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ABSTRACT 

A car seat should be designed in such a way to reduce occupant acceleration in rearward 

and rebound motion so that minimum neck abrupt motion and neck forces occur. The reactive car 

seats have become quite popular by automatic reclining mechanism and its ability to reduce 

injuries in rear impacts. An example is the Whiplash Protection System (WHIPS), which absorbs 

crash energy by controlled motion of the seat. A car seat without an Active Head Restraint (AHR) 

system exhibits poor performance in low-speed rear impacts. According to the Federal Motor 

Vehicle Safety Standards (FMVSS) test procedures, the Neck injury criteria (Nij) typically exceeds 

the limiting injury values without an AHR system. The AHR system can recognize rear collision 

and adjust the head restraint with respect to the motion of occupant’s head. The goal of this study 

is to develop a reactive car seat system, which would reduce the neck motion of an occupant in 

rear collisions, and to develop a seat with an Active Head Restraint system. In this thesis, the 

LSDYNA non-linear finite element (FE) solver is utilized to analyze the structural crash response 

of different cars and obtain the acceleration pulses. The MADYMO biodynamics code is then used 

to design the car seat interior model, and to examine the occupant neck responses and kinematics 

of a Hybrid III 50th percentile male dummy model as well as a human model. The results are 

compared to achieve optimum head restraint position and seatback angle, which reduce neck loads 

and bending moments. The reactive car seat systems and the Active head restraint systems are 

further examined to identify the optimum seat design to reduce neck injuries. The results from this 

study show that a seat with reclining properties and most suitable position of seatback and head 

restraint, considerably reduces the neck extension motion of an occupant in the car. The results 

also demonstrate that, whiplash injuries with an AHR system are much less expected, when 

compared to the seat system with a normal head restraint.  
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CHAPTER 1 

INTRODUCTION 

1.1 Background  

The National Safety Council (NSC) estimates that 40,000 people died in motor vehicle 

crashes last year, that is almost 14% increase in deaths since 2014 [1]. The NSC estimated that 

cost of motor-vehicle deaths, injuries, and property damage in 2016 was $432 billion almost 12% 

increase from the previous year. The fatality count in 2016 is the highest since 2007, and fatality 

rate of 1.18 is the highest since 2008, as illustrated in Figure 1.1 [1]. 

 

Figure 1.1 Road Fatalities 1975 to 2011 [1] 

The fatality rate per 100million Vehicle Miles Traveled (VMT) increased 3.7 percent, from 

1.08 in 2014 to 1.12 in 2015 [1]. The 1.08 in 2014 was the lowest fatality rate on record. The 

overall injury rate increased from 77 in 2014 to 78 in 2015. Overall, 2015 VMT increased by 3.5 

percent from 2014 VMT from 3,026 billion to 3,131 billion. VMT data will be updated when 

Federal Highway Administration’s (FHWA) releases the 2015 Annual Highway Statistics.  
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1.2 Types of Car Collisions  

Depending on how vehicles collide with another vehicle impact the injuries. Five most 

common type of accidents are. 

Rear-End Collision 

Rear end collision happens when car hits rear of the car in front of it. Injuries to the 

passenger in the impacted vehicle are greater. Whiplash is a common injury that occurs in 

Rear-end collision.  

Head-on Collision  

Head-on collision happens when front ends of two vehicles hit each other in opposite 

direction. In this collision severity of collision is more compared to rear end collisions.   

Side Impact Collision 

Side impact collision happens when side of the vehicle is hit by front or rear of another 

vehicle. These collisions will result in more severe injuries. Passengers on the impacted 

side of the vehicle usually sustain worse injuries than they would in another type of crash. 

Single Car Collision  

Single car collision happens when only one vehicle involved in the crash. These collisions 

almost will occur because of the driver’s mistakes. 

Vehicle Rollover 

Vehicle Rollover occurs when vehicle flips over its side or roof. These crashes are complex 

and violent in nature. Severe damage will occur for car and occupants inside.  
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In terms of percentage of casualties in vehicle to vehicle crashes, the “right angle collision” 

type was the most frequent, representing around 36% of all casualty crashes in 2015. This is due 

to the relatively low level of protection provided by vehicles when compared to frontal and rear 

impact. According to the 2015 ACT road crash report, 23% of casualties occurred due to “rear end 

collision”, 6% of casualties due to “head on collision”, and rest of collisions covers 35% of all 

crashes, illustrated in Figure 1.2.  

 

Figure 1.2 Percentage of Casualties in Vehicle to Vehicle Crashes in USA, 2015 [3] 

The ACT Road Safety Strategy 2011-2020 (ACTRSS) provides a whole-of-government 

approach to addressing road safety [3]. ACTRSS has goals to contribute to a national reduction in 

the annual number of fatalities and serious injuries of at least 20% by 2020. The number of reported 

ACT crashes has remained consistent over the past 10 years.  There were 7,850 on road traffic 

crashes in 2015. The most frequent crash-type was the ‘rear end collision’ about 44% of all crashes. 

In terms of severity, the ‘right angle collision’ type was the most frequent.  
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1.3 Significance of Rear Impact Crashes 

Rear-end crashes are one of the most frequently occurring type of collision, almost 29% of 

all crashes and injuries. According to figures from the National Highway Traffic Safety 

Administration (NHTSA), out of 6 million car accidents that happened in U.S, over 40% of them 

are rear- end collisions. According to 2015 act road crash report the most frequent type in 2015 

was “rear end collision”. Figure 1.3, illustrates the property damage, injury, and fatality crashes of 

rear collision crashes.  

 

Figure 1.3 Property, Injury, Fatal Crashes of Rear-End Collision [3] 

Rear end collisions typically involve low speed impacts, but they can still cause long-term 

injuries to the spine, neck, face, brain and knees. Rear end collisions referred to as “Whiplash 

Accidents” [8]. Whiplash is a neck injury caused by movement between head and torso. 

Commonly Whiplash injuries are consequence of rear-end collisions in car accidents. Whiplash 

injuries became a serious issue in car accidents involving rear-impact collisions, often at low 

velocity. Reports indicate an increase in annual number of neck injury and cost of neck injury 

claims resulting from whiplash in traffic accidents.  

Whiplash injuries can be reduced by better car seat designs.  Factors such as Head 

restraints, seat foam properties and seat joint mechanical properties will decide the seat 

performance. For this reason, the dynamic performance of seat and head restraints must be assessed 

using dummies in the cars.  
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1.4 Crashworthiness  

Crashworthiness is about measuring the ability of a structure and any of its components to 

protect the occupants in survivable crashes. It measures vehicles structural ability to plastically 

deform. Restraint systems are to reduce injuries and fatalities. The main goal of crashworthiness 

is to package the occupants for decelerations transmitted to the occupants are manageable by the 

interior restraints to fall within the range of human tolerance and reduce the occupant harm. 

Crashworthiness deals primarily with ‘second collision’, in which the driver and passengers collide 

against the interior of the vehicle. 

There are different types of tests which can be conducted to assess its crashworthiness. 

1. Components test, is to find dynamics or quasi static response to loading of a 

component and identifying energy absorption capacity.  

2. Sled tests, objective is to evaluate restraints. It deals primarily with second collision 

in which the driver and passengers collide against the interior of the vehicle.  

3. Full scale barrier impact, collision of a vehicle with a barrier at predetermined 

initial velocity. It uses complete vehicle.  

Typical list of crashworthiness features includes items such as air bags, seat belts, head 

rests, reclining seats. These features may not be present in a vehicle but gradually Federal Motor 

Vehicle Safety Standards (FMVSS) mandated some of the features and gradually these standards 

are upgraded [4]. The Highway Safety Act of 1970 set up the National Highway Traffic Safety 

Administration (NHTSA) [5]. It ensures reducing deaths, injuries and fatal rates, which is achieved 

by setting and implementing safety performance principles. National Highway Traffic Safety 

Administration assesses crash safety of cars or trucks.  



6 
 

1.5 Biomechanics of Whiplash Injuries 

Whiplash injury is a typical consequence of rear-end collision. Even though rear collision 

has low accident injuries, but neck injuries and brain concussion are most frequent and long term 

affecting injuries. When vehicle hits from the rear it is accelerated forward, causing the movement 

of torso back. The head is behind the torso until the neck reaches its limit of distortion then the 

head is suddenly accelerated by neck distortion that occurs before head start following the torso.  

The neck motion when subjected to rearward push the motion is extension and when it 

comes back to the forward movement the motion is flexion. This neck position will form S-shape 

at this phase. Poorly designed seats will affect occupants head and neck at this position. This phase 

can also be called as retraction phase [2, 9, 20]. In the next phase, upper neck starts to transform 

into extension and if the head does not get any support, the neck will eventually get extended some 

more. At this phase the head restraint must be present to support the head from further extension. 

Next phase would be interaction of seat with torso and head. In this phase, torso rebound from the 

seat. In this phase seat mechanical properties determines the rebound. Stiffness properties of seat 

joint, foam properties of seat and head restraints some other factors will decide the rebound of 

torso [2,9]. Final phase is rebound of head and thorax. In this phase occupant will experience 

forward movement relative to the car. In this phase seat belt begins to act on the thorax and pelvis, 

which stops occupant to move out of the seat.  

In every phase, mechanical restraints must present to stop maximum motions and neck 

loads of an occupant. In extension phase head restraints decelerated occupants head motion, 

mechanical properties of seat will stop the occupant and moves in slow rebound and seat bels will 

make sure that occupant is not going out seat. These Anti whiplash devices protects occupant from 

secondary injuries like occupant hitting inside car parts, steering. 
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 The basic motion of an occupant in rear collision is shown in Figure 1.4. Dummy used in 

the simulation is Hybrid III 50th percentile male [23], and car seat is a typical locked recliner 

mechanism seat. Car seat has high stiffness properties and damping coefficients [9]. There is no 

translational movement in seat frame which is a locked reclining seat.  

 

Figure 1.4. Basic Motion of an Occupant in Rear-End Collision 

As shown in the Figure 1.5, the load bearing axis of the spine is the longitudinal region of 

the spinal column that bears a substantial amount of axial load. Proper stabilization systems need 

to be implemented to preserve the load- bearing axis following trauma. (A) The load-bearing axis 

is generally considered to be located in the region of middle column of denis, (B) the load-bearing 

axis is shifted in cervical spine during extension, and (C) it is shifted during flexion. The spinal 

kinematics are described based on the principle axes of motion. 

 

Figure 1.5. Injury Mechanism of Spine [15] 
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1.6 Cervical Spine (Neck) Injury Mechanisms 

Injury mechanisms are to identify impact of mechanical loads on the human body. These 

progressions are known as the biomechanical responses. Whiplash injury is indicated by “injury 

severity”, as these scales rate the injury. The Abbreviated Injury Scale (AIS) [25] is the most 

widely accepted anatomical scale. As shown in Table 1.1, the AIS provides with a numerical 

method of ranking and comparing injuries by severity, these numbers are just to designate order 

and based on accelerations, relative velocities or joint constraint forces.  

Table 1.1 

Comparison of Abbreviated Injury Scale [12] 

AIS Injury level Injuries 

1 Minor Brain injuries, loss of consciousness, whiplash 

2 Moderate Concussion with or without skull fracture, corneal tiny 

crack, detachment of retina 

3 Serious Concussion with or without skull fracture, 15-minute 

unconsciousness without severe damages 

4 Severe Skull injuries  

5 Critical More than 12 hours unconsciousness with hemorrhage 

in skull 

6 Maximum injury(death) Death partly or fully damage of brain or cervical 

injuries.  
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The cervical spine or neck of an occupant can respond to excessive loads and corresponding 

moments. The injury to the cervical spine can be identified in terms of four different mechanisms. 

