulation which
indicates that there is a potential for a rib fracture in this case.
Pelvic Acceleration
The comparison of the pelvic accelerations of a far-side dummy in an unrestrained and
restrained system is shown in Figure 5.24. The maximum pelvic accelerations for only far-side in
an unbelted and belted system are 19G and 37G respectively at time 0.04 second. Both the pelvic
acceleration values are less than the threshold value 130G.
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Figure 5.24 Comparison of Pelvic Accelerations for Far-side Unrestrained and Restrained
Occupants
This indicates that the far-side occupant has less chances of pelvic injuries in both
unrestrained and restrained systems. One can see the increase in pelvic loads because of the belt
forces acting on the abdominal region but the increase is very low.
Viscous Criterion
The comparison of the viscous criterion of a far-side dummy in an unrestrained and
restrained systems is shown in Figure 5.25. It can be observed that the maximum viscous criterion
for only far-side in an unbelted and belted system are 1.3m/s and 0.98m/s at time 0.15 second and
0.11 second respectively. The VC value in an unrestrained system is larger than the threshold value
of 1.0m/s. This indicates that there is a potential for serious viscous type thorax injury in an
unrestrained system. Even in a restrained system the value is much closer to the threshold value
which indicates that there are chances of injuries but not severe.
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Figure 5.25 Comparison of Viscous Criterion for Far-side Unrestrained and Restrained
Occupants
Thoracic Trauma Index(d)
The comparison of the thoracic trauma index for a far-side dummy in an unrestrained and
restrained systems is shown in Figure 5.26. It can be observed that the maximum TTI(d) for only
far-side in unbelted and belted system are 34G and 45G respectively at time 0.15 second and 0.08
second respectively. Both the values are less than the threshold limit of 85G.

Figure 5.26 Comparison of Thoracic Trauma Index for Far-side Unrestrained and Restrained
Occupants
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This indicates that there are no chance of thoracic trauma injuries when there is an impact
to the vehicle with a far-side passenger alone in both unrestrained and restrained systems.
Head Acceleration
The comparison of head accelerations for a far-side dummy in an unrestrained and
restrained systems is shown in Figure 5.27. It can be observed that the peak values for only farside in an unbelted and belted system are 80G and 21G respectively at almost 0.09 second. HIC
values for far-side occupants in an unrestrained and restrained system are 302 and 112 at the time
interval of 15milliseconds.

Figure 5.27 Comparison of Head Accelerations for Far-side Unrestrained and Restrained
Occupants
The HIC value for far-side occupant are way less than the threshold value of 700, which
indicates that there are no serious head injuries expected. One can also observe that the belt reduces
the impact of acceleration on head portion for the far-side occupant.
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CHAPTER 6
6

NEARSIDE AND FAR-SIDE MULTIPLE OCCUPANTS MDB TESTS RESULTS

Two ES-2RE dummies were used to look at the interaction of nearside and far-side
occupants or body-to-body contacts between the nearside and far-side dummies when the dummies
are without and with seatbelts. Since both the dummies have same nodes, elements and parts, there
is a chance of developing duplicate elements in the model. To avoid this duplication of elements,
renumbering is done in the Hyper-Mesh. Once all the elements are renumbered in the dummy, this
model was imported in to LS-PrePost and dummy is positioned in the far-side occupant seat and
all the interior contacts dummies and body to body contacts are defined using keyword
AUTOMATIC_SURFACE_TO_SURFACE. The finite element model setup of front and top
views of a one multiple occupant response can be seen in the Figure 6.1. The screenshot of before
simulation is captured in the HyperView by blanking the windshield and all top parts of the car
using mask components option to show the occupants positioned inside the vehicle.
Far-side

Nearside

Figure 6.1 FMVSS214 Test with Multiple Occupants inside the Car
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6.1

Response of Near and Far-side Occupants, Both Unrestrained
Multiple occupants are positioned using dummy positioning panel in the LS-PrePost

software as shown in the Figure 6.2. In this case, both the occupants are not having seatbelts to see
their body-to-body interaction and their injury severity levels in an FMVSS214 side impact test.

t = 0 sec

t = 0.02 sec

t = 0.06 sec

t = 0.10 sec

t = 0.12 sec
t = 0.15 sec
Figure 6.2 Nearside and Far-side Occupants Responses in an Unrestrained System
From the occupant responses in Figure 6.2, we can see that the occupants’ response inside
the vehicle without any seatbelts in a side impact protection under FMVSS214 test configuration.
Examination of the occupant response especially when it comes to far-side, the occupant moves
from his original position to the driver’s seat because of the inertia in the lateral Y-direction. Due
to this, the driver may be severely injured at the chest and head regions due to the body-to-body
contacts between the occupant and the driver. Also, the responses show that there is a chance of
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severe thorax and head injuries to the far-side occupant as well in an unrestrained system. To study
this, simulations were made under different scenarios to know the significance of seatbelts to both
the nearside and far-side passengers which will be discussed in the further sections.
6.2

