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ABSTRACT 

The research investigated the effect of aging altered driving posture on injury criteria of 

the head (HIC15) and chest (peak resultant chest acceleration) in low speed frontal impact. The 

aging altered driving postures were described in terms of body joint angles. Older drivers exhibited 

smaller body joint angles meaning older drivers tended to sitting closer to the steering wheels 

compared to their younger counterparts. A simplified anthropomorphic test dummy, sled rig, and 

impact pendulum were constructed as the necessary testing apparatus for the low speed frontal 

impact sled test experiment. A fractional factorial design screened out the significant factors that 

affect HIC15, and peak resultant chest acceleration. The results showed that for HIC15, torso angle, 

hip angle, right knee angle, right ankle angle, and seatbelt pillar loop anchor height were the 

significant factors. For peak resultant chest acceleration torso angle, right knee angle and left ankle 

angle were significant. Qualitatively, extended torso angles, meaning sitting more laid back,  

increased both HIC15 and peak resultant chest acceleration. Left and right side of lower extremities 

altered HIC15 and peak resultant chest acceleration separately. These findings may help to better 

understand biomechanical response of older drivers during car accidents and provide useful 

information regarding safer vehicle design, such as occupant seat and seatbelt in an effort to 

mitigate injuries. 

 

 

 

Key words: driving posture, HIC15, peak resultant chest acceleration, aging, low speed frontal 

crash 



 
 

CHAPTER 1 

INTRODUCTION 

1.1 Purpose of research 

The United States is becoming an aging nation. The older population—persons 65 years or 

older—numbered 44.7 million in 2013, 14.5% of the total population. A considerable growth in 

the older population is also expected. In 2050, the older population is projected to be 83.7 million, 

21% of the overall population. Meanwhile, in 2013 there were 36.8 million people in the older 

population who still possessed their driver licenses, according to the National Highway Traffic 

Safety Administration.  This number will be highly increased in 2050. And in 2013, 5,671 people 

age 65 and older were killed and 222,000 were injured in traffic accidents, which accounted for 

17% of the overall traffic accident fatalities. Due to age-related vulnerabilities, old people are less 

likely to survive from an injury caused by car accidents. The older population will suffer from 

higher fatality and more loss from car accident in the foreseeable future. 

As a result, the growing need to help and protect older drivers from traffic accidents is 

obvious. Much work has been conducted serving for this purpose in different fields, such as 

establishing regulations requiring in-person driver license renewal and vision testing before 

renewal, or by mandating premium insurance discounts for older adults who take defensive driving 

or other drivers’ education courses. Such work helps to reduce the traffic accident rate and fatalities 

of older drivers; however, other engineering-based approaches are also considered desirable to 

provide useful guidelines. One of these approaches is to explore the mechanics behind the traffic 

accidents. As a matter of fact, individuals’ tolerance of crash forces decreases as they age. This 

could partly explain the higher fatalities among older drivers. Moreover, the driving posture of 

older drivers is different from their younger counterpart’s due to deficits in visual acuity, arthritis, 



 
 

etc. The aging altered driving postures may play a role when considering the driver’s force bearing 

status when car accidents happen. 

The purpose of this research is to determine the effect of aging altered driving postures on 

the acceleration based injury criteria of the head and chest during a frontal crash. With the new 

knowledge, we can justify the need for engineering-based mitigation methods to be developed to 

help lessen the injuries of aging drivers. 

 

1.2 Method of experiment 

A simplified anthropomorphic test device (ATD) was developed as driver surrogate to 

simulate the response of the human body during the vehicle crash. A sled rig played the role of the 

frontal crash simulator in the present work. It was mainly constructed by square steel tubes. A set 

of seat and seatbelt was fixed on the sled rig to provide the necessary support and restraint to the 

testing ATD. A rigid block constructed by cast iron bars was utilized as a pendulum impactor to 

crash the sled rig to provide the crash impulse needed. The ATD was seated on the seat and 

restrained by the seatbelt during the experiments.  

Interests were focused on the effect of aging altered driving posture in terms of body joint 

angles such as torso angle and hip angle. In order to evaluate such effects on the acceleration based 

injury criteria of the head and chest during frontal impacts, simulations involving frontal impact 

as well as the parameter of aging altered variant driving postures were necessary.  

During each run of simulations, the ATD was first put on the seat of the sled rig and then 

each of the critical body angles was adjusted to the required value. The impactor was lifted by 

crane and then manually inclined. After the impactor was released, it accelerated toward the sled 



 
 

test rig and finally crashed into the sled rig. Two three-axis accelerometers were installed on 

different parts of the ATD to acquire acceleration data during the frontal impact simulations. Data 

from different batches of experiments were collected through data acquisition system mostly 

including sensor, module, platform, power converter and computer. The analysis of the data matrix 

would be helpful to unveil how the different driving postures, namely the body joint angles, 

contributed to the acceleration based injury criteria of head and chest variation experienced by the 

ATD in a frontal impact.  

The design of experiments of this study follows a  factorial design. The   factorial 

design is widely used when multiple factors, e.g. body joint angles in this study, are involved in 

experiments. It allows to study the main effect of factors as well as the interactions of the factors 

on response. Details will be presented in the corresponding section.  

 

1.3 Implication of results 

If the analysis of data acquired from such experiments could unveil specific driving 

postures in terms of body joint angles that could possibly yield higher acceleration based injury 

criteria of head and chest, namely more likely that specific body part is to be injured or a more 

severe injury is to be sustained after the crash, then the potential injury of the drivers might be 

mitigated if such driving postures could be avoided. The avoidance of the more dangerous driving 

postures may be achieved through a better design of the driving component of a vehicle, help the 

senior drivers stay in the safer driving postures while driving. 

On the other hand, such analysis may not be able to imply a significant correspondence 

between the aging altered driving posture and the acceleration based injury criteria of head and 

chest. Then the result of the present study might indicate that the future work should possibly focus 



 
 

on other engineering based methods to protect the elderly drivers; e.g. providing more public 

transportation such as paratransit buses to those older populations to keep their mobility as well as 

independence. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 
 

CHAPTER 2 

LITERATURE REVIEW 

 The older population (persons 65 years or older) of the United States will increase 

considerably in the next few decades. In 2020, the aged population will be projected to be 56 

million, approximately 17% of the total population (Ortman, Velkoff, & Hogan, 2014). As a 

consequence of the rising of the aged population, aged adults driving on the road will be increasing 

too (McGwin Jr & Brown, 1999).  According to the National Highway Traffic Safety 

Administration, more than 40 million aged drivers will choose to maintain their driver licenses by 

2020. Driving helps the aged people keep mobile and independence. However, compared to other 

groups of age, the older drivers are at higher risk of being involved in fatal crashes (Lyman, 

Ferguson, Braver, & Williams, 2002). Their fatal crash rates (per mile traveled) begin to increase 

at age 70 and are considerably higher by age 80 (McCoy, Johnstone, & Duthie, 1989). Most studies 

conducted to reduce the crash rates and fatalities of the older drivers are non-engineering based 

approaches. These approaches either completely eliminate fatalities or help lessen the severity of 

injuries. One such proposition is placing restrictions on driving privileges based on performance-

based criteria such as having adequate visual attention. Another approach is the promotion of self-

regulation of driving avoidance for the visually and cognitively impaired older drivers such as 

avoiding driving at night (Ball, Owsley, Sloane, Roenker, & Bruni, 1993; Ball et al., 1998). While 

these approaches have provided useful guidelines, an underexplored opportunity is to investigate 

the mechanics behind accidents and fatalities of older drivers. 

 Compared to younger drivers, older drivers suffer from higher injury rates and fatality rates 

due to their declined physical condition. One study focusing on force tolerance found out that 



 
 

compared to their younger counterparts (30 years old), the older drivers (70 years old) tolerate 22% 

less chest deflection level when having the same threshold of 50% risk of sustaining one rib 

fracture, regardless the loading condition (Kent & Patrie, 2005). In other words, under the same 

chest deflection level, the older drivers are likely to sustain more severe rib fracture injuries. 