1.6.1 Tension-Flexion Injury 

The head is propelled in forward and downward motion in tension-flexion. Figure 1.6 

shows the motion of a human neck in Tension-Flexion injury [24]. The anterior portion of the 

vertebral disks may be damaged. Tension will occur in the posterior region which makes rupture 

in the posterior disks. Damage will occur on C5 and C6. 

 

Figure 1.6 Tension-Flexion Injury [24] 

1.6.2 Tension-Extension Injury 

The head is forced backward in this injury. Figure 1.7 shows the motion of a human neck 

in Tension-Extension injury. The anterior tension and disk rupture happens. These injuries affect 

soft tissues of the neck. This is a most common injury because of combined tension and extension 

of cervical spine.  

 

Figure 1.7 Tension-Extension Injury [24] 
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1.6.3 Compression-Flexion Injury 

As shown in the Figure 1.8, compression occurs in the anterior part and neck is subjected 

to combined load of axial compression and forward bending. Bony fracture occurs on C4 and C5 

and Abbreviated Injury Scale (AIS) is greater than 3. 

 

Figure 1.8 Compression-Flexion Motion [24] 

1.6.4 Compression-Extension Injury 

As shown in Figure 1.9, in Compression-Extension injury, compression occurs at the 

posterior part of the neck. Due to this injury C5 fracture dislocation may happen. This injury also 

has AIS value greater than 3.  

 

Figure 1.9 Compression-Extension Injury [24] 
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1.7 Factors Affecting Whiplash Injuries 

The minor rear-end collision of car cause serious whiplash injuries. These low speed whiplash 

injuries can lead to long term injuries to the passengers, such as brain concussion, neck pains, and 

injuries related to cervical spine. Here are certain factors that influence the seriousness of whiplash 

injuries.   

1.7.1 Influence of Seating Postures 

1.7.1.1 Head Restraint  

Head restraint geometry is the most influencing factor on occupant’s neck motions. Head 

restraint geometry is in terms of height and backset. Backset is defined as horizontal distance 

between head and head restraint. Seats without a head restraint shows high neck injury values. In 

the phases of whiplash injury, at the time of peak head rotation angle, head restraint must stop 

occupant head. Head restraint will control the occupant motion which makes no further motion of 

head. Many studies proved that without a head restraint occupant experienced high neck injuries 

[6, 8].  Figure 1.10 illustrates the backset and height of the head restraint. If headrest backset is 

below 6.5cm and height is above C.G of head, it is a proper head restraint specification. Head 

restraint should not fall above 10cm of backset, which makes higher whiplash injuries.  

 

Figure 1.10 Backset Distance from Head with Head Restraint Evaluations [13]  
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A seat with a head restraint does not make a proper seat, a head restraint at a right place 

and right orientation makes a good rating seat [9, 14]. Head restraint at above the C.G of occupant’s 

head, shows less neck injury values than the head restraint when placed below C.G of head [14]. 

Backset is defined as horizontal distance between head and head restraint. The height of 

the head restraint is vertical distance between top of the head restraint to head. A seat without a 

headrest, as shown in Figure 1.11, is a poor design and does not protect the head motion from 

excessive hyper-extension in rear-end impact collisions. In rear-end collision, the headrest plays a 

key role to reduce neck motions and whiplash protection. A seat with a headrest (a) below C.G of 

the head and (b) above C.G of head is shown in Figure 1.12. 

  

Figure 1.11 A Seat without Headrest 

   

(a)                                    (b) 

Figure 1.12 The Headrest, (a) Below, and (b) Above C.G of Occupant Head 
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1.7.1.2 Seatback Angle 

Seat back angle is another key factor which influences the effectiveness of whiplash injury. 

Many studies were done on the seatback angle [9, 20]. As shown in Figure 1.13, the occupant is 

subjected to a rear end collision with seatback angles of 90 and 220. When seatback angle is 90, 

backset is very low, but occupant needed to make their head forward and bend the upper torso to 

maintain comfortably. This position make distance for torso to seatback and increases the height 

of the head restraint. When seatback angle is more than 220, it makes ramping and head will rise 

above the head restraint. This will create inadequate support of the head. When seat back angle is 

220, it meets all the requirements of good seating position.  

 

Figure 1.13 Seatback Orientation with 90 and 220 

1.7.1.3 Occupants Seating Posture 

Many studies were done on the occupants seating posture to explain the motion in rear 

collision [18, 19]. Tests were conducted in different postures when body leaned forward, head 

rotation to left/right, when head bends laterally. Results of occupant neck experienced more neck 

injury values compared to the normal seating posture.  
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1.7.2 Mechanical Properties of a Seat 

Mechanical properties like seat joint stiffness, damping coefficients, foam properties of 

seat and some other factors influences the whiplash injuries in the rear collision [9, 10]. The joint 

stiffness is about loading properties on seat joint, this makes the rear rotation of seat back. Different 

joint stiffness will have different break away torques [9]. If the loading curve reaches the 

breakaway torque, then seatback starts rotating back. To ensure rebounding of seat back, a joint 

should have a property like damping coefficient, which makes smooth rebound. Usually damping 

coefficient for rear rotation would be less than the damping coefficient of rebound motion, which 

makes slow rebound. The foam properties are another key factor in mechanical properties. A 

seatback and seat pan should have foam properties which makes low neck injuries like 

compression values. Foam will make cushion, when occupant hits seat, occupant penetrates into 

the seatback because of cushion properties to the seat, which makes deceleration of occupant. Head 

restraint also have own foam properties, which makes head to penetrate for some distance so that 

the motion of the head decelerates for some distance.  

Reclining mechanism is one more key factor in this study. If a seatback to be stiff or 

yielding, is controlled by properties of recliner mechanism between the seatback and seat pan [9, 

22]. A good reclining mechanism should have, good stiffness properties, damping coefficients and 

foam properties.  

In this thesis, three different types of recliner mechanism used to test the occupant motion: 

One is Typical Car Seat (TYPS) with high stiffness properties and damping [2, 9]. The TYPS 

system is a locked reclining mechanism, it does not have translation movement for seat pan which 

is locked. Second one is Whiplash Mechanical System (WMS) this system has both rotation joint 

at seat back and seat pan, translational movement in seat pan and floor [2, 9]. This system stops 
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the occupant motion, which is useful in reducing injuries. Third one is Rotating Frame Whiplash 

Mechanical System (RFWMS) [2, 9], this system is same as WMS, but it has additional Rotating 

frame which makes rotation of head restraint forward. The occupants head gets support from the 

head restraint before neck goes high neck motions. This system has additional rotational joint 

between seat back and rotating frame.  

1.7.3 Influence of Vehicle Design 

The acceleration of the head and neck increases towards the direction of rear-end collision, 

and the neck extends during the accident. Whiplash injuries start with the speed value of 8kpm and 

their severity increases accordingly as the level of speed increases. It is known that the acceleration 

of the body is quite different from the acceleration of the car. Figure 1.14 illustrates the acceleration 

experienced by car, body and head when rear end collision happens, acceleration of the head was 

observed to be almost two times greater than the acceleration of the car.  

 

Figure 1.14 Comparison of Head Acceleration in Car Collisions [26] 
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1.8 Safety Mechanisms to Reduce Whiplash Injuries 

Rear-end collisions, even at relatively low impact speeds can result in back or neck injuries 

and in some cases lead to discomfort such as whiplash injuries. Many studies have been conducted 

on the whiplash injuries, to reduce these injuries some effective mechanism were designed. Here 

are certain safety mechanisms to reduce whiplash injuries.  

1.8.1 Reduce Acceleration of Occupant (Absorb Impact Energy) 

In rear-end collision, the car seat will move towards the impact, which makes occupant to 

move rearward. When occupant is moving rearward, to reduce the motion of the occupant a seat 

system has to reduce the acceleration of occupant. Here are certain seat systems which reduces the 

acceleration of the occupant by absorbing impact energy.  

1.8.1.1 Reclining Seats 

Reclining seat is a reactive car seat concept, developed for whiplash problems. This system 

has Anti-Whiplash Devices (AWDs), this system controls the occupant effectively. Volvo 

Whiplash protection seat is a Reclining seat which absorbs impact energy. As shown in the Figure 

1.15, the car seat is reclining rearward to reduce the motion of occupant by absorbing impact  

 

Figure 1.15 Reclining Mechanism of a Seat [9] 
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energy. The recliner gets activated, when crash reaches the limit. In the first phase of the motion, 

head restraint come forward, it gives early contact to the occupant’s head. In the second phase seat 

back rotates rearward. In rebounding, reclining mechanism rebounds the occupant with high 

damping coefficients which makes slow rebounding.  

Figure 1.16 illustrates three different types of car seats: (A) Typical Car Seat System 

(TYPS), it has locked reclining mechanism. (B) Anti-Whiplash Mechanical System (WMS) and 

(C) Rotating Frame Anti-Whiplash Mechanical System (RFWMS). 

 

   (A)      (B)   (C) 

Figure 1.16 Typical and Reactive Car Seat Systems [9] 

The TYPS system is a normal car seat system. The WMS, RFWMS seats systems are 

Reactive car seat systems. The reactive car seats have a reclining mechanism in seat system, which 

absorb the occupant energy. The TYPS system is a locked reclined mechanism. It has only one 

rotational joint between seatback and seat pan with high stiffness joint and damping.   

The WMS system has good reclining mechanism which absorbs occupant energy with 

reclining mechanism. It has one rotational joint (R) between seatback and seat pan, one 
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translational joint (P) between seat pan and seat frame. Rotational stiffness joint has less break 

away torque in a load function to rotate the seatback when occupant applied break away force of 

more than the limit. Translation joint has high joint break away torques because to ensure slow 

movement of seat pan. Seatback joint has low damping coefficients in rearward rotation but in 

rebounding joint will have high damping coefficients to ensure slow rebound. Seat pan joint also 

have higher damping coefficients than seatback joint because in translational movement the 

rebound should be very less compared to the rotational rebound. Slow rebound make occupant not 

to hit interiors of a car, which makes secondary injuries.  

The RFWMS system is same as WMS system, but it has an additional rotating frame which 

is useful in moving head restraint in the direction of occupant’s head. The rotational frame is 

attached to the seat back with a rotational joint (R*). The rotational frame is a foam plate, the seat 

back consists of rigid plate and seat-back structure which are in same size. As shown in the Figure 

1.17, the foam plate functions as a typical seat back foam and suspension and it is coupled to the 

seat back structure by translational spring and damper (P*). 

 

Figure 1.17 Foam Plate in RFWMS [9] 

1.8.2 Restrict Occupant Head Movement (Reduce Motion) 

In order to improve driver safety after a collision occurs, passive devices must continue to 

be developed. The most common of these are seat belts, airbags. However, one passive devices 
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most people are unaware about is the systems which reduces the motion of the occupant head. 

These devices will move with respect to the occupant head. Here are certain passive devices to 

reduce the occupant head movement.  

1.8.2.1 Active Head Restraints (AHR) 

AHR system is an automatically positioned head restraint which reduces the whiplash 

injuries. There are three types of AHR systems: one re-active head restraints actuated by the inertia 

of the occupant during the impact. Pro-active head restraints are deployed at start of the impact 

and triggered by crash sensors. Continuously -active head restraints detect the position of head 

during driving and moves the head restraint to an optimum position. 