Response of Near and Far-side Occupants, Both Restrained
Nearside and Far-side dummies are now restrained using a three-point FE belt, as shown

in Figure 6.3, to examine the occupant’s response in a side impact protection.

t = 0 sec

t = 0.02 sec

t = 0.06 sec

t = 0.10 sec

t = 0.12 sec

t = 0.15 sec

Figure 6.3 Nearside and Far-side Occupants Responses in a Restrained System
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From the occupant responses in Figure 6.3, we can understand that the belt restricts the farside occupant from moving to the driver’s seat which avoids body-to-body contacts. Now, different
cases were studied to know the significance of seatbelts by restricting the single occupant and
leaving the other occupant unrestrained in the further sections by comparing them.
6.3

Responses of Nearside Unrestrained and Far-side Restrained Occupants
Nearside occupant is left unrestrained in this case and far-side is restrained to see the

significance of seatbelt to the driver when there are no body-to-body interactions, as shown in
Figure 6.4.

t = 0 sec

t = 0.02 sec

t = 0.06 sec

t = 0.10 sec

t = 0.12 sec
t = 0.15 sec
Figure 6.4 Responses of Nearside Unrestrained and Far-side Restrained Occupants
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From the occupant responses in Figure 6.4, the responses of both the dummies are almost
similar to the responses shown in Figure 6.3. This can be further studied by comparing the all the
results obtained at the different regions of the dummies in both the cases.
6.4

Responses of Nearside Restrained and Far-side Unrestrained Occupants
Far-side occupant is left unrestrained in this case and nearside is restrained to see the injury

severities and seatbelt significance. This can be evaluated by comparing the simulation results with
a completely unrestrained system situation.

t = 0 sec

t = 0.02 sec

t = 0.06 sec

t = 0.10 sec

t = 0.12 sec
t = 0.15 sec
Figure 6.5 Responses of Nearside Restrained and Far-side Unrestrained Occupants
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From the occupant responses in Figure 6.5, we can see that the far-side occupant who was
left unrestrained is moving from his actual position to the driver’s seat which is just similar to the
response in a completely unrestrained system. In this case, the significance of driver with belt
along with the body-to-body interactions will be studied in the further sections by comparing them
with different cases.
6.5

Comparison of Multiple Occupants Results
All the results which are compared in the single occupant scenario were compared for

multiple occupants as well in this section. The main idea is to discuss about the severity of injuries
because of body-to-body contacts as we have seen them in above different responses and to
understand the significance of seat belts when there are multiple occupants.
6.5.1 Both Unrestrained vs Both Restrained
The occupant responses under these two cases shows that there are no body-to-body
interactions between the nearside and far-side dummies. The injuries for both the occupants such
as rib fractures, pelvic accelerations, VC, TTI(d), and HIC are compared to see the significance of
seatbelts.
Rib Deflection
As discussed in the single occupant responses chapter, maximum rib deflections observed
here are at lower rib for nearside and upper rib for the far-side occupant in the unrestrained system
which are not at the same locations as of those cases. The comparison plots for rib deflections from
the Figure 6.8. shows the maximum rib deflections experienced by the nearside and far-side
passengers in a multiple occupant vehicle crash. Also, for the completely restrained occupants the
rib deflections are maximum at the same locations as of single occupant response. This shows the
effect of body-to-body contacts in the thorax region particularly on ribs.
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Figure 6.6 Comparison of Rib Deflections for both Nearside and Far-side Occupants in
Unrestrained and Restrained System
From the above plots shown in Figure 6.6, one can observe that the peak values in
completely unrestrained system for rib deflection are almost same 37mm whereas in the restrained
system, the nearside have a maximum of 30mm. The peak value for the far-side is 10mm, which
is quite low. Avoiding body-to-body contacts reduces the rib fractures for the far-side occupants.
Pelvic Acceleration
Pelvic accelerations are compared for both unrestrained and restrained systems to see the
effect of body-to-body interactions at the pelvic region.