 In addition to the physical declination due to aging, driving posture is proved to be 

significantly altered by aging. (J. Park, Ebert, Reed, & Hallman, 2015). The driving postures of 90 

U.S. drivers, including drivers ranging from 20 to 88 years old (with a mean age of 58.9 years old, 

SD=19.8), were measured in a laboratory mockup. Based on the measurements of locations of the 

38 landmarks on the body surface and driver mockup, a new set of statistical models was then 

developed for accurate driving posture prediction with inputs including drivers’ age, 

anthropometric dimensions, driving component dimensions, etc. One study that focused on driving 

posture regarding ergonomic design and evaluation of driving components indicated a clear age-

related difference in driving postures (Kyung & Nussbaum, 2009). The results were presented in 

terms of body joint angles. Older drivers (≥ 60 years old) tended to exhibit smaller angles, e.g., the 

angles of older drivers at the right elbow and left hip joints were smaller than those of younger 

drivers with mean difference 6.0 ° and 4.8 ° correspondingly. It could be concluded that in general 

the older drivers tend to sit closer to the steering wheel (Eby & Kantowitz, 2006). 

 There has been extensive research focused on the effect of different postures in terms of 

body joint angle in car accidents. One such study explored the effect of variant hip postures (i.e., 

the orientation of the femur relative to the pelvis) on hip fracture tolerance in frontal impacts using 

left and right hips of twenty-two unembalmed cadavers. Thirty-five hip tolerance tests were 

successfully conducted, twenty-five of which were performed with the hip oriented in neutral 

posture as the baseline measurement of hip tolerance, six of which were tested with the hip joint 



 
 

adducted 10° from the neutral posture, four of which were tested with the hip joint flexed 30° from 

the neutral. The results showed that the there was a 34% (±4%) decrease in hip fracture tolerance 

with 30° of flexion from the neutral posture (Rupp, Reed, Jeffreys, & Schneider, 2003). Another 

study conducted by Yoganandan, Pintar et al., focused on hip injury, underscored the importance 

of leg pre-positioning and the orientation of impact axis when a specific type of trauma to the 

pelvic region is produced (Yoganandan, Pintar, Gennarelli, Maltese, & Eppinger, 2001).  

 In another study, the patella and femur fractures were investigated, due to the status of 

their highest injury frequency in terms of knee injuries. Paired cadaver knee joints taken from the 

older population (73 ± 16.9 years) were tested against the fracture tolerance under different impact 

angles. A significant distinction between the fracture tolerances of the patella was found between 

the axial impacts and obliquely impacts. For axial impacts (impact directed along the femoral axis), 

the patella fracture came with an average peak load of 5.9 ± 1.4 kN while for the oblique impacts, 

the patella fracture tolerance was reduced to 3.5 ± 1.4 kN. The analysis of data showed that the 

patella fracture tolerance had a correlation with the direction of the impact (Meyer & Haut, 2003). 

 Another study focused on long-term neck injury in terms of Neck Injury Criteria (NICmax) 

also indicated that the seat geometry and seating posture should be taken into account when 

estimating NICmax values (Eriksson & Kullgren, 2006). This study used mathematical models of a 

particular Anthropomorphic Test Dummy (ATD) to reconstruct 70 car accidents involving 110 

occupants. Besides neck injury, spinal alignment has also been proved to be a strong determinant 

of the biomechanics of cervical spine injury caused by impact (Maiman, Yoganandan, & Pintar, 

2002). 

               These studies analyzed the effect of variant body joints on injury possibilities during the 

impact separately. However, this is not the case in the real world situation. The human body 



 
 

responds to the impact as a whole; in other words, the reaction of a certain body joint may affect 

the injury possibility of the other body parts. This suggests that to better investigate the injury 

possibility of an occupant, a more suitable method is to use models that could simulate the response 

of the human body as a whole. One such study used a multi-body musculoskeletal model of a 

human occupant and driver-side interior compartment of a mid-sized sedan car to investigate the 

influence of pre-collision occupant parameters on injury outcome. The results were taken from 

numerical simulations. The simulation matrix was designed in such way that it contained the 

combination of thirteen occupant models with varying stature and mass: twelve muscle activation 

levels corresponding to relaxed, intermediary levels of muscle contraction, completely braced, and 

nine occupant driving postures. It was concluded that among anthropometry, muscle bracing level, 

and seating posture, the latter contributed the most to the overall risk of injury (Bose, Crandall, 

Untaroiu, & Maslen, 2010). 

              The human body’s biomechanical responses also have been studied through utilization of 

human volunteers, ATD and post mortem human surrogates (PMHS) under low test speeds. Such 

experiments included one in which the chest compression, reaction force and subject acceleration 

of human occupants were explored under relaxed and bracing conditions using low-speed (~2.5g, 

ΔV=3.1mph) and medium-severity (~5g, ΔV=6.2mph) frontal sled test configurations. It was 

concluded that higher test severity resulted in larger peak values for resultant acceleration and 

bracing prior to impact could reduce peak values for resultant acceleration, peak shoulder and 

retractor belt force. Overall, the muscle activation had been proved to have a significant effect on 

the human occupants biomechanical responses under low speed frontal impacts (Kemper, Beeman, 

Madigan, & Duma, 2014).          



 
 

              Another study compared the occupant kinematics of human volunteers, hybrid-III ATD 

and PMHS in low-speed frontal sled tests.  The testing speeds were low speed, 2.5g and ΔV= 

2.98mph, and medium speed, 5.0g and ΔV=6.0mph. The author discovered that human volunteers, 

ATD and PMHS had different biomechanical responses in low-speed frontal sled tests. Generally, 

PMHS had the largest forward excursion compared with human volunteers and ATD under both 

low speed and medium speed condition while relaxed human volunteers had larger forward 

excursion than ATD, and the opposite is true if the human volunteers were bracing prior to impact 

(Beeman, Kemper, Madigan, Franck, & Loftus, 2012). 

              Besides comparison of human volunteers, ATD and PMHS, the different biomechanical 

response of pediatric and adult human occupants has also been studied under low testing speed. 

One study explored the kinetics of cervical spine in such subjects during low speed frontal impacts 

(≤4g, ΔV=2.5m/s). The testing subjects include 20 pediatric (6-14 year old) and 10 adult (18-30 

year old) volunteers. It was discovered that the maximum upper neck axial forces and the 

magnitude of head angular acceleration significantly decreased as the age of testing subjects 

increased, taking account of anthropometric differences between pediatric and adult testing 

subjects. When age was considered as a univariate variable, the shear force significantly increased 

as age increased (Seacrist et al., 2012). Aside from the seating posture, seatbelt configuration plays 

an important role in frontal impact. A survey study of drivers 60 years and older examined the 

effects of driver characteristics on seat belt fitting. Age and obesity were found to be the biggest 

influences in seat belt fitting and thus can affect the efficiency of the restraint system during impact 

(Reed, Ebert, & Hallman, 2013). Obesity can inadvertently cause unnecessary slack in the seat belt 

by a way of routing the belt further away from the skeletal body structure (Reed, Ebert-Hamilton, 

& Rupp, 2012). The outcomes from previous research are practiced in the field of biomechanics 



 
 

but the effect of age has hardly been considered. This leads to the need for knowledge about overall 

body biomechanics of the older drivers. The driving posture varies among different age groups but 

through the manipulation of the driving postures, we can imitate an aged driver to better understand 

the injury differences between the elderly and the younger population. 