Saab’s Active head restraint system (SAHR) is a purely mechanical system, it is a Re-

active type of AHR. When occupant apply driving force for the lever, the headrest comes forwards 

to catch occupant head. Head restraint moving forward due to the force applied by the occupant in 

rear collision is shown in Figure 1.18. This system will be deactivated in the normal use, when 

collision happens head restraint moves forward depends on the occupants applied force. When 

rear-end collision happens, the force from the collision sends the driver backwards into the seat. 

This force moves the lever which makes the movement of the headrest. This mechanism makes 

the head and headrest contact earlier than it would have and reducing the whiplash.  

Pro- active and continuously- active head restraints goal is to cushion the head in rear end 

collision and these systems will work more effective than the re-active head restraints. In this 

system headrest portion of the seat moves upwards in order to adjust the head’s relative position 

after impact. Figure 1.19 illustrates the difference for normal and active head restraints. The big 
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advantage with active head restraints are, low bending moments of an occupant, due early contact 

of head and head restraint, finally which makes low whiplash injuries. 

 

Figure 1.18 Saab’s Active Head Restraint System [27] 

 

Figure 1.19 Comparison of Active Head Restraint and Normal Head Restraint [27] 
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1.9 Federal Motor Vehicle Safety Standard (FMVSS) 202/202a 

FMVSS 202/202a which seeks to reduce whiplash injuries in rear collisions. This standard 

applies to passenger cars, and to multipurpose passenger vehicles, trucks and buses with a GVWR 

of 4,536kg or less. This standard requires that head restrains meet more height requirements and 

this standard aims at distance between back of the occupant head and head restraint, and limiting 

gaps and openings in the restraints. The standard 202 required that head restraint be at least 700 

mm above the seating reference point, but new upgraded version of the standard is designated as 

FMVSS 202a [16]. 

Under this Standard 202a, top of the head restraint must reach the height of at least 800mm 

above the H-point [13], instead of 700mm above the seating reference point. The top of the front 

outboard adjustable head restrain must be adjustable to at least 800mm above the H-point and 

cannot be adjusted below 750mm.  

The agency has increased the maximum allowable backset for head restraints to 55mm 

instead of 50mm. Backset can be adjustable to less than 55mm. If top of the head restraint is 

positioned between 750 and 800mm above the H-point, backset is not adjustable to greater than 

55mm. The gap between Head restraint and top of the seat is limited to maximum of 60mm. The 

lateral width of head restraint, measured at 65mm below the top of the head restraint, requiring a 

254mm width for bench seats and 171mm for individual seats.  

The dynamic compliance option will require head-to-torso rotation be limited to 12 

degrees. The current dynamic test in FMVSS 202 accelerates a seat to an 8g acceleration pulse 

[13,16], when tested with Hybrid III 50th percentile male dummy and Maximum HIC limit of 500. 

Head restraint must withstand until load of 890N [13].  
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1.9 Cervical Spine Injury Criteria 

The FMVSS 208 injury criteria frontal impact for the neck using sled test originally included 

individual tolerance limits for axial loads, shear loads, and bending moments. If axial loads and 

bending moments are plotted together on a graph, the requirement is that the response must fall 

within the shaded box, as shown in Figure 1.20. This formulation shows individual load and 

moments limits, and an early attempt to consider the combined effect of axial loading and bending 

moments of the neck. When measuring neck injury on Hybrid III 50th percentile dummy, the shear 

force (FX), axial force (FZ) and bending moment (MY) measured on upper neck load cell for the 

duration of the crash event must be below the threshold values.  

 

Figure 1.20 The Individual Tolerance Limit of Neck Injury Criteria 

The injury threshold values for axial loads and bending moments are shown in Table 1.3. 

The tension force (FZ), measured at the upper neck load cell, shall not exceed 4170 N at any time 

and the peak compression force (FZ), measured at the upper neck load cell, shall not exceed 4000 

N at any time. The neck flexion and extension moments have limits of 190 Nm and 57 Nm 

respectively. The combined load-moment effects are later modified in a new measuring, called, 

the Nij. 
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Table 1.2 

Injury Threshold Values for Axial Loads and Bending Moments 

Parameter  Injury Thresholds  

Neck Peak Tension (N) 4170 

Neck Peak Compression (N) 4000 

Neck Flexion (Nm) 190 

Neck Extension (Nm) 57 

Neck Shear (N) 3100 

 

The Concept of a neck injury criteria based on linear combination of loads and moments, 

as suggested by “Prasad and Daniel,” was expanded to include the four major classifications of 

combined neck loading 

• Tension-Extension (NTE) 

• Tension-Flexion (NTF) 

• Compression-Extension (NCE) 

• Compression-Flexion (NCF) 

Nij criterion uses combination of shear force and moment at occipital condyles. The loads 

can be measured by the upper neck load cells. This criterion applicable to all the phases of head 

and neck motion. In developing the Nij criteria for any given loading of dummy, as shown in the 

Figure 1.21, the standard 6-axis upper neck load cell dynamically records the loads and moments 

in all three directions at the top of the neck. Loads and moments at each instance in time are 
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normalized with respect to the corresponding critical intercept values defined for tension, 

compression, extension and flexion.  

 

Figure 1.21 Head, Neck and Thorax Sign Convention [24] 

The neck injury criteria can thus be written as the sum of the normalized loads and moments as  

    Nij = 𝐹𝑧
𝐹𝑍𝐶

+
MY

𝑀𝑌𝐶
                                           (1.1) 

Where FZ is the axial load, FZC is the corresponding critical intercept value of load used for 

normalization, My is the flexion or extension bending moments computed at the occipital condyles, 

and MYC is the corresponding critical intercept value for moment used for normalization.  

Since each individual size person has a unique set of critical intercept values, for 

subsequent scaling this plot has been normalized by dividing each semi-axis by its critical intercept 

values for a specific dummy. As shown in the Figure 1.22, if axial loads (tension and compression) 

and bending moments (flexion and extension) are plotted together on a graph, the requirement is 

that dummy response should fall within the shaded box. Graphically the shaded box shown 

designates values of loads and moments represented by this normalized calculation. It is important 

to note that, at each point in time, only one of the four loading conditions occurs and the Nij value 
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corresponding to that loading condition is computed, and that the three-remaining loading Nij shall 

be considered a value of zero. When calculating Nij using the equation, the critical values FZC and 

MYC are shown in Table 1.3. The Nij values should not reach 1. If Nij values are in a range of 1, it 

suggests that the neck is extended to sever injury in terms of combined effect of loads and 

moments. 

 

Fig 1.22 Neck Injury Criteria for 50th Percentile Male Dummy [24] 

Table 1.3 

Critical Interceptive Values for Nij Criteria 

Type of Injury Critical interceptive values 

FZC in Tension (N) 6806 

FZC in Compression (N) 6160 

MYC in Flexion (Nm) 310 

MYC in Extension (Nm) 135 

Neck Tension Extension (NTE) 1.0 

Neck Tension Flexion (NTF) 1.0 

Neck Compression Extension (NCE) 1.0 

Neck Compression Flexion (NCF) 1.0 
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CHAPTER 2 

LITERATURE REVIEW  

2.1 Studies on Rear Collision and Whiplash Injuries 

Rear impact scenario leading to Whiplash injury involves several different phases of 

motion. Motion of an occupant in rear collision depends on so many factors, like crash pulse and 

initial posture of the occupant, seat properties.  

Mertz and Patrick (1971) [35] reported data from two human cadavers. Mertz is the driving 

force in the creation of the Hybrid III crash test dummy, the standard dummy used today. They 

worked on two cadavers 1035, 1089. 1035 is used in the windshield, steering wheel tests and 1089 

was used to determine the force deflection characteristic of the chest. The specimens were 

conducted to investigate biomechanics under rear impact mode. Tests were run in two series one 

with head support and another one without the head support. Using head acceleration data, neck 

reactions, angular acceleration of head and so many other reactions were computed. 

Jacobson, et al., (2000) [9] analyzed data base of whiplash injuries in car collisions. The 

highest whiplash injuries were recorded in frontal collision, but the risk of whiplash injuries were 

greatest in rear-end collisions.    

Sevensson, et al. (1993) [9] conducted test on pig’s head, to check pressure alterations 

inside the cervical spinal canal due to changes in spinal curvature. He suggested the hydrodynamic 

theory for that. He explained that, length of the cervical spinal increases during neck flexion and 

decreases during extension. Area of canal remains same during flexion and extension, but inner 
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volume will change, during extension, inner volume decreases and during flexion, it increases. To 

justify this theory, pig heads were dynamically loaded.  

One, et al. (1997) [9] performed tests on facet joint impingement injury mechanism in 

which the facet capsule can be trapped between facet joint surfaces causing neck pain. He observed 

that when s-shape curvature occurs, cervical spine bent at the C5-C6 segments causes facet joint 

surfaces to collide each other which makes neck pain.  

Yang and Deng (2000) [26] explained shear and compression forces causing stretch in facet 

capsule. In the tests they human body cadavers were used, and seats were rigid without head 

restraint. They found peak facet capsular strain before maximum head rotation. In all the cases, 

strains of the upper cervical spine were more than that of lower cervical spine.  

It has also been clinically demonstrated that occupant seating position just before the 

impact may increase the severity of the whiplash injury. Most of the studies in the past 

concentrated on understanding the mechanisms of whiplash with normal posture of vehicle 

occupant, however, few of them attempted to investigate certain aspects related to out of occupant 

seating position. 

McConnell, et al. (1995) [13] examined on rear collision when occupant head turned left. 

Szabo et al. (1994) examined on head restraints. He conducted tests on head restraint positions. 

West, et al. (1993), evaluated neck injuries in rear collision when occupant was leaning 

forward. Matsushita, et al., (1994) evaluated neck motions when occupants head turned left/right. 

Siegmund, et al. (2008) [9], proved that, head-turned postures increase the risk of cervical facet 

capsule injury during whiplash injury and proved that neck injuries were high when head turned 
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to left/right when compared to normal posture. Epinzer et al. (1999) [11] experimented tests on 

restraint systems to reduce the whiplash injuries in rear collisions and compared neck injuries. 

2.2 Car Seat Design for Whiplash Injuries 

Himmetoglue, et al. (2011) [9] performed tests on whiplash neck injuries and developed 

50th percentile male human model and several energy absorbing car seat designs. In seat designing, 

he used various types of seat models, rigid seats, reclining seats, Active head restraints. In the tests, 

Mechanical properties of a seats were changed. Using same driving posture from Japanese 

Automobile Research Institute (JARI) [9] sled tests and rigid seat model as a basic configuration, 

several reactive car seat concepts are developed. Results were compared between Reactive car 

seats. Different types of active head restraint models were explained in detail.  

Ericsson, et al. (1999) [9] performed tests on rear collision and developed car seat stiffness 

and damping properties with different head restraint positions and developed a better position for 

head restraint to reduce whiplash injuries. In the tests, head restraint positions were changed. Neck 

injury results were compared between different head restraint positions.  

Bigi, et al. (1998) [34] compared different active head restraint mechanisms. In the tests, 

semi-active and active head restraints were used. In the tests, Air bag in the head restraint was used 

as a semi active head restraint and active head restraints motion was given by a sensor. NIC values 

and neck angular moments were compared between semi and active head restraints.  

Farmer, et al. (2003) [6] performed tests on head restraints and redesigned the seat on neck 

injury risk in the rear-end crashes. He redesigned the seat model, changes were done mainly for 

the head restraint. Data base about design changes in the cars were explained between old cars and 

new cars. Cars with AHR and WHIPS system were compared.  
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Deter, et al. [33] performed a rear impact simulation test and compared those with IIWPG 

crash test. IIWPG tested occupant neck motion in 5 different series. V01 was with increased seat 

backset, V02 was basic test conditions, V03 by reducing crash severity, V04 by increasing seat 

back angle, V05 with increased crash severity. Neck shear forces and bending moments were 

compared with simulation model.  