Figure 6.7 Comparison of Pelvic Accelerations for both Nearside and Far-side Occupants in
Unrestrained and Restrained System
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From the plots shown in Figure 6.7, the pelvic accelerations of nearside and far-side
occupants are compared. We can see that the maximum pelvic acceleration for the far-side
occupant is 41G at the time of 0.08 second, whereas the nearside plots are almost same in both
cases. The maximum value for the far-side occupant is because of body-to-body contacts in the
unrestrained system. We can also see the increase in the peak pelvic accelerations for the driver
here due to the belt forces in the lap region.
Viscous Criterion
As shown in the Figure 6.8, peak value of viscosity criterion for the nearside occupant in a
completely unrestrained system is 1.7m/s at the time of 0.11second, whereas in case of completely
restrained system it is 1.4m/s at the time of 0.06 second. The change in time for the maximum
values represents the effect of body-to-body contacts between the two occupants.
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Figure 6.8 Comparison of Viscous Criterion for both Nearside and Far-side Occupants in
Unrestrained and Restrained System
But, the far-side occupant has the higher VC value of 1.3m/s at 0.15second in a completely
unrestrained system, while the peak value of 0.9m/s is observed at 0.11 second. This is due to the
belt forces acting on the far-side occupant to restrict the collision between the two dummies.
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Thoracic Trauma Index (d)
As shown in Figure 6.9, peak values of thoracic trauma index for the nearside occupant in
a completely unrestrained system is 171G at the time of 0.04 second then it drops to lower values
of TTI(d) whereas in case of completely restrained system it is 98G at 0.04 second with a drop of
54%. But, the far-side occupant has higher TTI(d) value of 272G at 0.09 second when there is a
collision between the two dummies, while the peak value of 61G is observed at 0.07 second.
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Figure 6.9 Comparison of Thoracic Trauma Index for both Nearside and Far-side Occupants in
Unrestrained and Restrained System
Overall, there is 127% of TTI(d) is dropped for the far-side occupant by avoiding body-tobody contacts with a restrained system.
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Head Acceleration
From the graphs shown in Figure 6.10, head accelerations of the nearside and far-side
occupants are compared under completely unrestrained and completely restrained system. One can
observe that the head acceleration for the far-side occupant reaches its peak value of 47G due
body-to-body contact at the time of 0.09 second, whereas it is not as high in case of restrained
occupants. So, the maximum head injury can be expected at that time for a far-side passenger. The
nearside occupant head accelerations follow the similar trend in both the cases but the peak value
is 165G which is higher in restrained system when compared to unrestrained system. This shows
that the belt forces at the chest region have a significant impact on head response of a nearside
occupant as discussed in the single occupant responses.

Figure 6.10 Comparison of Head Accelerations for both Nearside and Far-side Dummies in
Unrestrained and Restrained System
The HIC values for the nearside and far-side occupants in an unrestrained system are 950
and 160 at the time interval of 15milliseconds respectively while in a restrained system are 1337
and 115 respectively. This indicates that the nearside occupant HIC values are greater than
threshold value 700. These very high HIC values resulting a potential for serious head injuries for
nearside occupant in both the cases. Belt has no significance in reducing the severity of head
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injuries as discussed in the single occupant results. Though there are body-to-body interactions,
HIC values are not too high because the interaction occurs at the thorax and pelvic regions.
6.5.2 Both Unrestrained vs Nearside Unrestrained, Far-side Restrained
This comparison is made to observe the importance of avoiding the body-to-body
interactions between the nearside and far-side occupants in a side impact protection. Injury
severities are evaluated at different regions of the body as follows.
Rib Deflection
From the plots shown in Figure 6.11, one can observe that by avoiding body-to-body
contacts, the peak values of rib deflections are dropped both for the nearside and far-side occupants
as well. Peak value for the nearside occupant is observed only due to the vehicle impact and it is
34mm at 0.055 seconds. While the peak value for the far-side occupant is observed as almost
38mm at 0.11seconds closer to the threshold value of 42mm.

Figure 6.11 Comparison of Rib Deflections
Both the peak values are observed during the body-to-body interactions, whereas in case
of far-side restrained, the rib deflections are quite low at that time. This indicates that the body-tobody interactions will increase the severity level of rib fractures.
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Pelvic Acceleration
By comparing pelvic accelerations from the Figure 6.12, one can clearly notice that by
adding the belt to the far-side occupant has no effect on the pelvic acceleration values since the
pelvic accelerations are almost same in both the cases. All the pelvic acceleration values here are
less than threshold value of 130G which indicates that there are no severe pelvic injuries for both
occupants.

Figure 6.12 Comparison of Pelvic Accelerations
The pelvic accelerations for the nearside occupant touches the peak value then drops down
to zero and then almost remains constant till the end when far-side is restrained, but it goes to
negative G’s when there is a body-to-body interaction.
Viscous Criterion
As shown in the Figure 6.13, it can be observed that the peak values of viscous criterion
for both the nearside and far-side occupants are dropped by avoiding body-to-body contacts like
rib deflections. The peak value of nearside is observed at 1.5m/s when far-side is restrained
whereas it is around 1.8m/s, when the far-side occupant is unrestrained. The peak values for both
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the occupants in an unrestrained system are observed after 0.10 seconds. This means that the
collision between the two occupants occurs after that particular time.
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Figure 6.13 Comparison of Viscous Criterion
The viscous criterion values for the nearside occupant here is more than the threshold value
of 1.0m/s indicates a potential for the serious viscous type thoracic injuries
Thoracic Trauma Index (d)
From the plots shown in Figure 6.14, TTI(d) peak values of the nearside occupant are
almost the same, whereas there is a drop of 272G to 61G is observed for the far-side occupant by
avoiding body-to-body interactions. There is significant drop of 127% for the far-side passenger
as discussed in the completely unrestrained and restrained scenario.
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Figure 6.14 Comparison of Thoracic Trauma Index
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Figure 6.15 Comparison of Thoracic Trauma Index (continued)
It can be observed that the TTI(d) values for the nearside occupant is not much affected
because of collision with the far-side occupant and they are negative at one instant of time. This is
due to the deceleration loading from the far-side passenger in the lateral direction (negative Ydirection) opposite to the barrier when there are interactions.
Head Acceleration
From the Figure 6.15, head acceleration of far-side occupant is reduced while there’s no
change is observed for the nearside occupant since both are unrestrained.