              Body injury is often measured qualitatively, visually or by excessive pain, but there are 

discrepancies as to what really constitute an injury. One person’s severe injury may constitute as 

a minor injury for another. Sometimes, injury does not occur immediately after an accident but 

may occur at a later time. Thus, the New Car Assessment Program (NCAP) have developed a 

quantitative method in the form of injury criteria to determine when an injury has occurred 

(Hershman, 2001). These criteria are computed values using empirical equations involving change 

in acceleration and in some cases, change in deflection. NCAP have established known threshold 

values. Injury would be considered as occurred if these values are exceeded. These criteria are 

broken down in different body regions. The goal of this paper is to investigate how posture change 

affects the resulted injury criteria. Whether or not injury occurs is not relevant.   

  



 
 

CHAPTER 3 

METHODOLOGY 

3.1 Driving posture 

Driving posture is attributed to comfort and discomfort, categorized in either physical or 

mental comfort. Physical comfort is the comfort people feel based on the positioning of the body 

and mental comfort is the comfort people feel when they feel safe from having adequate 

visualization of the road, lower driving speed, or vehicle road volume. These attributes dictate the 

way drivers and occupants sit in an automobile, and in turn dictate the outcome of an accident. The 

basis of this research comes from the idea that older drivers over age 65+ tend to sit closer to the 

steering wheel due to conditions such as decreasing eyesight, slower reaction time, and other 

declines in physical ability  (Eby & Kantowitz, 2006; J. Park et al., 2015).  

In driving posture, joint angles are asymmetric (Hanson, Sperling, & Akselsson, 2006); the 

left and right sides of the body have different angles. Among younger drivers, the angles are 

assumed to be more extended than those of older drivers, which means young drivers tend to be 

more laid back when driving. This first part of the research combines the ideas of driving posture 

and age found in literature. 

3.2 Simplified ATD 

 To simulate the response of the human body during the vehicle crash, a simplified physical 

anthropomorphic test device (ATD) was built up. The design of this ATD was inspired by the 

commercially available crash test dummy model product, ECE-R16 Manikin (formerly known as 

TNO-10). The ECE-R16 model was developed to test vehicle seatbelts in crash simulations. 

Written permission of referring to this specific model for the current work has been obtained. This 



 
 

ECE-R16 model was chosen as the prototype because of its relatively low complexity and high 

practicality than other commercially available ATD models e.g., the Hybrid III model and THUMS  

model in terms of design and manufacturing. The testing ATD for this research has the major parts 

and joints of a human body with the exception of the arms. The testing ATD consists of head, neck, 

torso, upper legs, lower legs and feet. These parts are connected together by joints which allow 

rotational movement about specific axes.   

 The ATD was first designed in Solidworks (Version 2014, Dassault Systèmes 

SOLIDWORKS Corp.) and then the design, as shown in Figu e  , was handed over to the machine 

shop, one of the auxiliary facilities of the College of Engineering, to be fabricated.  

 

Figu e   S he ati  of the si plified ATD 

 Considering that the geometry of the head was not a strictly related variable to the present 

work, the head of the ATD was simplified to be a hollow aluminum box. There was a sheet fixed 



 
 

in the box which served as a bed plate for the accelerometer. A 3-axial accelerometer was installed 

at the center of gravity of the ATD’s head to measure the acceleration experienced by the testing 

ATD’s head during the impact. Exact location of the accelerometers will be discussed in a later 

section.  

 The neck of the ATD model consisted of 6 aluminum/rubber discs, which were tightened 

by a roller chain and a chain tensioner. The rubber discs allowed the neck to be able to sustain 

bending, extension or contraction while the aluminum discs kept the necessary stiffness. A roller 

chain going through these discs tightened these discs together with a chain tensioner. The neck 

was connected to the head through the top disc by a shaft and is connected to the spine through the 

bottom block by bolted connection. Schematic of neck could be seen in Figu e  . The dimension 

and materials of neck discs are listed in Ta le  .  

 

Figu e   Ne k  o figu atio  i ludi g top dis  a d  otto   lo k 



 
 

Ta le   Di e sio  a d  ate ial p ope ties of  e k dis  

Reference 

No. 

Name Material Dimensions Remarks 

1 Neck disc-

1 

 

 

 

 

 

Aluminum/ 

Polyurethane 

/ Neoprene 

Rubber 

OD: 2.4” 

ID: 1.2” 

 

 

 

Durometer for 

polyurethane is 40 

OO(ultra-soft), 

durometer for 

neoprene rubber is 

30A (soft)  

 

2 Neck disc-

2 

OD: 2.6’’ 

ID: 1.4’’ 

3 Neck disc-

3 

OD: 2.8 

ID: 1.6 

4 Neck disc-

4 

OD: 3.0  

ID: 1.8 

5 Neck disc-

5 

OD: 3.2  

ID: 2.0 

6 Neck disc-

6 

OD: 3.6 

ID: 2.4 

  

 The torso of the testing ATD consisted of a rigid spine, a pair of shoulders and ribs, Figu e 

. The material for these three parts were aluminum, taking the advantage of the high strength to 

weight ratio. A piece of U-channel and two pieces of sheets were welded together to form the spine. 

On the top of the upper deck sat the bottom block of the neck. The lower deck connected the spine 

to the hip joint. Ribs were made of aluminum strips, and were installed to the spine by bolted 

connection. The whole rib cage and the shoulders offered the necessary geometry for the seatbelt 

to conform and restrain the ATD body. 



 
 

 

Figu e   Co figu atio  of the to so 

 

Figu e   Co figu atio  of the hip joi t 

 

 

 The hip joint was the part that connected the upper body and lower body; Figure   shows 

the configuration of the hip joint. The hip joint allowed the upper body and lower body to rotate 

around a specific axis. Both the upper body and lower body connection were bolted. The ATD has 

upper legs and lower legs and feet, these lower extremities are shown in Figure  .  



 
 

 

Figu e   Co figu atio  of the lo e  e t e ities 

 

 The upper legs were bolted to the slots welded on the hip-joint at their upper ends and they 

were bolted to the knee joints at their lower ends. The knee joints allowed upper legs and lower 

legs to rotate about the horizontal axis separately.  Two pieces of hard rubber tubes were put inside 

the knee joint, and bolts were placed through the tubes. The outer surface of the rubber tube and 

inner surface of the knee joints have been roughened to increase friction between surfaces. This 

mechanism worked such that when the bolts were fastened, the nuts and washers would compress 

the rubber tubes in the radical direction, i.e., against the inner surface of the knee joint, which 

increased the friction between the external surface of the rubber tube and internal surface of the 

knee joint. Therefore, the angle between the upper leg and the lower leg could be fixed at a desired 

value. When adjustment was needed, loosening the bolts could reduce the friction and let the upper 

and lower legs rotate freely. Due to the relative hardness of two types of materials, abrasion mostly 



 
 

happened on rubber tube rather than the aluminum. Replaceable rubber tubes could help to keep 

the knee joints working as expected.  

 To make the ATD have a similar weight of a 50th percentile male adult, cast iron blocks 

were attached to the spine and thighs of the ATD as weight blocks. The total weight of the ATD 

was about 151 lbs.  The weight blocks on the ATD were allocated in such a way that the center of 

gravity coordinates of the ATD was mostly close to the CG coordinates specified in the ECE-R16 

user manual. The center of gravity of coordinates are presented in Figure  .   

 

Figu e   S he ati  of  e te  of g a it  lo atio s 

 The black lines in the figure sketched the seat, the green lines represented the ATD, and 

the blue round dot showed the location of center of gravity of the ATD, and the green diamond dot 

showed the reference point. 
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 There has been many research focusing on the center of gravity of human body. One of 

such research run by the military regarding the safety assessment of ejection seat investigated the 

locations of the center of gravity of seated human bodies (Schultz, Obergefell, Rizer, & Albery, 

1996). The samples were constructed to be representative of a subgroup to the 1988 army. The 

result of the average coordinates of the center of gravity of male adult from this research was 

234.8±14 mm, in x direction; and 262.2±14 mm, in the y direction. The coordinate in the y 

direction of the present work is close to that of the previous research while there is a discrepancy 

between the coordinates in the x direction from the present work and the previous research. Such 

discrepancy could be partly explained by the sample of the previous study. As mentioned, the 

subjects of the previous research were selected to represent military demographic requirements. 