Avery and weekes (2006) [32] performed tests on head restraint backset. They suggested that 

backset values less than 45mm could cause discomfort hence, the backset for the head restraint 

should be above 45mm, which makes occupant very comfort in the seat.  

2.3 Motivation 

Whiplash injuries are a major consequence of rear-end collisions. The Rear-end collisions 

typically involve low speed impacts, but it leads to significant long-term injuries. To reduce the 

injuries, NHTSA issued Regulation FMVSS 202/202a. This test gives the standard head restraint 

positions to reduce the Whiplash injuries. This standard compares different positions of head 

restraint and neck injury criterion. Whiplash injury mechanism is the condition when sudden 

extension and flexion of neck occurs, and axial and shear forces occurs inside the neck.  

Manjunatha, 2003 [25] had studied on car seat head restraint positions and seatback angles 

for different scenarios of rear impact, but did not consider much on mechanical properties of each 

seat joints and concept of reclining reactive car seats.  

In this current study, the mechanical properties of rotational, translations joints in the car 

seat have been examined. The effect of Active Head Restraint is also investigated. The 

corresponding injury criterion for the reactive car seats and active head restraints are evaluated and 

compared to arrive at optimum seat design for rear impact whiplash protection.  
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CHAPTER 3 

OBJECTIVES AND METHODOLOGY  

3.1 Objectives  

 The goal of this study is to develop a Reactive Car Seat system with an Active Head 

Restraint to reduce the whiplash injuries in rear-end collision. To achieve this goal, the following 

objectives are identified: 

1. To analyze crashworthiness response in different conditions involving in different vehicles 

such as mid-size car (Toyota Camry), small compact Car (Toyota Yaris) and light truck 

(Chevrolet Silverado), using the LSDYNA non-linear finite element (FE) solver. 

2. To develop different reclining reactive car seat models in MADYMO with different 

mechanical properties.  

3.  To develop a car seat with optimum seatback angle and head restraint position.   

4.  To Design an Active head restraint car seat system model in MADYMO. 

5. To examine the occupant neck response and kinematics of rear-end crash Hybrid III 50th 

percentile dummy model using MADYMO. 

6. To Compare Nij values for the Hybrid III male dummy in different rear-end collisions. 

7. To identify optimum occupant whiplash protection seat system in rear-end collision. 

8. To develop a human model simulation in reactive car seats and active head restraint 

systems. 

9. To validate the human model’s, rear-end simulation with IIWPG dynamic rating 

procedure.  
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3.2 Overall Methodology 

To evaluate the passenger safety, one must study the factors affecting the injury to the 

passenger and to evaluate those injuries in several tests have to carry out to do analysis and 

reproduce the dynamic conditions. In this thesis, LS-PREPOST, LS-DYNA and MADYMO has 

been used to achieve engineering analysis. The overall methodology is illustrated in Figure 3.1. 

The FE models of Toyota Camry, Yaris and Chevrolet Silverado from NCAC are utilized 

for the various impact scenarios. Rear impact rigid wall test simulations have been performed in 

LS-DYNA for all the cars. The acceleration pulses (g) experienced at the driver’s seat are obtained 

from LS-DYNA simulation. The results obtained from these simulations are found to vary 

significantly from the expected values. Consequently, compatible acceleration pulse (g) levels of 

8g, 15g, and 20g have been utilized for the simulation of occupant response and injury prediction.   

The occupant responses for these pulses are then analyzed using the Mathematical 

Dynamic Model (MADYMO). A Hybrid III 50th percentile dummy is used to study the responses. 

The seat systems used for occupant responses includes a Typical Seat (TYPS) system, Anti-

Whiplash Mechanical Seat (WMS) system and a Rotation Frame Anti-Whiplash Mechanical Seat 

(RFWMS) system. To evaluate optimum position of seatback angle and headrest, TYPS seat 

system is used in six different orientations. The neck loads are recorded and plotted for different 

accelerations pulses in all orientations. In order to obtain optimum position of seatback and 

headrest, results are compared between all the orientations. The neck loads of the Hybrid III 50th 

percentile male dummy is examined with reactive car seats such as WMS, RFWMS with achieved 

suitable positions of seatback and headrest. The neck loads of the Hybrid III dummy is also 

compared with an Active Head Restraint system. At the end, to validate the model, a human model 

simulation has also been conducted. 
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Figure 3.1 Methodology Flow Chart 
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3.3 Computational Tools 

 This section verifies different Finite Element Analysis and Occupant Safety simulation 

tools utilized in the analysis of Rear Impact test. LSDYNA was used to run the car model and 

compare the accelerations. MADYMO was used to compare the kinematic responses of Hybrid III 

50th percentile dummy model.  

3.3.1 FE Analysis Tool – LS-Dyna 

LS-Dyna is general purpose, explicit finite element program used to analyze the nonlinear 

dynamic response of three-dimensional structures, it has been widely used in studying automotive 

crash. It has an ability to solve components that experience deformations. This is helpful in solving 

solid and shell structures. LS-DYNA handles the complex contact conditions among multiple 

components and short duration impact dynamics. It utilizes constraint and penalty techniques for 

contact connections. LS-DYNA is used for all crash events rear impacts, side impacts, frontal 

impacts and rollover.   

LS-DYNA has more than one hundred metallic and non-metallic material models such as 

Elastic, Elastoplastic, Foam models, linear viscoelastic, Glass Models. These are used in various 

applications.  Certain prominent areas of LS-DYNA are as follows: 

1. Crashworthiness simulations: automobiles, airplanes  

2. Occupant safety analysis: airbag, seatbelts 

3. Metal forming: rolling, forging, casting, spinning  

LS POST is the postprocessor for LS-DYNA. The graphic user interface was crafted a user-

friendly environment. It has features such as plotting graphs, contours, animation, SPH element 

generation and input deck manipulation.  
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3.3.2 Development of Occupant Vehicle Models in MADYMO 

Mathematical Dynamic Models (MADYMO) is a software package, which can be utilized 

to simulate the dynamic response of the dummy in various crash configurations. It is utilized 

widely as a design tool in automotive companies and research laboratories. MADYMO enables 

different restraint systems such as seatbelts and airbags.  

MADYMO has a range of products modules with different functionality. MADYMO 

Solver is a simulation engine which includes Multi-body, FE elements to drive the simulation of 

occupant restraint systems as well as the MADYMO dummy models and MADYMO human 

models. MADYMO XMADGIC is a pre-processor for MADYMO. It is a XML-editor with 

dedicated functionality to support in editing and XML input deck for the MADYMO solver.  

MADYMO MADPOST is a multi-platform post processor for the MADYMO solver. It 

has been designed to facilitate optimal use of the MADYMO solver output. It is for viewing 

animations and creating time-history plots. MADPOST also supports import and display of some 

foreign FE code output formats and physical test data formats, such as video formats and ISO 

formatted data. 

To evaluate occupant impact response, the seat model with occupant was modeled in 

MADYMO. Seat model was designed with both multi bodies and Finite element models, this 

model consists of dummy, seat, and seat belt. Hybrid III 50th percentile dummy was used with 

different types of seat designs. Seat belt is a Finite element model design. The Hybrid III dummy 

is most widely used dummy in rear impact because the size and weight of the Hybrid III 50th 

percentile male dummy represents an average USA adult male. It consists of 69 bodies, with 6 left 

and right ribs and it has 5 neck points.  
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CHAPTER 4 

MODELS DEVELOPMENT 

4.1 Finite Element Modeling of Vehicles in LSDYNA 

The LSDYNA is a general-purpose finite element solver to solve complex real-world 

problems. It is used to change boundary conditions such as contact between parts and to observe 

deformations of a complex parts. In this research, LSDYNA was used to get the acceleration pulses 

of different cars in rear end collision. Three different cars were used, medium size cars Camry, 

Yaris and a Silverado truck.  

4.1.1  Mid-Size Car (Toyota Camry) 

A finite element (FE) model of a 2012 Toyota Camry passenger sedan was developed at 

NHTSA’s National Crash Analysis Center (NCAC). Figure 4.1 shows the vehicle model of Toyota 

Camry. The set of elements representing the vehicle was translated into an FE model by defining 

each as a shell, beam, or solid element in accordance with the requirements for using LS-DYNA 

software. 

 

Figure 4.1 Toyota Camry FE Model [28] 
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The resulting FE vehicle model has 1.7 million elements, without the interior components or 

restraint systems.  The model consists of nearly 2million nodes, 2 million elements, and total 

number of parts in the vehicle is 972. A summary of the FE model details is listed in Table 4.1.  

Table 4.1 

Finite Element Model Summary of 2012 Toyota Camry [30] 

Number of Parts  972 

Number of Nodes 2 million  

Weight 1662 

Number of Elements  2 million 

 

4.1.2 Small Compact Car (Toyota Yaris) 

A finite element model of 2010 Toyota Yaris passenger sedan was developed at NCAC. 

Figure 4.2 shows the vehicle model of a 2010 Toyota Yaris. It is defined by 917 different parts 

representing various vehicle components 

 

Figure 4.2 Toyota Yaris FE Model [28] 
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The model consists of 1,514,068 total number of elements. Out of these elements, 1,250,424 are 

Shell elements, 4,738 total number of beams and 258,887 total number of solids. A summary of 

the FE model details is listed in Table 4.2. 

Table 4.2 

Finite Element Model Summary of 2010 Toyota Yaris [29] 

Number of Parts  917 

Number of Nodes 1,480,422 

Number of Shells 1,250,424 

Number of Beams 4,738 

Number of Solids 258,887 

Total Number of Elements 1,514,068 

 

4.1.3 Light Truck (Chevy Silverado) 

A finite element model of a 2007 Chevy Silverado truck was developed at NCAC. Figure 

4.3 shows the vehicle model of a Chevy Silverado truck. The vehicle is a 2298 kg, 4 door crew 

cab, short box, pick-up truck with a 4.8 liter, V8 engine and an automatic 4- speed transmission. 

For the rear crash protection and head restraint, IIHS has given acceptable rating for this model. 

  Table 4.3 provides the breakdown of parts, nodes, and elements. The model consists 719 

total number of parts. It has 963,482 total number of elements. Out of these elements, number of 

beams are 3,113, number of shells are 907,067 and number of solids are 53,281. 
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Figure 4.3 Chevy Silverado FE Model [28] 

Table 4.3 

Finite Element Model Summary of 2007 Chevy Silverado [31] 

Number of Parts 719 

Number of Nodes 979,488 

Number of Shells 907,067 

Number of Beams 3,113 

Number of Solids 53,281 

Total Number of Elements 963,482 

 

4.2 Dummy Modeling 

The Hybrid III 50th percentile male crash dummy is the most widely used crash test dummy. 

It is now maintained and developed by Humanetics in conjunction with the Society of Automotive 

Engineers (SAE) Biomechanics Committees and the National Highway Transport and Safety 

Administration (NHTSA). Figure 4.4 show, the Hybrid III 50th percentile male dummy model.  
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Figure 4.4 Hybrid III 50th Percentile Dummy Model 

4.2.1 Head and Neck 

The skull and skull cap are one piece designed with aluminum parts with removable vinyl 

skins. Neck is a segmented rubber and aluminum construction with a center cable. It accurately 

simulates the human dynamic moment or rotation flexion and extension response. 

4.2.2 Upper Torso 

The rib cage is represented by six high strength steel ribs. It simulates human chest force-

deflection characteristics. A sternum assembly connects to front of the ribs. The angle between the 



40 
 

neck and upper torso is determined by the construction of the neck bracket which can incorporate 

a six-axis neck transducer.  