Figure 6.16 Comparison of Head Accelerations
This is almost like completely unrestrained and restrained comparison except the peak
value of nearside is almost 145G in both cases. The HIC values for nearside and far-side occupants
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when they are restrained are 950 and 160 while the far-side is restrained they are 956 and 115
respectively. Nearside occupants have more HIC values than the threshold value of 700 at the time
interval of 15milliseconds indicates serious head injuries.
6.5.3 Both Unrestrained vs Nearside Restrained, Far-side Unrestrained
Results were compared in order to understand the significance of seatbelt to the nearside
occupant when there are body-to-body interactions with the far-side occupant.
Rib Deflection
From the plots shown in Figure 6.16, we can notice that the peak value of rib deflection
has dropped down to 28mm when there is a seatbelt to the nearside occupant while having a
collision with the far-side passenger.

Figure 6.17 Comparison of Rib Deflections
The peak value observed here is only because of the barrier impact which means a 16%
decrease. Because of seatbelt to the driver, the far-side occupant’s maximum rib deflections are
also dropped from 38mm to 33mm indicating a 14% decrease. Hence, the maximum value of rib
deflections to the occupants can be minimized by using seatbelt to only nearside as well. Since all
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the rib deflections values for both nearside and far-side occupants are under the threshold value of
42mm, there no serious rib fractures
Pelvic Acceleration
From the plots shown in Figure 6.17, it can be seen that pelvic accelerations for the nearside
and far-side occupants are almost similar. This means that there is no such significant difference
is observed between the models with and without seatbelt for in case of nearside passenger.

Figure 6.18 Comparison of Pelvic Accelerations
Viscous Criterion
From the plots shown in Figure 6.18, viscosity criteria for the nearside occupant has been
reduced during body-to-body contact by using the seatbelt. There is a drop of 1.8m/s to 1.1m/s at
the time of collision between two occupants (0.11 second).
Overall, the maximum value is dropped from 1.8m/s to 1.3 m/s which only due to the
barrier impact. The VC values are higher than the threshold values for both the nearside and farside occupants in both the cases indicates that there are serious viscous type thorax injuries.
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Figure 6.19 Comparison of Viscous Criterion
Thoracic Trauma Index (d)
From the plots shown in Figure 6.19, we can see that there is no significant effect of
nearside occupant’s TTI(d) is observed due to inclusion of seatbelt. The peak value for the nearside
in unrestrained case is 171G while the restrained case is 162G.
When it comes to the far-side passenger, the peak value due to body-to-body contact in the
former case is 272G whereas the latter had little less 205G a 28% decrease is observed. This shows
the driver belt reduces some forces of impact to the far-side passenger but still there is a scope of
severe thorax injury. All the peak TTI(d) values are more than the threshold value 85G indicates
that there will be serious thorax injuries to both the occupants when there are body-to-body
interactions, though the driver is unbelted or belted.
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Figure 6.20 Comparison of Thoracic Trauma Index
Head Acceleration
From the plots shown in Figure 6.20, we can see that the behavior of head acceleration for
the far-side passenger is almost same trend but there is a 17% of increase for the nearside occupant.

Figure 6.21 Comparison of Head Accelerations
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HIC values for the nearside and far-side occupants when both are unrestrained are 950 and
160 respectively whereas when nearside restrained and far-side unrestrained they are 1443 and
194 respectively. Nearside occupant HIC values are more than threshold value of 700 at the time
interval of 15 milliseconds. This indicates that the head injuries become even more severe for the
nearside occupant in a restrained system.
6.5.4 Nearside Restrained, Far-side Unrestrained vs Both Restrained
Results were compared in order to understand the effect of body-to-body interactions on
the nearside occupant with the far-side occupant when the nearside occupant is restrained.
Rib Deflection
From the plots shown in Figure 6.21, we can notice that the behavior of the far-side
passenger reaches the peak value during body-to-body contacts in the former case but there is very
less rib deflection is observed in the latter case.