While the prototype of the present work was regarding to a 50 percentile male adult. The different 

anthropometric dimensions may have an effect on the location of the center of gravity. 

 The limitations of lack of upper extremities were obvious that the effects of shoulder-arm 

joint angles and elbow joint angles, and wrist joint angles cannot be studied. However, the overall 

center of gravity location was precisely allocated so that the effects of the rest of the body joints 

angles could still be studied. Furthermore, the current shoulders of the testing dummy were 

designed in such way that they were compatible for the potential arms to be installed for future 

work. The drawings with dimensions of the ATD parts are presented in Appendix A. 

 

3.3 Sled 

The sled test device comprised of two parts, the impact pendulum, Figu e  , and the sled 

rig, Figu e  . The sled rig, which simulated the driving compartment of a vehicle, accommodated 

the seat and the seatbelt restrain system. The whole sled rig was made of steel tubes and welded 



 
 

together. It was designed and built such that it can withstand the impact of the pendulum many 

times. The overall dimension of the sled rig is 72 feet (length) * 30 feet (width) * 79 feet (height).  

 

Figu e   S he ati  of the i pa t pe dulu  

 

Figu e   Mai  st u tu e of the sled  ig 

 The sled rig was fitted with a vehicle seat and seatbelt taken from an actual vehicle as 

shown in Figure  . The seatbelt anchor was made to be adjustable. It also had an angled foot rest 

to simulate the gas pedal for the right foot. Rollers were installed for ease of moving the sled; they 

could be removed easily for the experiment.  



 
 

 The seat and seat belts were obtained from a local mechanic shop. The seat was bolted to 

the sled rig through four anchors. Due to the limitation of the manufacturing, the tracks which 

allowed the seat to be adjusted were not included. The back cushion of the seat was functional; it 

can rotate and hold to a specific angle. A standard three-point seatbelt system was chosen. All the 

three anchors were bolted to the main structure of the sled rig. The pillar loop anchor can be 

adjusted vertically due to the height of the pillar loop anchor was one of the testing parameters. 

 

Figu e   S he ati  of the sled  ig  ith the seated ATD 

  The impact pendulum consisted of cast iron bars that were housed inside a steel sheet box. 

It weighs approximately 150±1 lbs. The dimensions are 12 inches in length, 8.25 inches in width 

and 5.75 inches in height. This impact pendulum was designed to be accelerated by gravity. During 

the tests, the impact pendulum was lifted by a crane to 45 inches high, inclined manually, and 

released to swing to provide the impact pulse. 



 
 

 The peak pre-impact velocity of the impact pendulum was computed by calculating the 

conversion of potential energy at its inclined position and kinetic energy at its pre-impact position, 

i.e., at the bottom at its swing (Δh = 0.2m). The amount of energy that was consumed in terms of 

heat and sound was assumed to be insignificant and negligible. The formulas are as follow: 

 

. / .  

 

where m is the mass of the impact pendulum; 

           g is the gravity constant; 

           h is the height of the pendulum; 

           v is the pre-impact velocity. 

 Currently, there are two widely acceptable configurations regarding the frontal crash test. 

The first one is developed by the agency NHTSA based on FMVSS 208. The testing protocol is 

utilized in the New Car Assessment Program (NCAP) in which the testing vehicle crashes at a 

speed of 30 mph into a rigid barrier that covers the full width of the vehicle. The other one is 

developed by the Insurance Institute of Highway Safety (IIHS), an independent organization which 

carries out research, conducts tests and produces ratings for passenger vehicles. The IIHS’s frontal 

crash tests differs from the NCAP’s. The IIHS’s tests are offset. For the offset tests, 40% (for a 

moderate overlap frontal crash test) or 25% (for a small overlap frontal crash test) of the front of 

the testing vehicle is exposed to an impact with a deformable or rigid barrier respectively. 

 Compared to the full-width tests, a smaller part of the structure of the vehicle has to deal 

with the crash energy during offset tests. Therefore, it is more challenging for the structure of the 

vehicle to remain intact. Whereas in the full-width tests, more structure of the vehicle crumples, 



 
 

resulting in less crush in such way that the deceleration that the restraint system has to handle is 

greater. The offset tests are more demanding of the integrity of the vehicle structure but less 

demanding of restraint system while the reverse is true in full-width tests (B. T. Park et al., 2000). 

Considering the objective of the present work, which is to investigate the effect of driving postures 

rather than to assess the performance of the structure of the vehicle, a full-width frontal crash 

testing configuration is considered more suitable. 

 Furthermore, when the vehicle was crashed into the barrier during the course of the frontal 

crash test, it experienced three time periods, namely, crumpling while moving towards the barrier, 

being still relative to the barrier when the crumpling reaching maximum level, and bouncing 

backwards. For the present work, the sled rig was fixed on the ground. In other words, the sled rig, 

as the surrogate of a testing vehicle, was being still before the impact. The impact pendulum was 

accelerated by gravity, crashed onto the sled rig, and then bounced backwards. Relatively, the 

mechanics of this situation were the same from those of the situation in which the sled rig crashed 

onto the pendulum, which played the role of the barrier. Another advantage of the fixed sled rig is 

that it helps to reduce the random error and noise in the acceleration along with time history which 

are highly likely to occur during a freely movable sled rig configuration. 

 It should be noted that the current testing speed is far below the testing speed specified in 

the widely used frontal crash standards. The crash test serves the purpose of measuring how well 

a passenger vehicle would protect its occupant during a serious crash accident. The injury of the 

occupant comes from two adverse effects of an accident, rapid deceleration of the occupant 

compartment and crush of the occupant compartment survival space. The improving structural 

design manages to mitigate these two adverse effects. To evaluate the performance of the structure 

of a vehicle, the test conditions are necessary to be representative of the real world crash 



 
 

environment in which the passenger vehicles are exposed. Thus, the U.S. New Car Assessment 

Program (NCPA), developed by the NHTSA, employed an impact speed of 35 mph, crashing into 

a fixed barrier. This test condition could represent the situation of a vehicle moving at 70 mph, 

striking an identical parked vehicle or two identical vehicles moving toward each other at 35 mph 

(Hershman, 2001). Considering the great kinetic energy carried by the testing vehicle with the 

impact speed of 35 mph, the testing vehicle is always completely destroyed after the crash. 

 For the present work, the ideal scenario is to simulate the above-mentioned impact speed. 

However, the impact speed of 35 mph is not practical for this research; the sled would be 

completely destroyed during its initial run, but the project budget and schedule do not allow 

construction of multiple sled rigs. Thus, a lower impact speed was to be adopted.  

 Nonetheless, we can still investigate effect of different driving postures under the low 

impact speed. If it is proven that driving posture is one of the parameters that affect the acceleration 

of the occupant during a crash, then the effect may be greater under a more realistic impact speed. 

If there is an effect on occupant acceleration under low impact speed, then the same effect will 

exist under the realistic higher speed. This can be investigated in the future when a more advanced 

apparatus and testing setup are available.   

 

3.4 Injury criteria 

 The injury criteria, developed by the National Highway Traffic Safety Administration 

(NHTSA), were utilized as an indicator which correlates well with injury severity of vehicle 

occupants in a vehicle accident. The injury criteria were usually defined as a physical parameter 

or a function of several physical parameters to clarify the injury threshold of a certain body part 

quantitatively. One of the basis of those injury criteria was that the internal responses of a 



 
 

mechanical structure is in the control of the structure’s geometry, the properties of the material it 

was composed of and the loading condition, such as forces and/or motion applied to its surface 

(Eppinger et al., 1999). By conducting numerous experiments involving human surrogates and 

simulations of vehicle accidents, the reasonable relation between the impact loading and the 

resulting injury consequence was derived based on the analysis of both measureable engineering 

parameters and injury consequences and the utilization of statistical approaches. The criteria were 

developed specifically for one specific size of crash test dummy which represents the  

percentile male, however they could be scaled to other size crash test dummies through scaling 

process, which could provide good approximation of the expected values if certain assumptions 

were met. 