4.2.3 Lower Torso 

The pelvis is a foam molded over an aluminum casting in the seated position. The ball 

jointed femur attachments carry bump stops to reproduce the human leg to hip moment 

characteristics. The femur tibia and ankle can be instrumented to predict bone fracture and the 

knee can evaluate tibia to femur ligament injury. Foot and ankle simulate heel compression and 

angle range of motion.  

4.3 Car Interior Seat Model 

The Typical Seat model of a car was modeled at 2 different seatback angles with respect 

to vertical plane. The two seatback angles are 9 degrees, 22 degrees and evaluated a good seatback 

angle to reduce whiplash injuries. In the seat design, along with seatback angle one more affecting 

factor for whiplash injury has been evaluated that is Head restraint. Head restraint modeled at 2 

different positions, one above the center of gravity of occupant head and other one at below center 

of gravity of head. The Car interior seat model is shown in Figure 4.5. Following guidelines are 

considered to be essential for car seat equipped with anti-whiplash features.  

1. Good head restraint geometry 

2. Minimize nick internal motion 

3. Reduce Ramping and prevent ejection 

4. Controlled level of rearward movement of seat components 

5. Limited seatback rebound motion 

6. No activation of Whiplash devices at normal use. 
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Figure 4.5 Car Interior Seat Model 

4.3.1 Seat Pan 

Seat pan is a bottom surface of a car seat. It has one ellipsoid and one surface plane, surface 

plane is used to create ellipsoid. Seat pan has loaded with foam properties which gives cushion 

nature to the designed seat pan. Seat pan with cushion properties works as an original seat model. 

Seat pan is fixed to the vehicle frame. Vehicle frame consists of all the seat bodies like seat back, 

seat pan and head restraint. Seat pan has fixed Bracket joint with vehicle frame and vehicle frame 

has translational joint with vehicle floor, which makes translation displacement in rear impact. 

This translational joint has high breakaway torque which makes slow movement of seat. 

Translational joint for TYPS system is locked hence it is a locked reclining seat but in WMS and 

RFWMS seats designed with less breakaway torque in rear movement but high stiffness and 

damping in rebounding phase to ensure the rebound phase is slow. If rebounding phase has quick 

movement, occupant will experience high secondary injuries inside car interiors.  
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4.3.2 Seatback 

Seat back is designed with one ellipsoid and one surface plane for typical car seats but in 

the rotational frame anti whiplash mechanical system, the seatback has two ellipsoids. In the 

RFWMS, rotating ellipsoid has foam properties and other one is fixed frame. Seatback has 

rotational joint with seat pan in all the type of seat systems TYPS, WMS, RFWMS but in RFWMS 

one additional rotational joint was designed between seatback and rotational frame. Rotational 

joint in the TYPS system is designed with high breakaway torque and damping coefficients but 

WMS and RFWMS seat systems has less breakaway torques. In the rebounding motion joint 

stiffness applies high damping coefficients to make rebounding motion in smooth manner.  

4.3.3 Head Restraints 

Head restraint was designed with one ellipsoid and one surface plane. Head restraint has 

fixed joint with seatback in TYPS and WMS seat systems but in RFWMS joint has been fixed to 

the rotational frame, which gives motion to the head restraint to catch occupant head to reduce 

neck motions.  

4.4 Mechanical Properties of Car Seat Model  

For a Typical car seat model (TYPS) which has locked reclining mechanism is shown in 

the Figure 4.6, joint stiffness properties were given with high breakaway torques which is 2500Nm. 

Seat back has foam properties which acts as a cushion when occupant applies force on the seat. 

TYPS seat system is a locked reclining mechanism so it does not have liner movement hence, it 

does not have translation joint properties.  
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Figure 4.6 Rotational Joint Stiffness for TYPS Seat System [9]            

For Reactive car seats like Anti Whiplash mechanical seats (WMS) and Rotational Frame 

Anti Whiplash mechanical system (RFWMS) has same joint stiffness properties except for 

additional joint stiffness properties of a Rotating frame in RFWMS. As shown in Figure 4.7, both 

rotational joint stiffness properties have less breakaway torque of 1000Nm. As shown in Figure 

4.7, both seats have translational joint for translational movement of seat. Both systems have high 

break away torques of 4250N translational stiffness joint. As shown in the Figure 4.8, the rotational 

frame in RFWMS has break away torque of 1250Nm. 

    

Figure 4.7 Rotational and Translational Joint Stiffness Properties of Reactive Car Seats [9] 
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Figure 4.8 Rotational Joint Stiffness Properties for Rotating Frame in RFWMS [9] 

As shown in Figure 4.9, the rotational frame has foam properties. As observed, the foam generates 

large force due to the compression provided by the occupant on the seatback, while providing 

cushion effect.   

 

Figure 4.9 Foam Properties for Rotational Frame in RFWMS [9]  
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Figure 4.10 illustrates the foam properties for the head restraint, which provides cushioning with 

small forces from the head restraint to the occupant head. Head restraint is fixed to seat back in 

TYPS and WMS but in RFWMS joint attached to rotating fame which gives forward motion to 

catch the head. When occupant applied force reaches the limit, the outer frame starts rotating, and 

head restraint is connected to the frame so along with frame it rotates forward.  

 

Figure 4.10 Foam Properties of a Head Restraint [9] 
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CHAPTER 5 

FINITE ELEMENT SIMULATIONS AND DUMMY RESPONSES IN REAR-END 

IMPACTS 

5.1 Car Crash Simulation  

In the rear crash, a rigid wall was used. Rigid wall was placed 300mm from the car. 

Contacts were given to the car and floor, car and rigid wall. The simulations are conducted for four 

different cars, one with Toyota Camry with 11mph speed and 15 mph speed, Toyota Yaris and 

Chevy Silverado also with speed of 15mph. According to FMVSS 202a, test procedures a sled has 

to move with at least with 8g acceleration. As shown in the Figure 5.1, crash simulation with 

Toyota Camry car was tested at 11mph. 

      

   0ms      0.02ms 

  

  0.06ms       0.1ms 

Figure 5.1 Animation Sequence of Crash Against Rigid Wall 

 



47 
 

After obtaining simulation results, the accelerations are plotted at the driver’s seat node, as shown 

in Figures 5.2 and 5.3. Maximum acceleration pulse of 7.9g is achieved when car is moving at 

11mph and 15g is achieved when car is moving at 15mph.  

 

Figure 5.2 Acceleration Pulse of Camry with 11mph Speed 

 

Figure 5.3 Acceleration Pulse of Camry at 15mph Speed 
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The animation sequence of crash simulation of the Yaris is shown in Figure 5.4, and the rigid wall 

is placed with 300mm distance. The velocity of the car is 15mph. The driver’s seat acceleration is 

plotted Figure 5.5, which shows a 15.4g acceleration pulse is achieved at 60ms. 

                 

   0s       0.02s    

                        

   0.06s       0.2s 

Figure 5.4 Yaris Animation Sequence of Crash Against Rigid Wall 

 

Fig 5.5 Acceleration Pulse of Yaris at 15mph 
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Figures 5.6 and 5.7 shows the acceleration pulse of 19.5g generated in the crash of Silverado 

against a rigid wall at 15mph speed. The rigid wall is placed with 300mm distance and acceleration 

pulse is plotted at drivers seat node.  

    

   0s      0.02s 

      

   0.06s      0.2s 

Figure 5.6 Silverado Animation Sequence of Crash Against Rigid Wall 

 

Figure 5.7 Acceleration Pulse of Silverado at 15mph 
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The acceleration pulse (g’s) obtain from the LSDYNA was not used for simulating the 

occupant response because the results obtained from these simulations however, were found to 

vary significantly from the expected values. Manjunathan, 2003 [25] suggested that the variation 

of acceleration pulses from the expected values were due to the result of FE model being very 

coarsely meshed at rear end. Consequently, compatible acceleration pulse (g) levels of 8g, 15g and 

20g which reaches the peak at 60ms for duration of 200ms have been utilized in the study, as 

shown in Figure 5.8, and they were used to uniformly examine the simulation of occupant response 

and injury prediction. 

       

 

 

Figure 5.8 Graphical Representation of The Pulses Used [25] 
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5.2  Dummy Simulation Responses 

In order to evaluate the best seatback angel and head restraint position in rear collision, the 

dummy was placed at two different seatback angles that are 90, 220. The head restraint was placed 

in two different positions, above C.G of the head and below C.G of head, the head restraint was 

placed 1cm vertically above the C.G of the head and 3cm below the C.G of the head. Backset of 

5cm was used in all the scenarios.  Initially to evaluate the best seatback angle and head restraint 

position, TYPS seat system was used. Seatback angles 9deg and 22deg was used in the evaluation. 

As shown in Figure 5.9, a total 6 orientations were simulated with Hybrid III dummy.  

 

  

  

  

Figure 5.9 The Dummy Orientations in TYPS System 

Orientation 1 – seatback angle 90, and without head restraint 

Orientation 2 – seatback angle 90, and head restraint below C.G 
of head 

Orientation 3 – seatback angle 90, and head restraint above C.G 
of head 

Orientation 4 – seatback angle 220, and without head restraint 
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Figure 5.9 (continued) 

5.2.1 Comparison of Orientation 1 and Orientation 4 

When the acceleration pulse reaches its peak, the dummy starts reacting. The dummy’s 

lower torso completely comes in contact with seatback, then upper torso follows the lower torso. 

Then head collides with head rest. The torso moves backward to the seatback, then the head follows 

the torso. The head after colliding with the head rest bounces forward towards the steering and seat 

belt stops further movement of the upper torso towards the dashboard of the vehicle. But the loads 

on the dummy vary depending on the seatback angle and change in velocity. When seat has no 

head rest, lower torso will contact seat back, then upper torso will follow the lower torso. Lower 

torso will not have any contact because headrest is not available to stop. Upper torso rotates more 

than usual rotation. It makes more neck injuries to the occupant. The NTE is the most common 

injury in rear-end collision. At 8g acceleration pulse, the head movement of the dummy is less. As 

shown in the Figures 5.10 and 5.11, the maximum extension of neck without headrest takes place 

at around 100ms-110ms. As shown in Table 5.1, without the headrest the injury parameter values 

are almost same for 90 seatback angle and 220 seatback angle.  