Figure 6.22 Comparison of Rib Deflections
It can be observed that the nearside occupant has almost similar kind of behavior
irrespective of the body-to-body interactions with the far-side occupant. But when coming to farside occupants the difference can be clearly observed. This indicates that there is no potential for
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rib fractures to the far-side occupant when there are no body-to-body interactions with the nearside
occupant.
Pelvic Acceleration
From the plots shown in Figure 6.22, the pelvic accelerations of a far-side passenger drop
significantly when the body-to-body interaction is restricted by the seatbelt. The peak values for
the nearside occupant in both the cases are almost same the difference in the behavior can be
observed at time of 0.08 seconds due to collision between the occupants.

Figure 6.23 Comparison of Pelvic Accelerations
The peak values of both the occupants are under the threshold value of 130G indicates
there are no chances of pelvic injuries.
Viscous Criterion
From the plots shown in Figure 6.23, it can be seen that VC for the nearside
occupant has the same peak value of around 1.4m/s in both the cases but when there is a body-to
body interaction, the VC is increasing gradually for the nearside occupant after 0.11 second. But,
when far-side is restrained, nearside VC values drops less than threshold value after 0.11 second.
The peak VC values for the nearside occupant is more than the threshold value of 1.0m/s in both
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the cases which indicates that there will be serious viscous type thorax injuries irrespective of
body-to-body interactions.
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Figure 6.24 Comparison of Viscous Criterion
In case of the far-side occupant, the VC values is more than the threshold value when there
is a body-to-body interaction indicates severe viscous type thorax injuries. When the far-side is
restrained, there are no chances of injuries are observed.
Thoracic Trauma Index (d)
As shown in Figure 6.24, TTI(d) for the nearside occupant’s response is almost same in
both the cases. The only difference we can notice here is there is a change in TTI(d) values for the
far-side occupant.
Though there is an interaction with the far-side occupant at t=0.09seconds, the acceleration
acting on the opposite direction of barrier impact to the nearside keeps the TTI(d) values low.
Therefore, the collision of occupants does not make any difference in the TTI(d) values to the
driver. TTI(d) for the far-side passenger is dropped from its peak value of 205G to 61G which is
almost a decrease of 108%. The maximum peak value observed in the nearside restrained far-side
unrestrained case was due to the body-to-body interactions at the time of 0.09 second.
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Figure 6.25 Comparison of Thoracic Trauma Index
Head Acceleration
From the plots shown in Figure 6.25, we can notice that the behavior of head accelerations
for the nearside follows similar trend whereas the far-side occupant drops from 47G to 24G during
body-to-body contacts, which is almost 65% decrease. Using the peak values of head accelerations
obtained from the plots, HIC values for nearside occupant are calculated. The HIC values are
almost same with 1337 and 1443 in both the cases which indicates that there is no chance of head
to head collisions between the occupants. Both the higher HIC values are due to the barrier impact
on the nearside occupant where serious head injuries can be expected. On the other hand, the far-
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side occupant has HIC values of 194 and 115 are very less when compared them with the threshold
value of 700 at 15milliseconds. Therefore, there are no serious head injuries for far-side occupants.

Figure 6.26 Comparison of Head Accelerations
6.5.5 Nearside Unrestrained, Far-side Restrained vs Both Restrained
Results were compared to see the significance of seatbelt to the nearside occupant when
there are no body-to-body interactions with the far-side occupant.
Rib Deflection
As shown in Figure 6.26, rib deflections for the nearside dummy shows no significance
with the inclusion of seatbelt. There is a very small decrease of 12.5% observed for the nearside
peak rib deflection values.

Figure 6.27 Comparison of Rib Deflections
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All the peak values of rib deflections for both nearside and far-side occupants are under the
threshold limit of 42mm indicates that there are no significant rib fractures to the nearside or farside occupants in both the cases.
Pelvic Acceleration
Pelvic accelerations of nearside dummies in both the cases follows almost a similar trend
which means that there is no significance of seatbelts for the nearside when coming to pelvic
injuries. All the pelvic acceleration values are less than its threshold value 130G in both the cases
which indicates no pelvic injuries to both nearside and far-side occupants.

Figure 6.28 Comparison of Pelvic Accelerations
Viscous Criterion
From the plots as shown in Figure 6.28, we can say that the VC values for almost closer
values. The behavior for the nearside occupant follow almost the similar trend but the peak value
is dropped from 1.5m/s to 1.3m/s. These values are higher than the threshold limit of 1.0m/s which
indicates a potential for severe viscous type of thorax injuries to the nearside occupants though
there are no body-to-body interactions.
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Figure 6.29 Comparison of Viscous Criterion
Thoracic Trauma Index (d)
As shown in Figure 6.29, TTI (d) values for the nearside occupant is dropped from 171G
to 104G which shows almost 67% decrease. The plot behavior in the former case for the nearside
occupant gradually comes to zero once it reached its peak value but in the latter case we can see
that the nearside restrained occupant touches its second peak value within 0.05 second and then
gradually decreases. This is due to the belt forces acting on the thorax region to the nearside
occupant.
Therefore, there is a potential for serious thoracic injuries to the nearside occupants
irrespective of body-to-body interactions with the far-side occupant. TTI(d) plots for far-side
occupants in both the cases behaves similarly where their peak values are way less than the
threshold limit.
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Figure 6.30 Comparison of Thoracic Trauma Index
Head Acceleration
The head accelerations of nearside dummy are increased by 12% due to the belt forces as
shown in Figure 6.30. This means that there is no significant difference observed due to the belts
to the nearside occupants.
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Figure 6.31 Comparison of Head Accelerations
The HIC values for the nearside occupants in both the cases were 956 and 1337 which are
much higher (36% and 90% respectively) than the threshold value of 700 at the time interval of
15milliseconds. The belt forces increase the severity of head injuries in a side impact accident for
the nearside occupant.