 The injury criteria involves measureable engineering parameters such as acceleration, 

deflection and force. For the present work, the Head Injury Criteria (HIC) and the acceleration part 

of the Thoracic Injury Criteria (TIC) are focused on due to the limitation of the availability of 

corresponding instrumentations.  The HIC is derived by the following equation:  

.
 

where the largest variation of acceleration is taken during a time period of 15 millisecond. The 15 

millisecond period is defined by t1 and t2, two arbitrary points from the time history within which 

the highest acceleration change yielded.  The threshold of HIC15 is proposed as 700 for the 50th 

percentile male.  

 The TIC is described by the Combined Thorax Index (CTI), which was defined in the 

following equation: 

	  



 
 

where  = 85 G’s,  = 102 mm,  = maximum measured chest G’s,  = 

maximum measured chest deflection, mm. For a  percentile male, the threshold of CTI was 

proposed as 1 (Digges, 1999). The peak resultant chest acceleration, as one of the components of 

the Thoracic Injury Criteria (TIC), is measured while the other component of Chest Deflection is 

not. It has to be admitted that the peak resultant chest acceleration by itself could not represent the 

CTI. However, it is obvious that a lower maximum measured acceleration would have a higher 

possibility to yield smaller values of CTI with the same measured chest deflection which lead to a 

less severe injury or lessen the chance of an injury.   

 

3.5 Instrumentation 

 The tests were conducted in the structural laboratory of the College of Engineering. The 

sled rig was fixed on ground in an open area of the laboratory. A string was attached to the 

pendulum. Marks on the string helped to ensure for each run of the experiments, the pendulum 

was lifted to the same height to provide the same peak pre-impact velocity. Rubber dampers were 

installed in the middle of the extended arms of the sled rig at the point of pendulum impact. It 

served the role of reducing the vibration of the sled rig and lessening the noise in the collected 

acceleration data. It also served as reduction of possible potential damage to the sled rig. 

 The ATD was seated on the seat which was mounted on the sled rig. The ATD was secured 

by the standard three-point seatbelt restraint system. The ATD was adjusted to the required posture 

in terms of body joint angles before each run of the experiments. Reference lines and coordinate 

system were marked and created to measure the body joint angles. In order to determine the 

accelerations of head and torso of the ATD, a Summit Instruments 35200B Digital/Analog 

Accelerometer was installed at the center of gravity of head, as exemplified in the following, Figu e 



 
 

. A same accelerometer was installed in the rib cage of the ATD as shown in the following 

Figu e  . A National Instruments NI cDAQ-9172 data acquisition platform as well as a National 

Instruments NI-9239 channel to channel isolated analog input module, were utilized to collect the 

acceleration data. The acceleration data were recorded and stored by the computer program 

LabVIEW (Version 2014, National Instruments.) before sequential processing.  

 

Figu e   S he ati  of the i stalli g of the head a ele o ete  



 
 

 

Figu e   S he ati  of the i stallatio  of the to so a ele o ete  

 

3.6 Experiment setup 

Driving posture in terms of body joint angles has been selected as the main testing variables 

to be investigated. Namely, the main testing variables are torso joint angle, hip joint angle, left 

knee angle, right knee angle, left ankle angle, right ankle angle and anther testing variable is the 

height of seatbelt pillar loop anchor. The following figure shows the relevant body joint angles. 

The neck is not included in the current work. 



 
 

 

Figu e   D i i g postu e a gles 

 Altogether there are seven variables to be tested. If the one-factor-at-a-time experiment 

design is to be employed, five hundred and twelve runs would be needed for the investigation 

based on seven variables’ effect on one response, i.e., head acceleration and chest acceleration. 

The effect of a factor is defined as the variation in the response which is generated by the change 

in the level of a specific factor or a specific interaction between two or more factors. Moreover, 

considering the existence of experimental error, taking multiple replications of each run was 

preferable. Then the total amount of experiments would be too many to be accomplished within 

the time schedule of the present work. Thus, a more efficient experiment design is needed. 

 The factorial design was one of the potential considerable experiment designs which would 

satisfy the present work. In general, factorial design was more efficient than the one-factor-at-a-

time experiment design where the investigation of multiple factors were involved. It allowed the 

effect of all the possible combinations of the levels of the factors to be investigated within a much 

less number of experiments. Since there are seven variables to be investigated, and each of them 

has two levels, namely, smaller or larger body joint angle and lower or higher anchor height, the 



 
 

2K factorial design fits the situation. For the present work, the 2K design requires 27= 128 runs 

(without replication), to investigate the effect of all the seven factors and some of their interactions. 

According to the requirements of the factorial experiment design, the minimum number of 

replications of each run is two. Thus, the higher efficiency of factorial design is obvious when 

compared to the one-factor-at-a-time experiment design. 

 Considering that the results from finite element simulation indicate that four of the main 

testing variables, namely the hip angle, torso angle and both left and right knee angles are mostly 

likely to have effects on HIC and peak resultant chest acceleration, and to further reduce the 

amount of experiment that has to be conducted, a 2(7-3) fractional factorial design is employed.  

 To construct such a design, a complete factorial design which involves four factors needs 

to be completed first. The potential significant factors, torso angle, hip angle, left knee angle and 

right knee angle are assigned to these four factors A, B, C and D, respectively. The other three 

factors, right ankle angle, left ankle angle and seatbelt pillar loop anchor height, would be assigned 

as factors E, F, and G, respectively.  The factor treatment combination is shown in the following 

page, Table  .  

 The negative/positive signs indicate low and high level of a specific factor. The signs of 

basic design follow the rules of complete factorial design, while the signs of the left ankle angle, 

right ankle angle and seatbelt pillar loop anchor height are generated by the design generator, 

namely, the products of signs of the corresponding factors. 

 With such design, only one eighth of the complete 27 factorial design needs to be conducted, 

however, the disadvantage is that the effect of higher order interaction, e.g., four-factor interactions, 

is not detectable. Also, the effect of factors and the effect of their interactions are aliased, complete 

alias structure of this design is shown in the following page, Table  .  



 
 

Ta le   T eat e t  o i atio s 

  Basic design Design generator 
Run A B C D E=ABC F=BCD G=ACD

1 - - - - - - - 
2 + - - - + - + 
3 - + - - + + - 
4 + + - - - + + 
5 - - + - + + + 
6 + - + - - + - 
7 - + + - - - + 
8 + + + - + - - 
9 - - - + - + + 
10 + - - + + + - 
11 - + - + + - + 
12 + + - + - - - 
13 - - + + + - - 
14 + - + + - - + 
15 - + + + - + - 
16 + + + + + + + 

 

  

Ta le   Alias st u tu e 

Aliases 

A=BCE=DEF=CDG=BFG AB=CE=FG E=ABC=ADF=BDG=CFG AF=DE=BG 

B = ACE=CDF=DEG=AFG AC=BE=DG F=BCD=ADE=ABG=CEG AG=CD=BF 

C=ABE=BDF=ADG=EFG AD=EF=CG G=ACD=BDE=ABF=CEF BD=CF=EG 

D=BCF=AEF= ACG=BEG AE=BC=DF ABD=CDE=ACF=BEF=BCG=AEG=DFG 

 

 As can be seen from Table  , every main factor is aliased by three-factor interactions. Thus, 

when we are estimating the effect of factor A, for example, we are really estimating the effect of 



 
 

factor A, the interaction of BCE, the interaction of DEF, the interaction of CDG and the interaction 

of BFG. We assume that the effect comes from the main factor rather than the rest of aliased 

interactions. This is an application of Ockham’s razor, a principle from philosophy that states the 

simpler explanation is usually better for an occurrence if there are two exist. It is certainly possible 

to break the alias structure and distinguish the exact effecting factors or interactions of responses 

by doing more runs of experiment in the future work.  To sum up, a 2(7-3) fractional factorial design 

is reasonable experiment design to deliver relatively desired results within the time schedule of the 

present work.  