Orientation 5 – seatback angle 220, and head restraint below 
C.G of head 

Orientation 6 – seatback angle 220, and head restraint above 
C.G of head 
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 0ms 

 

       70ms 

  

    130ms      200ms 

Figure 5.10 Animation Sequence of 90 Seatback Angle without Headrest at 8g Acceleration 
Pulse 
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0ms   

 

      70ms 

 

             130ms    200ms 

Figure 5.11 Animation Sequence of 220 Seatback Angle without Headrest at 8g Acceleration 
Pulse 
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Table 5.1 

Loads for 90 and 220 Seatback Angles at 8g Acceleration Pulse 

 

 

 

without 
Head 

restraint 

Parameters Injury 
Thresholds 

Acceleration Pulse - 8g 

90 220 

Tension (N) 4170 451 360 

Compression (N) 4000 407 285 

Flexion (N.m) 190 96 91 

Extension (N.m) 57 33 28 

NTE 1.0 0.30 0.26 

NTF 1.0 0.04 0.01 

NCE 1.0 0.07 0.04 

NCF 1.0 0.10 0.06 

 

The occupant motion at 15g acceleration without head restraint in both seatback angels are 

shown in the Figures 5.12 and 5.13. The crash severity is high compared to previous one, which 

makes more axial forces and bending moments. As shown in Table 5.2, axial loads were increased 

with 15g acceleration pulse and Tension extension values are increased to higher severity when 

acceleration increases. Without a headrest the head extends a maximum at around 110ms – 120ms, 

flexion and extension values are higher than the injury threshold values. The NTE value for 90 and 

220 seatback angle are 0.86 and 0.58 respectively. The NCE values are very low in both cases, 

because without headrest neck will not experience high compression-extension injuries. The axial 

loads, bending moments and Nij values are less in 220 seatback angle when compared to 90. 
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0ms  

 

       100ms 

   

         150ms     200ms 

Figure 5.12 Animation Sequence of 90 Seatback Angle without Headrest at 15g Acceleration 

Pulse 
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  0ms  

 

       100ms 

 

    150ms                        200ms 

Figure 5.13 Animation Sequence of 220 Seatback Angle without Headrest at 15g Acceleration 
Pulse 
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Table 5.2 

Loads for 90 and 220 Seatback Angles at 15g Acceleration Pulse 

 

 

 

without 
Head 

restraint 

 

Parameters 

 
Injury 

Thresholds 

Acceleration Pulse - 15g 

90 220 

Tension (N) 4170 1288 1027 

Compression (N) 4000 1046 834 

Flexion (N.m) 190 242 165 

Extension (N.m) 57 91 59 

NTE 1.0 0.86 0.58 

NTF 1.0 0.14 0.10 

NCE 1.0 0.07 0.03 

NCF 1.0 0.15 0.09 

 

At 20g acceleration pulse, the head’s movement is significant. Without a headrest the head 

extends a maximum at around 130ms to 160ms and loads extension and flexion reached the critical 

interceptive values, which is a high severity crash with AIS value greater than 3, animation 

sequence is shown in Figures 5.14 and 5.15. The lower torso comes in contact with the seatback, 

the head’s motion was insignificant, but once the upper lumbar comes in contact with seatback, 

the head stats moving backward, this is the extension of the neck. As shown in the Table 5.3, the 

extension and flexion values were crossed the limits of interceptive values. Neck injury values of 

220 seat back angle were less than 9deg seatback angle and without a head restraint 220 seatback 

angle also reached critical interceptive values, which shows the importance of a headrest. 
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0ms 

 

      100ms 

  

   170ms     200ms 

Figure 5.14 Animation Sequence of 90 Seatback Angle without Headrest at 20g Acceleration 

Pulse 
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0ms 

 

100ms 

 

     140ms   200ms 

Figure 5.15 Animation Sequence of 220 Seatback Angle without Headrest at 20g Acceleration 
Pulse 
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Table 5.3 

Loads for 90 and 220 Seatback Angles at 20g Acceleration Pulse 

 

 

 

without 
Head 

restraint 

 

Parameters 

 
Injury  

Thresholds 

Acceleration Pulse - 20g 

90 220 

Tension (N) 4170 2784 1883 

Compression (N) 4000 1697 1259 

Flexion (N.m) 190 435 326 

Extension (N.m) 57 165 114 

NTE 1.0 1.46 1.06 

NTF 1.0 0.22 0.16 

NCE 1.0 0.07 0.03 

NCF 1.0 0.19 0.10 

 

5.2.2 Comparison of Orientation 2 and Orientation 5 

The Figures 5.16 and 5.17 shows the animation sequence of occupant motion when head 

restraint below the C.G of head. The maximum extension of the head takes place at around 60ms 

– 70ms. The neck Injury values are less when compared to without headrest. When headrest below 

the C.G of the head, head collides with the headrest and bounces from the headrest towards the 

front that is flexion of the neck. As shown in Table 5.4, Tension extension injury values are less 

when headrest attached to the seat, but compression values are high because when the head is in 

motion against the headrest, it can be determined that the neck hits the headrest and stops from 

further extending backward. During this process, the neck is compressed and stretched, as there is 
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no movement or gap to extend backwards this indicates that the soft tissues are compressed and 

extended.  

 

0ms  

 

            80ms 

 

   120ms       200ms 

Figure 5.16 Animation Sequence of 90 Seatback Angle Headrest Below C.G of Head at 8g 
Acceleration Pulse 
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0ms  

 

70ms 

 

    100ms     200ms 

Figure 5.17 Animation Sequence of 220 Seatback Angle and Headrest Below C.G at 8g 
Acceleration pulse 



64 
 

Table 5.4 

Loads for 90 and 220 Seatback Angles at 8g Acceleration Pulse 

 

 

 

Head rest 
below 
C.G of 
head 

Parameters Injury 
Thresholds 

Acceleration Pulse - 8g 

90 220 

Tension (N) 4170 1354 1009 

Compression (N) 4000 1071 740 

Flexion (N.m) 190 119 99 

Extension (N.m) 57 19 16 

NTE 1.0 0.14 0.09 

NTF 1.0 0.18 0.14 

NCE 1.0 0.12 0.09 

NCF 1.0 0.10 0.07 

 

The animation sequence of occupant shown in Figures 5.18 and 5.19, when seat accelerated 

with 15g and headrest is below C.G, higher accelerations makes occupant to move with higher 

speeds. Head will contact the head restraint, soft tissues are compressed and extended. This 

indicates that composite load of Compression-extension (NCE) and Tension – extension (NTE) are 

important loads, which play an important role in determining, the head rest orientation. At 15g 

acceleration pulse, with headrest below the C.G of head, head collides with the headrest, at 50ms 

– 60ms and bounces from the headrest towards the front that is the flexion of the neck. As shown 

in the Table 5.5, NCE and NTE values were higher when compared to the values in 8g acceleration 

pulse. The compression load on occupant is 1780 N when seatback orientation angle is 90 but when 
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seatback orientation angle is 220, compression load value decreased. This result shows that 

seatback angle orientation plays a role in reducing neck loads. 

 

          0ms 

 

        70ms 

 

    160ms      200ms 

Figure 5.18 Animation Sequence of 90 Seatback Angle Headrest Below C.G of Head at 15g 
Acceleration Pulse 
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0ms 

 

             100ms 

 

    160ms     200ms 

Figure 5.19 Animation Sequence of 220 Seatback Angle Headrest Below C.G of Head at 15g 
Acceleration Pulse 
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Table 5.5 

Loads for 90 and 220 Seatback Angles at 15g Acceleration Pulse 

 

 

 

Head rest 
below 
C.G of 
head 

Parameters Injury 
Thresholds 

Acceleration Pulse - 15g 

90 220 

Tension (N) 4170 2078 1516 

Compression (N) 4000 1780 854 

Flexion (N.m) 190 172 114 

Extension (N.m) 57 36 34 

NTE 1.0 0.23 0.18 

NTF 1.0 0.33 0.24 

NCE 1.0 0.16 0.29 

NCF 1.0 0.16 0.09 

 

At 20g acceleration pulse, as the lower torso comes and contact with seatback, upper torso 

will follow the lower torso, if no headrest present neck will experience higher extension bending 

moments, now the headrest is below C.G of head so head will contact the headrest with higher 

acceleration. As shown in the Figures 5.20 and 5.21, head collides with headrest at 100ms and 

bounces from the head rest towards front, at 160ms as the animation sequence for 90 and 220 

seatback angles shows neck motion of an occupant. As shown in the Table 5.6, compression and 

tension axial forces were so high, these two values play a key role in positioning of headrest. The 

Flexion and extension values of a 90 seatback angle, reaches critical interceptive values and in 220 

seatback angle, the extension values is higher than the limit, which is failed in injury criteria. 
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0ms  

 

        100ms 

 

    160ms    200ms 

Figure 5.20 Animation Sequence of 90 Seatback Angle Headrest Below C.G of Head at 20g 
Acceleration Pulse 
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0ms  

 

        100ms 

 

    160ms     200ms 

Figure 5.21 Animation Sequence of 220 Seatback Angle Headrest Below C.G of Head at 20g 
Acceleration Pulse 
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Table 5.6 

Loads for 90 and 220 Seatback Angles at 20g Acceleration Pulse 

 

 

 

Head rest 
below 
C.G of 
head 

Parameters Injury 
Thresholds 

Acceleration Pulse - 20g 

90 220 

Tension (N) 4170 2529 1669 

Compression (N) 4000 2096 864 

Flexion (N.m) 190 198 120 

Extension (N.m) 57 46 60 

NTE 1.0 0.30 0.26 

NTF 1.0 0.41 0.27 

NCE 1.0 0.11 0.49 

NCF 1.0 0.21 0.10 

 

5.2.3  Comparison of Orientation 3 and Orientation 6 

At 8g acceleration pulse, the head movement of the dummy is less, it moves irrespective 

of whether the headrest is above or below the C.G of the head. When the head restraint is above 

C.G of head, head collides the headrest so early. When head contacts the headrest so early neck 

motions get reduced. As shown in the Figures 5.22 and 5.23, occupant head hits the headrest at 

around 50ms - 60ms because of change in headrest height from below C.G to above C.G of the 

occupant’s head. As shown in the Table 5.7, NTE and compression axial loads are low when 

compared to the headrest at below C.G of head and also bending moments are very low in both 
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orientations. In orientation 6 axial loads and bending moments are very low when compared to 

orientation 3, which shows that 220 seatback angle is showing low neck injury values. 

 

70ms 

 

             170ms 

 

  170ms      200ms 

Figure 5.22 Animation Sequence of 90 Seatback Angle and Headrest Above C.G of Head at 8g 
Acceleration Pulse 
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0ms 

 

       80ms 

 

   130ms      200ms 

Figure 5.23 Animation Sequence of 220 Seatback Angle and Headrest Above C.G of head at 8g 
Acceleration Pulse 
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Table 5.7 

Loads for 90 and 220 Seatback Angles at 8g Acceleration Pulse 

 

 

 

Head rest 
above 
C.G of 
head 

Parameters Injury 
Thresholds 

Acceleration Pulse - 8g 

90 220 

Tension (N) 4170 1320 897 

Compression (N) 4000 1120 626 

Flexion (N.m) 190 124 93 

Extension (N.m) 57 36 16 

NTE 1.0 0.18 0.08 

NTF 1.0 0.24 0.13 

NCE 1.0 0.20 0.09 

NCF 1.0 0.16 0.06 

 

At higher accelerations like 15g, 20g, headrest shows improvement in neck injury values. 

Head and headrest contact is between 60-70ms, which gives early contact of headrest due to early 

contact of headrest neck bending values were reduced and compression values also reduced. When 

the head collides with headrest, it depends on the position of the headrest either the headrest is 

above or below the C.G of the head. If the headrest is above the C.G of the head, head’s extension 

motion is more constrained, when compared to the head’s motion when the headrest is below the 

C.G of the head. Animation sequence of occupant when headrest is above C.G of head shown in 

Figures 5.24, 5.25, 5.26 and 5.27. With headrest above the C.G of the head, head collides with the 

headrest at 50ms - 60ms. From the Tables 5.8 and 5.9, the NTE values are less, when compared to 
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headrest below the C.G of head in higher severities. From the results, orientation 6 shows optimum 

whiplash protection when seatback angles is 220 and headrest above the C.G of the occupant head. 