86

CHAPTER 7
7

OVERALL COMPARISON OF RESULTS

Overall comparisons are made for single and multiple occupant simulations by using the
threshold values of Head Accelerations, Pelvic Accelerations, Rib Deflections, Viscous Criterion
and Thoracic Trauma Index (d). By using the head accelerations, Head Injury Criteria for 50th %
male dummy at the time interval of 15 milliseconds is also calculated and compared it with HIC15
threshold value to see the severity of head injuries.
7.1

Comparison of Single Occupant Results
All the single occupant injuries for rib deflections, pelvic accelerations, viscous criterion

and thoracic trauma index are tabulated in Table 7.1.
Table 7.1 Overall Comparison of Single Occupant Results
FMVSS214 Test with
Occupant and Restraint
Type

Rib Defl.
(mm)

Pelvic
Accn.
(G)

VC
(m/s)

TTI
(G)

HIC15

Injury Pass/Fail Threshold

42

130

1.0

85

700

S1.

Nearside Unrestrained

40

60

1.6

108

948

S2.

Far-side Unrestrained

49

33

1.3

34

302

S3.

Nearside Restrained

28

65

1.6

122

1421

S4.

Far-side Restrained

10

48

0.98

45

112

No.

From the table, it can be seen that rib deflection values are under the threshold limit in a
restrained system, while for an unrestrained far-side occupant, it is 17% higher than the threshold
value. Also, for an unrestrained driver, rib deflection is closer to the injury limit indicates a
potential for a rib fracture. Therefore, occupants may experience rib fractures in an unrestrained
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single occupant side impact crash. In all these single occupant results, the maximum rib deflections
are observed at lower rib location for both near and far-side occupants.
The pelvic acceleration values are within the limit of threshold values in both unbelted and
belted system for single occupants. When the belts were added to the system, the values are
increased for both the single occupants due to the belt forces acting on the pelvic region but since
the increase is very low, they can be neglected.
The Viscous criterion (VC) values for both the nearside and far-side occupants in an
unbelted system are greater than the threshold values which means that the risk of vital organs and
soft tissue injuries. The higher VC values indicates high-speed impacts to the internal organs which
can cause severe injuries. The nearside occupants have almost same VC values in both belted and
unbelted system but the far-side occupants when they are restrained with the belt system, the VC
value is almost closer to the threshold value reduces the injury severity when compared to unbelted
system.
The Thoracic Trauma Index, TTI (d) values for the nearside occupants indicate that there
is no significance of seatbelts in the case of thorax injuries. The values of TTI(d) for nearside are
greater than threshold values in both belted and unbelted systems. When coming to the far-side
occupants when there is no nearside, since the values are below limits no thorax injuries are
expected but we can see little increase in the TTI(d) values due to the belt forces acting on the
chest region.
The Head Injury Criteria, HIC15 for the nearside occupants are more than threshold values
in both unbelted and belted systems, in fact there is an increase in HIC15 value is noticed due to
the change in occupant’s response due to the belt forces on shoulder and neck regions. Far-side
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occupants are below range in both unrestrained and restrained systems because there is a lot of
crumple zone in between the passenger and the bullet vehicle.
7.2

Comparison of Multiple Occupant Results
All the multiple occupant injuries for rib deflections, pelvic accelerations, viscous criterion

and thoracic trauma index are tabulated in the Table 7.2.
Table 7.2 Overall Comparison of Multiple Occupant Results

No.

FMVSS214 Test with
Occupant and Restraint
Type

Rib
Occupant Defl.
(mm)

Pelvic
Accn.
(G)

VC
(m/s)

TTI
(G)

HIC15

42

130

1.0

85

700

Nearside

37

62

1.7

171

950

Far-side

38

41

1.3

272

160

Nearside

30

65

1.4

104

1337

Far-side

10

37

0.9

61

115

Nearside

28

65

1.3

105

1443

Far-side

34

39

1.2

205

194

Nearside

35

61

1.5

171

956

Far-side

10

34

0.9

56

110

Injury Pass/Fail Threshold

M1.

M2.

M3.

M4.