 The corresponding natural values of body joints were summarized from literature; they 

included the baseline angle column, the low range column, and the high range column (Kyung & 

Nussbaum, 2009). The angles in low level column and the high level column were the angles that 

were applied during the manipulation of driving postures. The values are presented in Table  :  

Ta le   D i i g postu e a gles 

Body Joint Baseline 

Angle 

Low Range High Range Low Level High Level 

Torso 19 14 45 15 25 

Hip 86 81 137 85 95 

Right Knee 121 93 151 100 110 

Left Knee 121 94 145 105 115 

Right Ankle 90 70 122 85 95 

Left Ankle 90 84 131 85 100 

 Among the angles, as previously mentioned, joint angle from left and right side of the body 

are asymmetric (Hanson et al., 2006). 



 
 

 The idea is to run experiments following the treatment combination. One set of replication 

of each set of experiment is taken to relatively avoid errors. However, there is limitation when 

setting the low and high levels of the body joints to ideal range due to the fabrication issue of the 

simplified ATD. The low and high level values are set mostly possibly close to the values 

summarized from literature. For the factor of seatbelt pillar loop anchor height, a vertical height 

difference between low and high level is 10 inch. 

 

3.7 Data acquisition and processing 

The entire data acquisition and processing, and the corresponding programs that have been 

utilized could be summarized into the following flow chart, Figure  . 

 

Figu e   Data a uisitio  a d p o ess flo   ha t 

During the execution of the experiment, the impactor was raised, released, and swung 

freely into the sled rig. The accelerometers installed on the ATD recorded the acceleration. The 

accelerometers were mounted in such way that their axes followed the coordinate system 

convention specified in SAE J211-1(2007): Instrumentation for Impact Test, Part 1, Electronic 

Instrumentation, see the following Figu e  . 
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Figu e   Sta da dized  oo di ate s ste  o ie tatio  adapted f o   Co ,   

 

The responses in terms of real time acceleration were acquired as raw data. The raw data 

need to be filtered regarding to the specific Channel Frequency Class prior to further process. The 

Channel Frequency selection could be seen in Ta le  : 
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 CFC-1000 and CFC-180 were chosen to filter the raw data of the head acceleration and 

chest acceleration correspondingly. The process went through the following equation: 

                                 

             where X[t] is the input data stream 

             Y[t] is the filtered output data stream 

             T = the Sample Period in Second 

              = 2*Pi*CFC*2.0775 

              = sin ( *T/2)/cos ( *T/2) 

              = ^2/ (1.0+√ * + ^ ) 

              = 2*  

              =  

              = -2*( ^ -1)/ (1+√ * + ^ )  

              = (-1+√ ∗ - ^ )/ (1+√ ∗ ^2). 

 Figure   showed filtered time-series acceleration from the first replication of first run of 

HIC15 experiments and Figure   showed filtered acceleration from the first replication of first run 

of peak resultant acceleration experiments.  



 
 

 

Figu e   Ti e‐se ies a ele atio  data of the HIC  e pe i e t 

 

Figu e   Ti e‐se ies a ele atio  data of the peak  esulta t  hest a ele atio  e pe i e t 
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 MATLAB (Version R2015a, MathWorks. Inc.,) was employed as an integration tool to 

compute HIC15 values using filtered head acceleration data.  

 For the chest acceleration, peak resultant acceleration values were picked from the filtered 

data. Then the HIC15 and peak chest resultant acceleration data were plugged into Minitab (Version 

17, MINITAB statistical software. Minitab Release,) to be analyzed using the fractional factorial 

design analysis function. Finally, the significant factors that affected the HIC15 and peak resultant 

chest acceleration values would be screened out.  

 

3.8 Experiment limitation 

 Due to the limitation of ATD manufacturing accuracy issue and the availability of 

instrumentation, the measurement and setting of body joint angles could not be achieved at the 

ideally accurate level. Errors were inevitable. To some extent, this reduced the reliability of the 

present work. However, a better ATD model with a better manufacturing accuracy and precision 

and a better joint angle control function could improve this situation in future work. It would be 

beneficial if a mechanism could be established to quantify the errors and evaluate the effect of the 

errors in future work. 

 Secondly, more complementary experiments will be beneficial to separate the main factors 

from aliased structures. As mentioned above, the main factors and their interactions were aliased 

together under such experiment design. To give clear estimate of the effect of main factors and 

their interactions, sequential complementary experiments would be necessary.  

  



 
 

CHAPTER 4 

RESULTS AND DISCUSSION 

4.1 Head injury criteria 

HIC15 values from 16 runs of experiments are summarized in the following table: 

Ta le   HIC   alues 

 

Treatment 

HIC15 

Replication_1(g) Replication_2(g)

1 127.95 145.72 

2 201.59 192.61 

3 72.66 39.11 

4 131.09 120.83 

5 36.42 50.09 

6 138.11 78.35 

7 136.04 168.46 

8 64.65 87.10 

9 33.63 35.21 

10 315.72 318.15 

11 126.32 128.20 

12 215.47 175.31 

13 377.43 359.20 

14 326.68 347.04 

15 67.57 90.98 

16 124.12 116.87 

  

 The HIC15 values are then plugged into Minitab using one-eighth-27 factorial analysis. As 

previously mentioned, the main factors, torso angle, hip angle, left knee angle, right knee angle, 

left ankle angle, right ankle angle and seatbelt pillar loop anchor height are coded as A, B, C, D, 



 
 

E, F and G, and their interactions are represented using the product of coded names, e.g., the 

interaction of torso angle and hip angle are coded as AB. For the convenience and conciseness of 

description, the following wording would use coded names of the interaction of factors. 

 The effects plot of the standardized effects, Figure  , showed that among the main factors, 

left knee angle and left ankle angle did not have significant effect on the response of HIC15.  

 

Figu e   Sig ifi a t fa to  plot fo  HIC  

 On the other hand, the torso angle, hip angle, right knee angle, right ankle angle, and 

seatbelt pillar loop anchor height were significant factors that affected the response of HIC15. For 

the low order interactions, it turned out that AB, AC, AD, AE, AF, AG, BD were significant in 

terms of effect on response of HIC15.  
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 Except for the screening of significant factors, the data analysis established a linear 

regression model of HIC15 response. The following, Figu e  , included four residual plots. The 

dots on the normal probability plot were reasonably close to a straight line; the dots on the residual 

versus fits plot had a structureless pattern; the histogram plot showed the central tendency; there 

was no obvious relation observed in the residual versus order plot. All of the residual plots proved 

that the specific model is properly fitted.  

 

Figu e   Residual plots fo  HIC  

 The formula of the linear regression model is presented as following: 

HIC15 = 154.65 + 29.96 Torso Angle - 38.10 Hip Angle + 5.92 Left Knee Angle 

+ 42.72 Right Knee Angle + 8.49 Left Ankle Angle                                                                                      

- 44.09 Right Ankle Angle - 12.45 Seatbelt Anchor                         
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- 17.08 Torso Angle*Hip Angle - 30.16 Torso Angle*Left Knee Angle  

 + 15.09 Torso Angle*Right Knee Angle - 15.50 Torso Angle*Left Ankle Angle       

+ 27.39 Torso Angle*Right Ankle Angle + 22.94 Torso Angle*Seatbelt Anchor  

- 28.67 Hip Angle*Right Knee Angle - 0.64 Torso Angle*Hip Angle*Right Knee Angle 

 Figure   shows the comparison of experiment values against linear regression model 

values. The average difference between experimental values and linear model values was 9.8, the 

standard deviation of the 32 difference values was 7.5.  