 

70ms  

 

            100ms 

 

  170ms      200ms 

Figure 5.24 Animation Sequence of 90 Seatback Angle and Headrest Above C.G of Head at 15g 
Acceleration Pulse 
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60ms  

 

       100ms 

 

   160ms     200ms 

Figure 5.25 Animation Sequence of 220 Seatback Angle and Headrest Above C.G of Head at 15g 
Acceleration Pulse 
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Table 5.8 

Loads for 90 and 220 Seatback Angles at 15g Acceleration Pulse 

 

 

 

Head rest 
above 
C.G of 
head 

Parameters Injury 
Thresholds 

Acceleration Pulse - 15g 

90 220 

Tension (N) 4170 1349 1377 

Compression (N) 4000 1138 816 

Flexion (N.m) 190 129 113 

Extension (N.m) 57 36 31 

NTE 1 0.18 0.11 

NTF 1 0.29 0.23 

NCE 1 0.20 0.30 

NCF 1 0.16 0.09 

 

The Neck injury data from all the simulations of TYPS seat system shows that, without a 

head restraint neck bending moments reaches critical interceptive values so car seat must have a 

headrest and when head rest is below the C.G of the head, data shows that compression values are 

reaching so high, which will affect the soft tissues in the neck cervical spine. When headrest is 

above C.G of head neck injury values are less in low severity but in higher accelerations axial 

loads and bending moments were reaching limiting values. So, seatback angle with 22deg and 

headrest at above the C.G of the head is the optimum seat orientation to reduce the whiplash 

injuries.  
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70ms 

 

               100ms 

 

  160ms       200ms 

Figure 5.26 Animation Sequence of 90 Seatback Angle and Headrest Above C.G of Head at 20g 
Acceleration Pulse 
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60ms 

 

       100ms 

 

  160ms      200ms 

Figure 5.27 Animation Sequence of 220 Seatback Angle and Headrest Above C.G of Head at 20g 
Acceleration Pulse 
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Table 5.9 

Loads for 90 and 220 Seatback Angles at 20g Acceleration pulse 

 

 

 

Head rest 
above 
C.G of 
head 

Parameters Injury 
Thresholds  

Acceleration Pulse - 20g 

90 220 

Tension (N) 4170 1661 1549 

Compression (N) 4000 1473 832 

Flexion (N.m) 190 154 120 

Extension (N.m) 57 47 55 

NTE 1.0 0.16 0.19 

NTF 1.0 0.37 0.26 

NCE 1.0 0.22 0.50 

NCF 1.0 0.21 0.10 

 

At high severity, the seat behavior plays an important role with respect to the injury sustained by 

the occupant in reducing the axial loads and bending moments. In the next chapter, the reactive 

car seat systems are evaluated to check how mechanical properties affecting occupant neck motion.    
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CHAPTER 6 

REACTIVE CAR SEAT SYSTEMS 

The reactive car seat system has a good reclining mechanism which absorbs occupant 

energy with reclining mechanism. It has one rotational joint (R) between seatback and seat pan, 

one translational joint (P) between seat pan and seat frame. Rotational stiffness joint has less break 

away torque in a load function to rotate the seatback when occupant applied break away force of 

more than the limit. Translation joint has high joint break away torques to ensure slow movement 

of seat frame. 

`The RFWMS system works as a WMS system but it has an additional rotational frame 

which is useful in moving head restraint in the direction of occupant’s head. The rotational frame 

is attached to the seat back with a rotational joint (R*). The rotational frame has foam properties.  

6.1 Anti Whiplash Mechanical Seat System (WMS) 

The difference between the TYPS and WMS seats system is Reclining mechanism in WMS 

seat systems, which is useful in controlling occupant motion. The animation sequence of occupant 

in WMS seat system is shown in Figure 6.1, Head contact happened at 60ms due to low break 

away torque in rotational joint, seat will recline with controlled motion and seat system has high 

damping coefficient while rebound phase. In rebound phase occupant move forward will less 

velocity, which is useful in safety of secondary crashes of car interior. As shown in the Table 6.1, 

compression values are very less when compared to the TYPS seat system with higher acceleration 

pulses. At 15g and 20g acceleration pulses, axial load (Tension and Compression), bending 

moments (Flexion and Extension) and Nij values are reduced with better reclining mechanism.  
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        60ms 

 

       100ms 

 

   160ms           200ms 

Figure 6.1 Animation Sequence of WMS Seat System at 20g Acceleration Pulse 
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Table 6.1 

Load for WMS Seat System with 15g and 20g Acceleration Pulses  

 

 

Seatback 
angle of 

220 
Head rest 

above 
C.G of 
head 

 

Parameters Injury 
Thresholds 

Acceleration Pulse 

15g 20g 

Tension (N) 4170 1122 1252 

Compression (N) 4000 680 709 

Flexion (N.m) 190 104 112 

Extension (N.m) 57 23 36 

NTE 1 0.13 0.10 

NTF 1 0.22 0.24 

NCE 1 0.20 0.31 

NCF 1 0.10 0.11 

 

6.2 Rotating Frame Anti- Whiplash Mechanical System (RFWMS) 

The RFWMS seat system has a unique feature, a rotating frame which is attached to the 

seatback will rotate, due to load applied by occupant. Rotation of outer frame leads to rotation of 

headrest, which has a bracket joint with rotational frame. This motion makes head and headrest 

contact very early and reduce the neck motions. The sequence of occupant motion in RFWMS is 

shown in Figure 6.2.  With RFWMS system head and headrest contact occurs at 50ms which less 

when compared to WMS seat system. As shown in the Table 6.2, at higher acceleration pulses 

axial loads, bending moments and Nij values are less. RFWMS system works effectively in higher 

severity accelerations. In low acceleration pulses it acts as a WMS seat system. 
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 0ms 

 

     50ms   80ms 

 

   140ms      200ms 

Figure 6.2 Animation Sequence of RFWMS Seat System at 20g Acceleration Pulse 
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Table 6.2 

Load for RFWMS Seat System with 15g and 20g Acceleration Pulses  

 

 

Seatback 
angle of 

220 
Head rest 

above 
C.G of 
head 

 

Parameters Injury 
Thresholds  

Acceleration Pulse 

15g 20g 

Tension (N) 4170 1120 1150 

Compression (N) 4000 587 607 

Flexion (N.m) 190 82 96 

Extension (N.m) 57 25 25 

NTE 1.0 0.11 0.08 

NTF 1.0 0.20 0.23 

NCE 1.0 0.12 0.24 

NCF 1.0 0.11 0.12 

 

6.3 Active Head Restraint System 

Active Head Restraints system is more effective than the reactive car seats. It has reclining 

mechanism and a head restraint which moves with respect to the motion of occupant head. The 

animation sequence of Active head restraints shown in Figure 6.3, when collision happens head 

restraint sensor will detect the motion of occupant head and head restraint moves forward to give 

early contact to the head. With an Active Head Restraint system, head and headrest contact occurs 

at 45ms, which is less than reactive car seat systems. As shown in the Table 6.3, with AHR system 

at 20g acceleration pulse the tension value reduced to 427N from 1150N in RFWMS system. The 

compression values are also low in AHR system when compared to RFWMS system. 
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   0ms      30ms     

 

45ms 

 

    100ms     160ms 

 Fig 6.3 Animation Sequence of Active Head Restraint Seat System at 20g Acceleration 
Pulse 
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Table 6.3 

Loads for Active Headrest Seat System with 15g and 20g Acceleration Pulses  

 

 

Seatback 
angle of 

220 
Head rest 

above 
C.G of 
head 

 

Parameters Injury 

Thresholds 

Acceleration Pulse 

15g 20g 

Tension (N) 4170 425 427 

Compression (N) 4000 494 506 

Flexion (N.m) 190 51 61 

Extension (N.m) 57 22 22 

NTE 1 0.08 0.06 

NTF 1 0.12 0.12 

NCE 1 0.18 0.20 

NCF 1 0.09 0.11 
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CHAPTER 7 

VALIDATION OF A SEAT-DUMMY SIMULTION MODEL FOR REAR-IMPACT 

In this chapter, the anti-whiplash seat design concepts are evaluated in detail using the 

IIWPG dynamic rating procedure. IIWPG specifies head restraint contact time, maximum T1 

forward acceleration, upper neck shear and tension forces for the dynamic rating of seats and head 

restraints. IIWPG uses a standard dynamic test performed at acceleration peak of 10g as shown in 

Figure 7.1. 

In the human body model, the OC loads on the head are expressed with respect to the head 

coordinate system as show in figure. The positive OC shear force (Fx+) and the positive OC normal 

force (Fz+). The maximum T1 forward acceleration is takes as the highest T1 x-acceleration 

expressed in a coordinate system attached to the ground. Although IIWPG criteria are specified 

for the BioRIDIIg dummy only, these specifications can still be used for the human-body model 

for comparison purposes [33]. As shown in the Figure7.1, acceleration pulse reaches peak at 30ms 

and after 90ms it goes to 0. According to the test procedures, the Seatback angle should be 22deg 

and head restraint should be above C.G of the head.  

 

Figure 7.1 Acceleration Pulse Used in IIWPG Dynamic Test [33] 
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7.1 Human Model Simulation in MADYMO 

In order to validate the reactive car seat systems and active head restraint system, a human 

model simulation has been developed. The simulation is according to the IIWPG dynamic test 

procedures.  

 

   50ms      80ms 

 

   90ms      100ms 

Figure 7.2 Human Model Simulation According to IIWPG Test Procedure 
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7.2 Evaluation Procedure 

According to IIWPG evaluation procedure, the time to head restraint contact must be less 

than 70ms to pass this requirement [36]. Low neck forces are defined as those with vector sums 

less than or equal to the 30th percentile vector sum for seats with good geometry (<0.45). High 

neck forces were defined as those with vector sums exceeding the 75th percentile sum for seats 

with good geometry (>0.825). The remaining vectors were termed moderate forces. Neck shear 

and tension forces, which can be written as follows [36]. 

 {Fx/315}2 + {(Fz-234)/1131}2 < {0.45}2 for low forces        (7.1) 

   and 

  {Fx/315}2 + {(Fz-234)/1131}2 > {0.825}2 for high forces        (7.2) 

Alternatively, the boundaries can also be defined on the unstandardized bivariate 

distribution of neck shear and tension forces [36].  

 Fx = 150 for Fz<234 

       = 150 SQRT {1- (Fz-234)2 / (516)2) for 234<Fz<750        (7.3) 

       = 0 for Fz>750 

  And  

 Fx = 260 for Fz< 234 

       = 260 SQRT {1-(Fz-234)2/(936)^2) for234<Fz<1170        (7.4) 

        = 0 for Fz>1170 

Deter, et al. (2007) [33], did Validation of a seat dummy simulation model for rear impact. 

Five Dynamic tests were conducted using BioRID dummy. Acceleration pulse was taken from 

IIWPG standard test.  

  Test 1  - Increased backset 

  Test 2   - Basic Test Conditions (IIWPG) 
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  Test 3 – Reduced crash Severity 

  Test 4 – Increased seatback angle 

  Test 5 – Increased crash severity 

Starting from the basic test conditions, the purpose was to vary the crash pulse severity in 

two tests and maintain the remaining parameters, and to vary the seat geometry in two tests while 

maintaining all other parameters. The test results were assessed largely in accordance with IIWPG 

guidelines. In this thesis, validation has been done for the test 4 which is effect of seatback angle.  

7.3 Comparison of IIWPG Test Results and Current Study Simulation Results 

As shown in Figure 7.3, the upper neck force shear value is nearly 220 N in IIWPG 

dynamic test and 400N in the simulation test by Thomas. In this current simulation of a human 

model, upper neck force reached 390 N. The test results of upper neck force axial is shown in 

Figure 7.4. The axial force is 380 N in actual IIWPG dynamic test and 550 N in study by Thomas. 

In the current human model simulation, upper neck force axial reached 600 N.  