Nearside & Far-side
Unrestrained

Nearside & Far-side
Restrained

Nearside Restrained &
Far-side Unrestrained

Nearside Unrestrained &
Far-side Restrained

From the table, it can be observed that the rib deflections values are under the threshold
values but are almost closer to threshold values as discussed in the single occupant results where
there is a potential for rib fractures. Particularly in unrestrained system, far-side occupants have
higher rib deflection values when compared to the nearside occupants in different cases. This is
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due to body-to-body contacts between the far-side and nearside occupants which causes multiple
rib injuries. For the multiple occupants in both restrained and unrestrained systems, maximum rib
deflection was observed at lower rib location for the nearside whereas at the upper rib for the farside passenger because of body-to-body contacts
All the pelvic accelerations are under the threshold values which indicates no severe pelvic
injuries to both nearside and far-side occupants. But there is a very small increase for the driver
pelvic accelerations just like the single occupant which is insignificant.
The VC for multiple occupants shows a lot of differences due to the body-to-body contacts
indicates the soft tissue and internal organs injuries. Except when the far-side occupant is
restrained, all other cases are showing that both the occupants are exceeding the limit values which
indicates high viscous type thorax injuries to the occupants. Even the far-side passengers are
almost closer to the threshold value where there is a potential for injuries.
The TTI (d) for the multiple occupants shows that the nearside occupants are severely
damaged on the chest cavity though there is a restrained system attached to either single or both
the occupants together. Avoiding the body-to-body contact has significantly reduced the peak
value for the far-side occupant while the nearside occupant peak value shows no difference. We
can say that there is a potential for serious injuries to the nearside occupant both in an unbelted
and belted system at the thoracic cavity. Whereas for the far-side occupants, the thoracic injuries
are severe when there is an interaction with the nearside occupant but they are not severe when the
collision is avoided.
The HIC15 for the nearside occupants are high in all the multiple occupant cases but there
are no significant head injuries are observed to the far-side occupants in both unbelted and belted
systems. The HIC values are increased when there is a seatbelt added to the nearside occupant due
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to the occupant’s neck and head responses to the belt forces. But, when coming to far-side
occupants, HIC values are even low when compared to far-side occupants in an unbelted system.
7.3. Comparison of Results for Single and Multiple Occupants
The results obtained for single and multiple occupants were represented in the form of bar

Rib deflections (mm)

diagrams as shown in Figures 7.1-7.4.
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Figure 7.1 Comparison of Rib Deflections for Single and Multiple Occupants

80

Pelvic Accelerations (G)

Single Occupant
Multiple Occupants

60
40
20
0
Nearside
Far-side
Unrestrained Unrestrained

Nearside
Restrained

Far-side
Restrained

Figure 7.2 Comparison of Pelvic Accelerations for Single and Multiple Occupants
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Figure 7.3 Comparison of Viscous Criterion for Single and Multiple Occupants
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Figure 7.4 Comparison of TTI (d) for Single and Multiple Occupants
The rib deflection values for single and multiple occupants were under the threshold value
except far-side unrestrained single occupant as shown in Figure 7.1. Also, the single occupants
possess higher values of rib deflections than multiple occupants when they are unbelted. The pelvic
accelerations for both single occupant and multiple occupants did not show any significant injuries.
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The VC values were higher in almost all single occupant and multiple occupants tests except in
the far-side restrained occupant tests. The TTI (d) values were higher than threshold values for
nearside occupants for both single occupant and multiple occupants tests. No thoracic injuries were
observed for the far-side occupants in case of single occupant tests but when multiple occupants
were introduced, TTI (d) values were significantly high due to body-to-body interactions.
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CHAPTER 8
8

8.1

CONCLUSIONS AND RECOMMENDATIONS

Conclusions
The objective of this study was to identify the differences in nearside and far-side occupant

injury potential in side impact occupants. The FMVSS214 moving deformable barrier test was
modeled with ES-2RE dummy/dummies positioned and applied to the finite element model of a
compact car using a non-linear finite element solver LS-DYNA. To examine the importance of
seatbelt systems, a finite element model of three-point lap and shoulder belt was utilized and fitted
to the positioned dummies, and the simulations were performed using single and multiple
occupants.
This study was conducted to understand the dynamic responses and the injury pass-fail
criterion for the nearside and far-side occupants in the side-impact crash scenarios. To understand
the injury mechanisms of the occupants, a list of performance criteria which include rib deflections,
pelvic accelerations, viscosity criteria, thoracic trauma index and head injury criteria were used
for all the simulations based on the various test criteria. By adding seatbelts to the dummies, the
injury levels to the occupants were reduced. Particularly to the far-side occupants, body-to-body
interactions were avoided which shows the less injuries to the thoracic cavity area. This was
obtained by comparing different single and multiple occupant simulations performed using
computational modeling of full-scale barrier tests.
The following specific conclusions can be made from this study for the FMVSS214 sideimpact test.
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•

Results obtained from the single occupant tests indicate that the far-side passenger is not
subjected to as severe of injuries compared to nearside occupant. But, the nearside occupant
was subjected to severe injuries in thorax and head regions.