 

Figu e   Co pa iso  of e pe i e tal  alue a d li ea   eg essio   odel  alue, HIC  

 Thus, estimations of the effect of single factors could be established based on this linear 

regression model. The idea was to plug in high and low level (±1) of a specific factor, namely 

different driving postures in terms of body joint angles, into this model and then analyzed the 

responses. For example, when the factor of torso angle was to be examined regarding HIC15, the 
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baseline driving posture was plugged into the above mentioned model. The baseline driving 

posture yielded an HIC15 value of 190.13. Then the altered driving posture was plugged into the 

model. Compared to the baseline driving posture, the torso angle of the altered driving posture was 

altered from 25° to 15°, high level to low level. The altered posture yielded an HIC15 value of 

136.85.  Baseline posture and altered posture, with their natural unit and coded unit, could be seen 

in the following figure.  

 

Figu e   Baseli e postu e a d alte ed postu e 

 Linear interpolation showed that for one degree decrease in torso angle, namely sitting 

slightly closer to the steering wheel, the HIC15 value had a decline of 5.33 correspondingly. The 

factor of hip angle showed similar trend. One degree decrease of hip angle yielded a lower HIC15 

with a decline of 1.4. This outcome indicated that a driver driving with a more extended torso 

angle and hip angle would sustain a higher HIC15 than a driver driving with a more contracted 

torso angle and hip angle under the condition of frontal impact. If taking aging into consideration, 



 
 

it could be concluded that older drivers (65 years old and older) suffer less than their younger 

counterparts regarding HIC15 due to their sitting closer to steering wheel driving posture.  

 Another example was the right ankle angle. Using the above mentioned method, the 

outcome could be concluded as for each degree of increase of the right ankle angle, the response 

of HIC15 has a decrease of 14.3. However, such estimation only applied between high and low 

levels mentioned above in Table  . Due to fabrication issue, experiments involving factors that 

were out of high and low level domains were not conducted. Whether the present linear regression 

model applied in a wider range and if there was a more accurate model to estimate such effects 

need future work to verify. 

 Another outcome found from the data analysis is the difference between the effect of left 

side joint angle and right side joint angles. The right knee and right ankle angle had a significant 

effect on the response of HIC15 while the effect of the left knee angle and left ankle angle was 

likely negligible. This could be partly attributed to the different testing angles of the left side body 

joint and right side body joint. As mentioned previously, body joint angles were asymmetric. 

Another possibility was the presence of the rigid gas paddle. At the initial condition before the 

impact occurs, right foot of ATD was resting on the gas paddle, set to a desired angle. During 

impact, left side of lower extremity of ATD could respond freely to the impact pulse while the 

motion of right foot was obstructed by the gas paddle. Under such circumstance, the right side of 

lower extremity acted like a bracing pole which might change the mechanics of the ATD in a way 

that changes the acceleration experienced by the whole body, especially the head. 



 
 

 Another factor that had a significant effect on HIC15 is the height of the seatbelt pillar loop 

anchor. As mentioned above, a three-point seatbelt restraint system is employed for the current 

work, Figure  .  

 

Figu e   S he ati  of a sta da d th ee‐poi t seat elt  est ai t s ste  

 

 The end bracket and buckle were mounted on the sled rig and remained fixed while the 

height of the pillar loop anchor is considered as one of the testing variables. The configuration 

with a lower pillar loop anchor yielded a higher HIC15 value. A possible speculation was that as 

the pillar loop anchor height changes, the contact between the seatbelt and ATD altered 

correspondingly. Higher pillar loop anchor lessened the slack of seatbelt such that the seatbelt had 

a better restraint on the ATD.  

 



 
 

4.2 Peak resultant chest acceleration 

 Peak resultant chest accelerations from 16 runs of experiments are presented in Ta le  .  

Ta le   Peak  esulta t  hest a ele atio   alues 

Treatment 

Peak Resultant Chest Acceleration 

Replication_1(g) Replication_2(g)

1 4.93 4.71 

2 4.87 4.67 

3 4.68 4.22 

4 4.67 4.63 

5 4.26 4.44 

6 4.57 4.53 

7 3.97 3.96 

8 4.15 3.01 

9 4.13 4.18 

10 5.28 4.79 

11 3.88 3.48 

12 6.58 6.28 

13 4.67 4.95 

14 6.31 5.88 

15 5.16 5.94 

16 4.99 5.38 

 

 Similar to HIC15, data were analyzed using Minitab and a linear regression model for peak 

resultant chest acceleration was also established. Significant factors that affected peak resultant 

chest acceleration are presented in the following Figu e  : 



 
 

 

Figu e   Sig ifi a t fa to  plots fo  peak  esulta t  hest a ele atio  

 Among the main factors, torso angle, right knee angle and left ankle angle had a significant 

effect on the response of peak resultant chest acceleration. Other factors, namely hip angle, left 

knee angle, right ankle angle and seatbelt pillar loop anchor height had negligible effect on peak 

resultant chest acceleration. Among the low order interactions, AC, AD, AF, AG were significant. 

Compared to the number of factors and interactions that had significant effects on HIC15, the total 

amount of significant factors and interactions for peak resultant chest acceleration was less. This 

could be partly explained by the fact that the response of HIC15 was subjected to more body parts 

than peak chest resultant acceleration.  

  The following residuals plots, Figu e  , showed that the linear regression model was 

properly fitted. 
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Figu e   Residual plots fo  the peak  esulta t  hest a ele atio  

 The formula of linear regression model for peak resultant acceleration is presented as 

following: 

Peak Resultant Chest Acceleration = 4.7547 + 0.2822 Torso Angle - 0.0684 Hip Angle 

+ 0.0059 Left Knee Angle + 0.3628 Right Knee Angle 

- 0.2722 Left Ankle Angle - 0.0141 Right Ankle Angle - 0.1484 Seatbelt Anchor  

- 0.0072 Torso Angle*Hip Angle - 0.1903 Torso Angle*Left Knee Angle 

+ 0.2866 Torso Angle*Right Knee Angle - 0.1222 Torso Angle*Left Ankle Angle 

- 0.1678 Torso Angle*Right Ankle Angle + 0.2866 Torso Angle*Seatbelt Anchor 
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+ 0.1622 Hip Angle*Right Knee Angle + 0.0347 Torso Angle*Hip Angle*Right Knee Angle 

 Figu e   showed the comparison of experiment values against linear regression model 

values. The average difference between experiment values and linear regression model was 0.38, 

the standard deviation of the 32 difference value was 0.23.  

 

Figu e   Co pa iso  of e pe i e tal  alues a d li ea   eg essio   odel  alues,  

peak  esulta t  hest a ele atio  

 Based on the linear regression model, the effect of a specific factor could be analyzed 

through linear interpolation. The factor of torso angle was one of the examples. The discrepancy 

of response regarding peak resultant chest acceleration between high level torso angle and low 

level torso angle was 0.46 g. Such outcome indicated that for one degree decrease of torso angle, 

the corresponding decline in peak resultant chest acceleration was 0.046 g. When taking the effect 

of aging into account, it could be concluded that older driver may sustain lower peak resultant 

chest acceleration than their younger counterparts under the condition of frontal impact.  
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 And for right knee angle, the corresponding discrepancy was -0.10 g, from high level to 

low level. Another significant factor is the left ankle angle. The low level left ankle angle yielded 

a peak resultant chest acceleration of 4.82 g while the high level of ankle angle yielded a peak 

resultant chest acceleration of 4.52 g. Similarly, effects of other factors and interactions could be 

determined though linear interpolation.   

 A disparity was found between the effect of left and right side of body joint angles among 

the results. The right knee angle had a significant effect while the left knee angle did not, and the 

opposite was true for the right ankle and left ankle angle. The presence of the rigid gas paddle was 

a possible explanation. The right lower extremity was in contact with the rigid gas paddle at a 

desired knee and ankle angle at the very moment when the impact started. During the crash, the 

right lower extremity acted as a support which resisted the motion of the upper body. The initial 

condition of such support could mostly likely change the mechanics of the upper body. However, 

it was not clear why the left ankle angle had a significant effect on peak resultant chest acceleration 

rather than the right ankle angle.  