 

Figure 7.3 Comparison of Shear Force of a Human Model with IIWPG Dynamic Test 
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Figure 7.4 Comparison of Tensile Force on Neck of a Human Model with IIWPG Dynamic Test 

(390/315)2 + {(600-234)/1131}2 = (1.23)2 + (0.32)2 = (2.39)2  

(2.39)2 > (0.825)2 which indicates High shear and tension forces.  

7.4 Comparison of Reactive Car Seat and Active Head Restraint System 

 The human model neck was more flexible compared to that of the HYBRID III 50th 

percentile dummy, as shown in the Figure 7.5, at 220 seatback angle human model neck extension 

was less when compared wit HYBRID III 50th percentile dummy. When human model subjected 

to 10g, the head of the dummy was more flexible and response when compared with Hybrid III. 

The neck load cells are more sensitive to the neck movement during the impact. The head and 

headrest contact time in Whiplash Mechanical System (WMS) system was high when compared 

to Active Head Restraint (AHR) system. The less NTE and NCE values indicates that, early head 

and headrest contacts makes less neck motions. At high severity, the head restraint systems play 

an important role with respect to the injury sustained by the occupant. The human model 
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experienced more neck injury values in WMS system even though it has good mechanical seat 

joint properties. With a AHR system, human model neck motions get reduced with movement of 

headrest, which gives early head and headrest contact. 

 

   0ms      30ms 

 

45ms 

 

   70ms     100ms 

Figure 7.5 The Human Model Simulation With Active Head Restraint System 
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Comparison of upper neck axial forces between AHR and WMS system is shown in Figure 7.6. It 

shows that peak tension force of 310 N occurred at 65ms which is less than WMS system. The 

AHR system show optimum whiplash protection. 

 

Figure 7.5 Comparison of Upper Neck Force Axial for AHR and WMS Systems 

 

Figure 7.7 Comparison of Upper Neck Force Shear for AHR and WMS Systems 

As shown in the Figure 7.7, the peak upper neck shear force for AHR system is 230 N 

which is less than WMS reactive seat system. The peak neck force occurred at 60ms.   

For AHR system: (240/315)2 + {(300-234)/1131}2 = (0.76)2 + (0.05)2 = (0.646)2  

It indicates that moderate forces are generated with Active Head Restraint system. 

Fo
rc

e 
(N

) 

Fo
rc

e 
(N

) 



94 
 

CHAPTER 8 

COMPARISON OF ALL RESULTS 

Simulations were conducted at different acceleration pulses 8g, 15g, and 20g, and for 90 

and 220 seatback angles, without headrest, and with headrest above and below the C.G of the head. 

During these simulations, different types of seat systems were used. To get optimum seatback 

angle and headrest position, Typical seat system (TYPS) was used and reactive car seat systems 

(WMS and RFWMS) were used to check how mechanical properties of a seat joint affects 

occupant neck injuries and further, an Active Head Restraint (AHR) system was used to reduce 

the neck motions of an occupant.   

For seat without a headrest, irrespective of the seatback angle the neck experiences high 

level of stresses. When the dummy’s seat was without a headrest, tension and compression values 

indicated a high level of stress, when compared to seat with headrest. Flexion and extension values 

were less for seat with a headrest when compared to seat without a headrest. For a seat with 

seatback angle of 90, the Nij values indicate that the neck was stressed less for a seat with headrest 

rather than a seat without headrest. The NCE value was less with headrest above the C.G of the 

head, when compared to a seat with headrest below the C.G of the head. The NTE is more for a seat 

without headrest compared to a seat with a headrest. For a seat with headrest above or below the 

C.G of the head the NTE remains almost same.  

With a seatback angle of 220, when the dummy’s seat is without a headrest, axial loads and 

bending moment values indicated high level of stress, compared to a seat with a headrest. At 20g 

NTE was 0.19 when the headrest was above the C.G of the head and 0.26 when the headrest was 

below the C.G of the head. It indicates that the neck is extended less for a seat with headrest being 
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above the C.G of the head than for a seat with headrest being below the C.G of the head. The NCE 

values were also less when headrest is above the C.G of the head and it indicates that the head rest, 

when positioned above the C.G of the head, neck is stressed less. In general, if the headrest was 

above the C.G of the head, soft tissue of the neck was exposed to less stress levels. But if the 

headrest was below the C.G of the head the stress level was more compared a seat with headrest 

above the C.G of the head. 

8.1 Comparison of 90 and 220 Seatback Angles 

The stress level in neck for 220 seatback angle was comparatively less when compared with 

90 seatback angle. Because as the seatback angle is increased, the head of the dummy moves closer 

to the chest and during rear-end collision the NTE and NCE are less. When the chin is closer to the 

head, the head is closer to the headrest and has to travel less in backward motion. At 8g acceleration 

pulse, the head movement of the dummy is less, it moves irrespective of whether the headrest is 

above or below the C.G of the head. At 15g acceleration pulse, the head’s movement is significant.  

The bar chart shown in Figure 8.1, compare neck load values for two different seatback 

angles when headrest is above C.G of head and acceleration pulse is 20g. Bar chart shows that 

when seat back angle is oriented at 22deg from the vertical line, NTE and NCE values were more 

when compared to seatback angle with 9deg thus it indicates that the optimum seatback angle 

would be between 90 and 220. In comparison of axial loads, big difference in compression load 

values concludes that seatback angle with 22deg reduces neck load motions effectively when 

compared to seatback angle with 9deg. At 20g acceleration pulse, the occupant experience high 

level of rebound, which makes a flexion motion on neck. With a 90 seatback angle, the NTF and 

NCE values occurred when compared to 220 seatback angle. 
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Figure 8.1 Comparison of 90 and 220 Seatback Angle with Head Rest Above C.G of Head 

8.2 Comparison of WMS and TYPS Seat Systems 

The optimum orientation of car seat is seatback angle with 22deg and headrest should be 

above C.G of head, with this optimum seat orientation Anti whiplash mechanical systems were 
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compared with TYPS system. The neck loads and Nij values for two different seat systems, WMS 

and TYPS are shown in bar chart Figure 8.2.  At 20g acceleration pulse, the axial loads were less 

for WMS seat system due to good reclining mechanism, which absorbs impact energy and makes 

less neck motions in occupant when compared to TYPS seat system. The NTE and NCE values are 

less in WMS system when compared to TYPS system. The neck injury results show that WMS 

seat system as a better whiplash protection seat system.  

 

 

 

Figure 8.2 Bar Chart Comparison of WMS and TYPS Seat Systems 
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8.3 Comparison of RFWMS and WMS Seat Systems 

The RFWMS seat system show less neck injury values than the WMS system. It has a 

unique feature, headrest moves forward to support the occupant head, which makes less neck 

motions in the rear collision. As shown in the Figure 8.3, RFWMS seat system shows less NTE and 

NCE values, it indicates that early contact of headrest makes less compression and extension of 

neck and also the axial loads of the RFWMS were less when compared to WMS seat system. 

 

 

 

Figure 8.3 Bart Chart Comparison of WMS and RFWMS 
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8.4 Comparison of AHR and RFWMS Systems 

Active head restraint system is more effective than the RFWMS seat system. AHR system 

works based on sensors, which makes forward movement of head restraint with respect to occupant 

head motion. As shown in Figure 8.4, the neck tension value in AHR system was 410N, whereas 

in RFWMS system it was 1150N, almost 75% reduction in neck tension occurred in AHR system.   

The NTE, NCE values plays key role whiplash injuries. The Active Head Restraint system has less 

NTE and NCE values due to early contact of head and headrest, it produces less neck motions.   

 

 

 

Figure 8.4 Bar Chart Comparison of Active Head Restraints and RFWMS 
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CHAPTER 9 

CONCLUSIONS AND RECOMMENDATIONS  

9.1 Conclusions 

The goal of this study was to develop a reactive car seat system with an Active Head 

Restraint to reduce the Whiplash injuries in rear-end collisions. In this proposition, a computational 

methodology was utilized in this thesis to examine the dynamic response of human and dummy 

models in various rear impact collision scenarios.  

The simulations of rear impact collision of a Toyota Camry, Yaris and Chevy Silverado 

with a rigid wall were all performed in the LSDYNA non-linear FE solver. The acceleration pulses 

of different cars were analyzed, but to maintain a consistency in dynamic response of human and 

dummy model results, those acceleration pulses were not considered in the MADYMO modeling. 

Instead 8g, 15g, 20g acceleration pulses were provided to the occupant model in MADYMO.  

In the MADYMO simulation, a Hybrid III 50th percentile dummy was used to compare the 

neck load injuries for different scenarios. The car interior seat design model was developed in 

MADYMO. In this thesis, four different types of seat systems were used, including TYPS, WMS, 

RFWMS, and AHR systems. The TYPS seat system is a locked reclining seat mechanism, and 

hence it does not have translational movement of a seat. The WMS and RFWMS seat systems are 

reactive seat systems, which reduces the motion of an occupant. The TYPS seat system was used 

to arrive at an optimum seatback and headrest position by changing the orientation of seatback 

angle and head restraint position. Totally, 6 different orientations were examined to obtain the 

suitable seatback and headrest positions. 
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The WMS and RFWMS seat systems were further evaluated in terms of neck injury values 

of TYPS seat system, and to illustrate that the mechanical properties of a seat system play a key 

role in reducing whiplash injuries. The test results of a Hybrid III 50th percentile dummy showed 

that the reactive car seat systems significantly reduced the neck motion, neck loads, moments, and 

corresponding potential neck injuries.  

  The Reactive Car Seats were further investigated and compared with the Active Head 

Restraint systems. The simulation test results showed that the Active Head Restraint systems 

reduced the neck loads in rear-end collision. The axial tension load on the occupant neck in the 

RFWMS seat system at higher severity reached 1200N, but in the AHR system, the tension load 

was reduced to 400N, a 75% reduction in neck tension load. The neck moments in the AHR system 

showed less injury values when compared to the RFWMS seat system. The AHR system showed 

a 50% reduction in the NTF value at 20g acceleration. 

To validate the seat and dummy model, the IIWPG test was considered. The IIWPG 

specifies that head restraint contact time, maximum T1 forward acceleration, Upper neck shear, 

and tension forces for the dynamic rating of seats and head restraints. The human model simulation 

was developed in MADYMO with the IIWPG dynamic test conditions. The human model 

Simulation results were compared with there from the IIWPG test. The upper neck shear and axial 

forces were evaluated. The WMS and AHR systems were also compared with the human model 

simulation results. The AHR system showed optimum whiplash protection results.  

Overall the study demonstrates that whiplash injuries are dependent on several factors, 

including positions of seatback and head restraints, vehicle design, and mechanical properties of a 

car seat. The Reactive Car Seats and Active Head Restraint designed in this study exhibited 

optimum whiplash protection results.  
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9.2 Recommendations  

The following recommendations for further studies can be made based on results from this 

study. 

1. The Reactive car seats and Active head restraints are new concepts for which a lot more 

research needs to be performed.  

2. Incorporation of the seat models with the human model might would provide more 

appropriate results in terms of the detailed human neck responses, corresponding 

cervical spine injuries, and arriving at optimum seat designs. Other secondary injury 

parameters, such as the HIC, and fracture of legs also need to be examined further.  

3. Development of human model validation for the RFWMS and TYPS would be 

informative in the design of the seat systems for whiplash protection.  

4. Developing MADYMO exchange model from this research can also provide a tool 

which would make it easier to develop other simulations.  

5. Developing MADYMO simulations of seat and dummy with the rear-impact dummy 

Bio-RID ATD is recommended.  

6. Instead of a HYBRID III 50th percentile ATD, the responses of other size occupants, 

and the corresponding cervical spine injuries would also need to be investigated, as 

these occupant responses are also part of federal safety regulations.  
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