•

The rib deflection for unrestrained far-side single occupant was 17% higher than the injury
threshold at the lower rib. This indicates that there is a potential for severe rib fracture.
Chest compressions for single and multiple occupants are below threshold values but are
close to the injury limits.

•

The pelvic accelerations for both near and far-side occupants did not show any significant
injuries in both single occupant and multiple occupants tests.

•

The viscous criterion (VC) values were higher in almost all the single occupant and
multiple occupant tests except in the far-side single occupant restrained system where the
values are very close to injury limits. This indicates that there is a potential for severe
viscous type of thorax injuries to both nearside and far-side occupants.

•

The TTI(d) values for the far-side single occupant tests shows that all the injuries were
very low at the thorax region whereas for the nearside occupant alone, they were 28-40%
higher than the threshold values in both unrestrained and restrained systems.

•

For the nearside passenger alone, seatbelts were not significant. Not much difference was
observed in rib deflections, VC, TTI(d) and HIC15 values, in fact the values of TTI (d) and
HIC15 were almost 40-50% higher when the driver was belted. This is due to the belt forces
acting on the chest cavity during a side impact.

•

Overall for single occupants, the far-side occupants seem to be exposed to less potential to
injuries compared to nearside occupants. Under same conditions, for restrained occupants
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the potential of injuries is almost 35% less for the far-side and 30% more for the nearside
occupants. The belt forces increase the injuries for the nearside occupants.
•

When the multiple occupants were introduced in to the vehicle, the body-to-body
interactions between the near and far-side occupants did not show much significant
difference in the TTI(d) values for the driver side occupant while the injuries were
significantly reduced by 78% for the far-side occupants when the interactions are avoided.

•

In terms of injury mechanisms, both nearside and far-side occupants exhibit injuries due to
the viscous (in terms of VC) as well as acceleration (in terms of TTI) type of loadings. The
compression seemed to be small in all scenarios except for the single unrestrained far-side
case.

•

For far-side occupants, the use of seatbelt is quite important as it restricts the occupant
from secondary impact with the driver and keeps the injury potential under the threshold
limits.

•

The Head injury criteria (HIC15) values were under the threshold limit for far-side
occupants while up to 50% increase in values was observed when the nearside occupant is
restrained. Body-to-body interactions did not show any significant difference on the
severity of head injuries.

Overall, the study demonstrates that the kinematic response and injury potential to the far-side
occupants in side impact crashes could be quite different from those of nearside occupants. In
general, injury potential is less for the far-side passengers, except when there are body-to-body
interactions between the passenger and driver in a side impact accidents.
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8.2

Recommendations
The following are the future recommendations which can be addressed in extending the

current research.
•

It is important to develop a regulatory standard for far-side passengers in Side Impact Protection
by NHTSA.

•

It is equally important to consider far-side passengers for a side impact protection and evaluate
occupant injuries under different testing conditions (IIHS, Rigid Pole Tests).

•

Use of other restraint systems such as Side-Impact Airbags to protect the occupant during side
impact collisions can be investigated to reduce occupant injuries from impacting vehicle interior
components.

•

Use of four-point belt systems for far-side occupants which can avoid the body-to-body
interactions between the driver and passenger may reduce injury parameters.

•

Using front center airbags, far-side passenger can be protected by body-to-body interactions can
also be investigated by using a Bio-SID dummy model to see if there are any injuries.

•

To examine the belt slack and possibility of far-side occupant ejecting from underneath the belt
and becoming unrestrained need to be examined.

•

If a Bio-SID finite element model with rib extensions is available, that can be utilized to extend
this far-side occupant research of belt slip condition.

•

Test can be performed for evaluating far-side occupant injuries in other crashes such as frontal,
rollover/roof-crush crash scenarios.
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APPENDIX: ADDITIONAL PLOTS

Figure A-1 Rib Accelerations of Nearside Occupant Unrestrained (S1 – Test)

Figure A-2 Rib Accelerations of Far-side Occupant Unrestrained (S2 – Test)
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Figure A-3 Rib Accelerations of Far-side Occupant Unrestrained for Simulation Time of 0.3
Second (S2 – Test)

Figure A-4 Rib Accelerations of Nearside Occupant Restrained (S3 – Test)
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Figure A-5 Rib Accelerations of Far-side Occupant Restrained (S4 – Test)

Figure A-6 Upper and Lower Rib Accelerations of Nearside and Far-side Occupants in an
Unrestrained system (M1 – Test)
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Figure A-7 Upper and Lower Rib Accelerations of Nearside and Far-side Occupants in a
Restrained system (M2 – Test)

Figure A-8 Upper and Lower Rib Accelerations of Nearside Restrained and Far-side
Unrestrained Occupants (M3 – Test)
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Figure A-9 Upper and Lower Rib Accelerations of Nearside Unrestrained and Far-side
Restrained Occupants (M4 – Test)
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