 Compared to HIC15, the peak resultant chest acceleration had fewer significant factors. 

Some of the variables that affect HIC15 did not have significant effect on the peak resultant chest 

acceleration. Such factors included hip angle and height of seatbelt pillar loop anchor. The height 

of seatbelt pillar loop anchor had an effect on the peak resultant chest acceleration. However, it 

was considered not significant when compared with other variables such as torso angle, right knee 

angle and left ankle angle. On the other hand, it was found that peak resultant chest acceleration 

was not sensitive to hip angle under such low impact speed (4.43 mph). This might not be true if 

the experiment was tested under a higher impact speed. 

     



 
 

CHAPTER 5 

CONCLUSION 

The present work investigated effect of aging altered driving postures on two specific 

injury criteria (HIC15 and chest peak resultant acceleration) under low testing speed. A simplified 

ATD was built up as the surrogate of human body. Manipulation of driving postures were practiced 

using the specific model to simulate older drivers. The sled rig as well as impact pendulum were 

manufactured as the necessary testing apparatus. The sled rig played the role of driving component, 

in which the seat and seatbelt were fitted and the ATD was seated. The sled rig and the impact 

pendulum consisted the robust low speed frontal impact experiment setup. A 27-3 factorial design 

was utilized when considering experiment design. The acquired data were processed using 

fractional factorial analysis to screen out the significant factors and interactions.   

From such experiments, the torso angle, hip angle, right knee angle, right ankle angle and 

seatbelt pillar loop anchor location were found to be significant factors that affected the HIC15 

outcome. The extended torso angle yielded a higher HIC15 outcome. In other words, the aging 

drivers who sit closer to steering wheel would sustain a lower HIC15 than their younger 

counterparts who tend to be more laid back (exhibit a more extended torso angle) when driving. 

The specific quantitative relation was that a 1 degree more extended torso angle would lead to a 

5.328 higher HIC15. The effect of other significant factors could be summarized as follow: 

∙ for the factor of hip angle, a more contracted angle, namely the posture of sitting closer 

to steering wheel, would yield a lower HIC15 value 

∙ for the factor of right knee angle, a more contracted angle yielded a lower HIC15 value 



 
 

∙ for the factor of right ankle angle, a more contracted angle would otherwise yield a higher 

HIC15 value 

∙ for the factor of seatbelt pillar loop anchor, a lower anchor position was related to a higher 

HIC15 value 

The corresponding quantitative relation regarding HIC15 and significant factors is 

presented in Ta le  .  

Ta le   Relatio  of sig ifi a t fa to s a d HIC  

Factor Increment Unit Yields  U it 

Torso Angle 1 degree 5.328 

unitless 

Hip Angle 1 degree 1.402 

Right Knee 1 degree 11.132 

Right Ankle 1 degree -14.296 

Seatbelt 1 inch -7.708 

      

For the peak resultant chest acceleration, the torso angle, right knee angle, and left ankle 

were significant factors and their effect could be summarized as following: 

∙ for the factor of torso angle, a more contracted angle, meaning the driving posture of 

sitting closer to the steering wheel, yielded a higher peak resultant chest acceleration 

∙ for the factor of right knee angle, a more contracted angle yielded a higher peak resultant 

chest acceleration 



 
 

∙ for the factor of left ankle angle, a more contracted angle was related to a higher peak 

resultant chest acceleration 

When taking the effect of aging into consideration, it could be concluded that older drivers 

who sit closer to the steering wheel would sustain a lower peak resultant chest acceleration than 

their younger counterparts who tend to be more laid back when driving. The corresponding relation 

regarding peak resultant chest acceleration is presented in the following table: 

Ta le   Relatio  of sig ifi a t fa to s a d peak  esulta t  hest a ele atio  

Factor Increment Unit Yields U it 

Torso Angle 1 degree 0.046 

g Right Knee 1 degree -0.01 

Left Ankle 1 degree 0.02 

 

An understanding could be established from the results of such experiments that specific 

driving postures could alter injury criteria outcome when impact happens. With such knowledge 

gained from present work, we can come up with engineering approaches to mitigate or lessen 

injuries such as specifically designed driving compartment including seat and seatbelt to help 

drivers maintain a safer driving posture which yields less severe injury when impacts happen. 

One of the limitations of the present work was that the experiments were conducted under 

the low testing speed. The testing speed currently utilized is 4.43 mph. It has been stated that this 

testing speed is far below the testing speed specified in the widely used frontal crash standards, 

which is 35 mph. Secondly, the air bag was not employed in the present work due to the air bag 

triggering mechanism and the design of the sled rig. The effects of the driving posture on the injury 



 
 

criteria found under the current testing circumstance might be different from those under the testing 

environment, in which a higher testing speed were utilized, and a sled rig with a steering wheel, 

and an air bag were at presence.   

 The experiment were conducted without incident and as expected. The following could use 

improvement in future work: 

 ∙ The testing speed utilized in the present work was far lower than the widely used standard 

testing speed. Future research would benefit from a standard testing speed, which could represent 

the real world impact situation.  

 ∙ The ATD utilized in the present work lacked accurate joint control function. It would be 

favorable in future work to have an accurate joint angle control function to minimize the effect of 

joint angle errors and clearly reveal the effect of driving postures in terms of body joint angles.  

 ∙ The ATD utilized in the present work lacked upper extremities. Hence the effects of upper 

extremity postures were neglected. Future work might gain a more comprehensive evaluation of 

driving postures when the effects of upper extremity joint angles were also taken into consideration.  

 ∙ The experiments were conducted in the driving compartment without the air bag and 

steering wheel. Future work would take advantage from a better driving compartment equipped 

with the air bag and the steering wheel.  

 

 

 



 
 

APPENDICES  

Appendix A. Drawings with dimensions of testing ATD parts: 

 



 
 

 



 
 

 



 
 

 



 
 

 



 
 

 



 
 

 



 
 

 



 
 

 



 
 

 



 
 

 



 
 

 



 
 

 



 
 

Appendix B. Specification of Summit Instruments 35200B Digital/Analog Accelerometer 

 

 

 

 

 

 

 

Parameter Min Typical Max Units Conditions/Notes
Accelerometers  Full Scale Range
  Option R070 ±70 g
Sensitivity Drift 25°C to TMin or TMAX % Percent of sensitivity at 25°C
Zero g Drift 25°C to TMin or TMAX g
Alignment degrees Deviation from ideal axes
Transverse Sensitivity % Inherent sensor error, excluding misalignment
Nonlinearity 0.2 2 % FSR Best fit straight line
Frequency Response 0 400 Hz Lower filter cutoffs are user configurable
Noise Density
  Option R070 1.8 3.5 mg/√Hz 10 Hz to 400 Hz
Temperature Sensor
  Range -55 125 °C
  Resolution 0.25 °C
  Accuracy ±2.0 ±3.0 °C
Digital Signal Processor
  Sensor Scan Rate 42500 Hz User configuraable, channels processed in parallel
Analog Outputs
  Voltage Swing 0.25 4.75 V
  Impedance to Analog- 100 130 220 Ω
  Nonlinearity 0.15 % FSR
Digital Output Word Size 16 bits Filtered, gained and calibration corrected
Power Supply(Vs)
  Input Voltage Limits -80 V
  Input Voltage - Operating 8.5 V
  Input Current 55 mA
  Rejection Ration >120 dB
Temperature Range(Ta) -40 85 °C Terminal block Option T0000 rated to -30
Mass 78 grams
Shock Survival
  Sensor -1500 1500 Any axis for 0.5ms, limited by oscillator

±0.5
±1

±3.0
0.25

Configurable to sensor
Iout = 1mA max

Excluding sensor nonlinearity

‘-80 V continuous, >38 V if ≤550 ms, duty 1%

DC

g

TA= -40 to +85°C

Lower Ranges are user configurable
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